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AEVWUDFW 

"Simplicity is the Ultimate Sophistication", Leonardo Da Vinci 

 

Tissue engineering research has opened a new chapter in modern medicine since it emerged 

as a mainstream research field in the early 90s. Until now, however, effective strategies to 

fully emulate the complexity of natural tissue remain elusive. One of the key features in the 

development of complex tissue structures is the presence of morphogen gradients during 

development. In nature, from squid beaks to human teeth, gradients are preserved in many 

structures after evolution. In a living organism, gradients play an essential role in defining the 

physiological function. The formation of these gradients is often largely dictated by an 

anisotropic distribution of different morphogens present during development. The spatial 

difference in concentration of different morphogens results a spatial variance in cell signalling, 

patterning the development of tissue and leading to the formation of heterogeneous structure.  

 

Although these principles of development are well-established, the overwhelming majority of 

in vitro engineering strategies use uniform scaffolds and spatially invariant growth factor 

delivery to produce homogeneous tissue constructs. It is clear that more sophisticated 

fabrication processes are required to replicate the native complexity and fulfil the functional 

requirements of tissue grafts. A few material strategies have been developed that can 

heterogeneously deliver biological or mechanical cues; however, most of them are limited by 

complex fabrication procedures or restricted compatibility with different material systems.  

 

By establishing signaling factor gradients within tissue engineering scaffolds, the formation of 

heterogeneous tissue interfaces can be achieved. This thesis will demonstrate two gradient 

casting strategies to emulate physiological gradients, exploiting magnetism and buoyancy to 

distribute growth factors. These strategies are shown to be capable of establishing gradients 

in different materials, and are used to engineer osteochondral tissue. The strategies proposed 

in this research are designed to be widely applicable and easy to reproduce. It is hoped that 

these strategies may be adapted and tailored for wider use by the tissue engineering field, 

allowing development of complex, functional tissue by mimicking the processes used by 

nature. 
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ScRSe RI WKe TKeVLV 
 

SSaWiaO gUadieQWV aUe a SeUYaViYe feaWXUe Rf biRORg\, ZiWh cRQVeUYed fXQcWiRQaO UROeV iQ WiVVXe 

deYeORSPeQW aQd Sh\ViRORg\. IQ WhiV WheViV, YaUiRXV gUadieQWV iQ QaWXUe ZiOO be RYeUYieZed, aQd 

eQgiQeeUiQg aSSURacheV WR ePXOaWe WheP ZiOO be iQYeVWigaWed. 

 

CKaSWeU I: IQWURdXcWLRQ aQd LLWeUaWXUe ReYLeZ 

The chaSWeU ZiOO iQWURdXce Whe OiWeUaWXUe cORVeO\ UeOaWed WR Whe VWXd\. ThiV ZiOO iQcOXde (1) Whe 

SURceVV aQd Whe PechaQiVP Rf gUadieQW fRUPaWiRQ, (2) Whe cXUUeQW aSSURacheV Rf UecUeaWiQg 

gUadieQWV aQd (3) Whe gUadieQW feaWXUeV Rf RVWeRchRQdUaO WiVVXe, Zhich iV aOVR Whe eQgiQeeUiQg 

WaUgeW Rf Whe VWXd\. 

 

CKaSWeU III: SPIONV-deULYed GUadLeQW LQ OVWeRcKRQdUaO TLVVXe EQJLQeeULQJ 

ThiV chaSWeU ZiOO iQWURdXce a QRYeO gUadieQW fabUicaWiRQ WechQRORg\ XWiOiViQg VXSeUSaUaPagQeWic 

QaQRSaUWicOeV (SPIONV) aQd aQ e[WeUQaO PagQeWic fieOd. IW iV WheQ dePRQVWUaWed hRZ Whe 

SURSRVed SOaWfRUP cRXOd be aSSOied iQ RVWeRchRQdUaO WiVVXe eQgiQeeUiQg, aQd Whe eQgiQeeUed 

RVWeRchRQdUaO WiVVXeV ZiOO be aVVeVVed iQ deWaiO. 

 

CKaSWeU IV: BXR\aQc\-dULYeQ GUadLeQWV FabULcaWLRQ 

ThiV chaSWeU ZiOO iQWURdXce a YeUVaWiOe gUadieQW fabUicaWiRQ WechQRORg\ XWiOiViQg bXR\aQc\ fRUce. 

SeYeUaO aSSOicaWiRQV (e.g., VWiffQeVV gUadieQW, cRPSRViWiRQ gUadieQW) Rf Whe WechQRORg\ ZiOO be 

dePRQVWUaWed. I ZiOO WheQ diVcXVV hRZ Whe SURSRVed fabUicaWiRQ aSSURach cRXOd be aSSOied iQ 

RVWeRchRQdUaO WiVVXe eQgiQeeUiQg, aQd Whe eQgiQeeUed WiVVXeV ZiOO be aVVeVVed iQ deWaiO. 

 

CKaSWeU V: CRQcOXVLRQV 

ThiV chaSWeU ZiOO VXPPaUiVe UeVXOWV fURP ChaSWeU I WR ChaSWeU IV, aQd Whe SRVVibOe iPSacWV Rf 

Whe VWXd\ WR Whe fieOd Rf cRPSOe[ WiVVXe eQgiQeeUiQg. 
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Chapter I: Introduction and Literature Review 
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1.1 Past, Present and the Future of Tissue Engineering 

 

The emergence of tissue engineering 

The dysfunction or failure of tissue due to disease, injury, wear or ageing is devastating for an 

individual and also brings an enormous burden in health care [1]. There were few effective 

remedies until 1954 when Joseph Murray performed the very first tissue transplantation 

between twins, and two unrelated individuals five years later [2, 3]. Many lives have been 

saved through transplantation although the gap between the demand and availability of 

tissues and organs is huge. Tissue engineering is a highly interdisciplinary field where the 

principles of medicine, biology, and engineering are augmented. Published in 1981, the 

earliest tissue engineering study by Bell and colleagues demonstrated the successful graft of 

skin-equivalent constructs consisting collagen matrix and autologous fibroblasts onto patients 

with extensive burn injuries [4]. After years of research, the hallmark review of the field was 

published in 1993 by Langer and Vacanti [1]. In the review, the concepts of tissue engineering 

were defined and its potential was summarised. The concept of tissue engineering has also 

made popular through the vivid image of auriculosaurus, a human-ear-bearing mouse [5].  

 

From oversimplified to sophisticated: recreating gradients 

Since the emergence of tissue engineering, research has aimed to generate functional tissue 

or organs to restore, replace, or improve the function of damaged tissue [1]. In general, a 

tissue engineering design comprises cells residing in a biomaterials scaffold which is usually 

intended to provide space for cell proliferation and differentiation. There are also material-free 

tissue engineering designs in which high-density cells form the engineered tissue. In addition 

to cells and biomaterials, bioactive signals are an indispensable factor. In a robust tissue 

engineering design, an appropriate signal should guide the cells to differentiate or maintain 

their phenotype. While growth factors were the main signal used in early research designs, 

various motifs including nucleic acids, small molecules, peptides, and macromolecules have 

now all been used as bioactive signals. 

 

In the early stages of tissue engineering research, most designs were oversimplified. For 
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example, the most conventional bioactive signal delivery strategy is to homogeneously deliver 

soluble signalling molecules to a homogeneous scaffold system. But this kind of 

homogeneous strategy could only create homogeneous tissue constructs without any complex 

architecture. Thus far, a homogeneous construct has only successfully translated into the 

clinic for simple tissue targets (e.g. skin and cornea) that don't require a complex structure. 

For tissue bearing a more complex structure to support the physiological function, 

homogeneous designs are usually insufficient. Indeed, while a successful tissue engineering 

design should aim to allow the construct to emulate the physiological function of the target 

tissue, an oversimplified design incapable of creating precise native structure could not 

provide the physiological function of heterogeneous tissue.  

 

Recently, there has been a trend toward developing more biomimetic and sophisticated tissue 

engineering strategies. These strategies aim to generate functional vascular networks, utilise 

extracellular matrix (ECM) components for signal delivery, and fabricate scaffolds with 

appropriate tissue geometry [6, 7]. In this thesis, the aim is to recreate gradients, a 

sophisticated character in living organisms. Gradients play an essential role in guiding the 

function of a wide range of tissues. During development, gradients play a major role in defining 

the character of heterogeneous tissue by spatially regulating the morphology, behaviour, and 

differentiation of un-polarised cells [8-14]. While oversimplified strategies usually fail to 

produce tissue with heterogeneous architecture, tissue engineers have recently tried to 

emulate physiological gradients with more sophisticated strategies. For all the different 

gradient casting technologies, the goal is to reproduce gradients features in order to 

investigate, study, or manipulate cell behaviour [15]. 

 

In this chapter, the historical context and basic concepts of tissue engineering are briefly 

summarised. The main focus of the thesis is the character and formation mechanisms of 

physiological gradients and the engineering approaches to emulate them. In the next section, 

physiological gradients will be discussed. 
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1.2 Physiological Gradients 

Over recent years, advances in developmental biology have shown that various gradients can 

spatially and temporally regulate cell behaviour including homeostasis, proliferation, 

migration, and differentiation. Aside from regulating cell metabolism and tissue formation, 

gradient cues can also participate in the cascade of inflammation, wound healing, and disease 

progress [9, 16].  

 

Cells are exposed to complex biochemical and biophysical gradients in their surrounding 

milieu [17, 18]. These gradients are often necessary for heterogeneous tissue development 

since these gradients often carry essential spatial information for polarised developmental 

processes. During development, from the zygote single-cell stage to a fully developed 

individual, both biophysical and biochemical gradients could play roles at different spatial 

scales.  

 

In the following sections, both physical and biochemical gradients will be introduced, with the 

main focus on biochemical gradients since their recreation was the main focus of the current 

research. 

 

1.2.1 BLRSK\VLFDO GUDGLHQWV 

Biophysical gradients are defined as the continuous change of physical properties within a 

tissue. These properties include porosity, topology, rigidity, extracellular tension, and 

electrostatic potential [16, 19]. Physical gradients contribute to tissue development, in which 

the presence of a physical gradient can alter the differentiation outcome. During tissue 

development, undifferentiated cells are subjected to the biophysical stimulus from their 

residing ECM. For example, stiffness and elasticity modulus of the ECM can have a subtle 

effect on cell morphology and metabolism [18]. In the context of tissue engineering based on 

stem cells, a biophysical stimulus is even more important due to its effect on the differentiation 

fate of stem cells. Different reports have shown that stem cells exhibit lineage-specific 

differentiation when the stiffness of the culture substrate matched the corresponding native 

tissue. For example, depending on the elasticity of the matrix, mesenchymal stem cells 
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(MSCs) could differentiate into neurogenic, myogenic or osteogenic cell lineages [20]. It is 

hypothesised that the biophysical properties of the substrate regulate the differentiation 

outcome through the changes of cell shape and the creation of cytoskeletal tension [21]. 

However, most of the studies investigating stem cell response to substrate stiffness were 

carried out in a static setting, while the physical properties are actually spatially and temporally 

varied in tissues. For instance, spatial stiffness gradient is present at the osteochondral 

interface while the temporal stiffness gradient is present during epicardial tissue development 

[22]. Consequently, the stem cells response should be investigated using the model system 

with temporal and spatial biophysical gradient. 

 

Several studies have investigated the effect of the biophysical gradient and the differentiation 

outcome. A study carried out by Tse et al., demonstrated the importance of this dynamic 

gradient by culturing MSCs on top of the polyacrylamide substrate possessing stiffness 

gradient. In the report, it was shown that durotaxis (i.e., directed migration in response to 

stiffness gradient) was triggered when a physiological relevant stiffness gradient was present. 

In the same study, in addition to cell migration, a differentiation tendency toward the myogenic 

lineage was also observed. Interestingly, these alterations were not observed in the substrate 

without stiffness variation, suggesting that the physical gradient is a crucial regulator of MSC 

behaviour [23]. Aside from the stiffness gradient, other biophysical characters such as porosity 

gradient could also affect tissue development. A study carried out by Di Luca et al., 

demonstrated that a 3D-SUiQWed VcaffROd ZiWh SRURViW\ gUadieQW (fURP 500 ȝP WR 1100 ȝP) cRXOd 

have a profound effect on the differentiation fate of residing hMSCs. In the study, by mimicking 

the porosity gradient between the cancellous bone and the cortical bone interface, it was found 

the osteogenic differentiation and mineralisation (e.g., alkaline phosphatase activity) were 

positively correlated with pore dimensions [24]. Undoubtedly, the physical gradient stimulus 

contributed to the tissue development, and in some cases also sculpted the final biophysical 

gradient of the developed tissue. 

 

In addition to the important role in tissue development, physical gradients can also be found 

in mature heterogeneous tissues such as cartilage and tendon [25]. In these tissues, physical 

gradients are derived from the heterogeneous composition and complex architecture. 

Concurrently, the derived physical gradients contribute to the physiological function of these 
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tissues. The mechanical gradient found between tendon and bone was found to play a critically 

important role in the smooth transmission and distribution of compressive loads through tissue 

interfaces [26, 27]. Similarly, the stiffness gradient found at the osteochondral interface also 

supported the necessary physiological function of joints [28]. 

 

In summary, biophysical gradients participate in the tissue development and contribute to the 

physiological function of the final developed heterogeneous tissue, and are altogether an 

important subset of gradients in the biological system. Although beyond the scope of this 

thesis, other examples for the biophysical gradients include the mineral density gradient found 

in the tooth [29], the gradient of collagen fibre orientation across the heart ventricular wall [30], 

and even the hydration gradient found across the stratum corneum layer of skin [31]. 

 

1.2.2 BLRFKHPLFDO GUDGLHQWV 

While biochemical gradients could imply to several gradients, the focus in this thesis is 

morphogen gradients. Morphogens are substances that trigger distinct cellular responses in 

a dose dependent manner. Morphogens such as chemokines and growth factors often provide 

positional information, which is interpreted by cells to give rise to spatial patterns. These 

spatial patterns can consist of cytoplasmic proteins within a cell or, in most circumstances, the 

secreted proteins that make up extracellular gradient across a field of cells [8]. Various 

morphogen gradients exist since the early stage of embryo development, and these 

morphogen gradients orchestrate the formation of heterogeneous tissue. 

 

This research focuses mainly on biochemical gradients at tissue-scale, although it should be 

noted that there are different levels of gradients. In the following sections, gradient examples 

at different scales including intracellular gradients, tissue gradients and systemic gradients will 

be summarised. Importantly, the mechanism of gradient establishment and logic of gradients 

interpretation will be introduced. 
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IQWUDFHOOXODU GUDGLHQWV 

The intracellular gradient of morphogen emerges at the very beginning stage of the life and 

participates in essential cell metabolism processes such as mitosis. The establishment of the 

intracellular gradient is thought to arise by diffusion from a point source of a morphogen. Here, 

two examples of intracellular gradients are given. 

 

(A) GUadieQWV iQ Whe embU\R 

Gradients play an essential role since the embryonic stage of life. For example, within the 

single-cell Drosophila embryo, bicoid gradient is present. While different genes are transcribed 

at different levels based on the concentration of bicoid, the gradient of bicoid regulates 

embryonic development [8]. In a Drosophila embryo, bicoid protein forms a gradient across 

the anterior-posterior axis that patterns the head and thorax during embryo development. It 

was initially hypothesised that this gradient was established via the diffusion of bicoid protein 

from a point source. However, recent studies have shown that the diffusion rate of the protein 

is much slower than the observed dynamic of gradient formation. Alternatively, it is now 

proposed that the protein gradient is derived from the diffused bicoid RNA gradient. 

 

(B) GUadieQWV dXUiQg miWRViV 

The gradient also plays a crucial role during the mitosis process. Intracellular gradients use 

intrinsic diffusion and self-feedback loops to establish stable regions of activity within the 

cytosol during the mitosis process [32]. During mitosis, mitotic gradients regulate several 

events along the mitotic spindle. Among all events, the Ran-GTP gradient and its nuclear 

transport receptors cascades and cargos have been greatly investigated. The concentration 

of Ran-GTP could provide the positional signal while it decreases away from the chromosome 

[16, 32]. This activity difference induced by the RAN-GTP gradient then triggers the spatial 

microtubule nucleation, which occurs within the region close to the chromosome, while the 

spindles form around. Accordingly, the RAN-GTP gradient is essential for self-organisation of 

microtubules into a bipolar spindle for successful mitosis [33]. 
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7LVVXH GUDGLHQWV 

While the intracellular gradient is crucial in a single cell, extracellular gradients dominate the 

later stages of embryonic and tissue development. The extracellular gradient formation 

mechanism is challenging to investigate due to the difficulty of detecting soluble protein in low 

concentrations. In recent years, the breakthrough in fluorescence tagging and imaging 

techniques enables the real-time tracking of morphogen gradient in unfixed tissues [8]. While 

simple diffusion from a point source acts as the primary mechanism for intracellular gradient 

establishment, it is usually rare for a simple diffusion event to be the main mechanism behind 

extracellular gradient establishment [34].  

 

In most cases, aside from diffusion, other factors also participate in the formation of the 

extracellular gradient. For instance, the strong affinity between secreted morphogens and their 

receptors constrains the free diffusion, and hence influences the final gradient pattern [8]. In 

addition to this interaction, receptors that participate in the process either stabilise motif on the 

cell surface or target them for endocytosis and the following lysosomal degradation. Proteins 

on the cell surface or in the extracellular matrix could also participate in the gradient formation 

process by either hindering or enhancing morphogen transportation [35, 36]. 

 

Because different morphogens have their distinct biophysical and biochemical properties, the 

gradient formation cannot be fully explained via a single mechanism. Based on the 

comprehensive review by Christian, aside from simple diffusion, four main gradient formation 

mechanisms can be summarised [8]. Interestingly, most of these gradient formation 

mechanisms are closely related to the interaction between morphogens and other molecules 

in extracellular space. It should also be noted that a single morphogen might utilise different 

binding partners to promote the diffusion. Similarly, a binding partner may simultaneously 

participate in the transportation of several morphogens [8]. Here, the main mechanisms of 

gradient formation are summarised. 

 

(A) HSPGV mediaWed gUadieQW fRUmaWiRQ 

Heparan sulphate proteoglycans (HSPGs) comprise a protein core to which 

glycosaminoglycan (GAG) chains and heparan sulphate (HS) are attached. There are three 
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major classes of HSPGs: glypicans, syndecans and perlecans [8]. HSPGs have been 

investigated for their critical role in the transportation of several developmental morphogens 

including Hedgehogs (Hh), Wnt ligands (Wnts), fibroblast growth factors (FGFs), and bone 

morphogenetic proteins (BMPs) [37].  

 

While the importance of HSPGs in establishing morphogen gradients has been well 

recognised, the mechanism by which they do so remains elusive. In general, it is hypothesised 

that HSPGs help the establishment of the gradient by promoting the stability of morphogen 

once bound. This then affords them time to diffuse away from the source prior to its 

degradation or aggregation [38]. Through the help of HSPGs, the morphogen could also be 

moving down its concentration gradient by being passively displaced from GAG chains closer 

to the source to more distal cells. Alternatively, a mechanism was discovered to allow the 

"jumping" of HSPG-bound morphogen between cells. In this "jumping" event, the protein linker 

(glycosyl phosphatidylinositol, GPI) between the cell membrane and the HSPGs-morphogen 

complex was released by the help of phospholipase or directly transferred between the plasma 

membrane to the adjacent cells [39].  

 

(B) LiSid mediaWed gUadieQW fRUmaWiRQ 

Lipid-containing vehicles assist in the transportation of some classes of morphogens required 

by lipids post-translational modification. Classes of the morphogens such as Wnts require lipid 

modification for being active [40]. However, lipid-modified proteins must acquire a soluble form 

in order to travel by diffusion.  

 

One strategy to become water soluble is by folding the lipid moiety in the core while hydrophilic 

residues expose outside [41]. To become water soluble, another proposed solution is to 

transport lipid-modified morphogen within a class of vesicles consisted of the membrane 

bilayer. This class of vesicles, called extracellular vesicles, are then released during 

exocytosis and start to diffuse to the distal cells [42]. Another class of particles known as 

lipoproteins have also been shown to assist the morphogen gradient formation. In this case, 

morphogen proteins co-fractionate with lipoprotein particles, and the reduction in lipoprotein 

levels causes a loss of long-range but not short-range gradient signalling. In a study carried 

out by Panakova et al., it was found that within the Drosophila larvae with a reduced lipoprotein 
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production, the Hedgehog protein could only deposit at its site of secretion, and a proper 

morphogen gradient was unable to be established. Consequently, embryonic development 

was impaired [43]. 

 

(C) TUaQVc\WRViV mediaWed gUadieQW fRUmaWiRQ 

More recent data shows that transcytosis ± consecutive rounds of exocytosis and endocytosis 

± operates as a mechanism to generate a robust and stable gradient in the development of 

Drosophila's wing disc [44]. This mechanism also has the advantages of tackling the difficulties 

that come with some insoluble proteins (e.g., lipid-modified protein) being unable to freely 

diffuse within the extracellular matrix.  

 

(D) C\WRQemeV mediaWed gUadieQW fRUmaWiRQ 

A more sophisticated way for morphogen gradient formation is via the assistance of 

cytonemes. Cytonemes are thin actin-based filopodial channels that bridge multiple cells. After 

formation, these channels let membranes from non-adjacent cells link into close apposition 

with morphogen secreting cells [8]. Two possible mechanisms for gradient formation are 

hypothesised. First, the morphogens are released from signal sending cells and then bind to 

the receptors located on the filopodial channels. This binding then triggers the second 

messenger to travel along the cytoneme to reach the distally located targets. The signal 

decays during transportation, and hence generates a gradient of activity. Second, instead of 

the transportation of the second messenger, the morphogen-receptor complexes are 

transported to the cell body of the distal cells. 
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S\VWHPLF GUDGLHQWV 

Besides the morphogen gradients present during heterogeneous tissue development, 

gradients are also found across different tissues and organs of a developed individual. Several 

systemic gradients can be found in vivo. Chemotaxis is a classic example of systemic 

biochemical gradients in which cells migrate along the concentration gradient of 

chemoattractants [45]. Examples of chemotaxis include the migration of leukocytes toward 

inflammation site, movement of fibroblasts during wound healing, and the process by which 

axons find their synaptic partners. In each case, the gradient of chemoattractant activates 

spatially polarised cellular signals, and eventually induces the cell movement toward the area 

with the highest chemoattractant concentration. The systemic gradient could also be applied 

in the context of tissue engineering; for example, systemic stromal-derived factor-1 (SDF-1) 

gradient could be used to direct bone marrow stem cell movement in vivo [46]. 
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1.3 BLRFKHPLFDO GUDGLHQWV DQG DHYHORSPHQW  

Biophysical gradients could be determined quantitively. For example, elastic modulus of rat 

myocardium can be measured using an atomic force microscope [47], and compression 

modulus of cartilage can be measured using a universal testing machine [48]. For biochemical 

gradients, quantifying morphogen concentration in vivo, however, is not straightforward. In 

most studies focusing on physiological gradients characterisation, imaging technique such as 

fluorescence in-situ hybridization (FISH) or confocal microscopy combined with genetically 

encoded fluorescent probe was used [49, 50]. In these approaches, only the relative rather 

than the absolute concentration of a specific morphogen (or its downstream signalling protein) 

can be visualised. Moreover, most of the in vivo imaging techniques are based on model 

organisms such as Danio rerio and Drosophila [51, 52]. Biochemical gradients play a crucial 

role in development process. Intracellular morphogen gradients have pronounced roles in 

embryonic development, extracellular gradients become more important after the single-cell 

stage. In this section, the relationship between gradients and tissue development will be 

reviewed.  

 

During the tissue development process, the initial naïve cells transform from homogenous into 

heterogeneous cell populations and form the organised arrangement. The patterning of 

mammalian tissues is governed by morphogen gradients including hedgehog (Hh), 

transforming growth factor-ȕ (TGF-ȕV), fibURbOaVW gURZWh facWRUV (FGFV), bRQe PRUShRgeQeWic 

proteins (BMPs), and Wnt ligands (Wnts) [53]. The extracellular gradient of a morphogen 

signal is often established from an initially localised protein and followed by the complex 

gradient formation process in which the protein is spatially redistributed. Since different levels 

of morphogen concentration bring the variance in cell signalling and different differentiation 

fates, morphogen gradients across the field could support the formation of organised tissues 

[8, 13, 26]. 

 

However, the formation of extracellular morphogen gradient is only the beginning. To develop 

heterogeneously, cells within the gradient field must interpret the morphogen gradient and 

ultimately translate this information into qualitatively distinct gene responses [8]. In other 

words, the interpretation of the morphogen gradient is the essence of the development of 
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multicellular organisms. In this section, the generalised rules will be summarised [10]. 

 

RROe RI PRUSKRJeQ cRQceQWUaWLRQ  

The first general rule for the gradient interpretation is that morphogen governs the target genes 

in a dose-dependent manner [8]. Morphogen concentration in the extracellular matrix space 

is often found to be directly proportional to the activity of the downstream transcription factors. 

In some class of morphogen, it is shown that the individual cell response toward the 

morphogen gradient is based on the absolute number of occupied morphogen receptors on 

the cell surface. For instance, Dyson et al. demonstrated that Xenopus blastula cells could 

sense the number of occupied activin (a morphogen) receptor, with the absolute number of 

occupied receptors rather than the ratio of occupied to unoccupied receptors activating the 

morphogen-regulated genes [54].  

 

In some cases, the response triggered by different morphogen concentration scales 

exponentially rather than linearly, with small morphogen concentration changes becoming 

non-negligible. In vertebrates, a 2 to 3 fold difference in Sonic hedgehog morphogen 

concentration is sufficient to trigger 25 to 50 fold difference in response, which could lead the 

cell into a different fate [55].  

 

These rules are not exhaustive in more complicated systems. Some class of morphogen 

receptor complex can trigger multiple intracellular signal transduction routes. In this 

circumstance, ligand could only be used to determine a qualitative change rather than predict 

an exact level for any single transcription factor [8]. 

 

MePRU\ RI ceOOV 

The extracellular gradients are usually transient and dissipate over time. However, the cells in 

the field continuously perceive the morphogen gradient, with spatial information becoming 

iQWeUQaOiVed iQWR a ceOO¶V PePRU\ eYeQ ZiWhRXW Whe SUeVeQce Rf e[WUacellular morphogen 

gradient. In a study carried out by Jullien et al., it was shown that the cell memory could be 

attributed to the prolonged residence of a signalling complex in the endo-lysosomal pathway. 

Specifically, this "memory" can last till the morphogen-receptor complex is transferred to 
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lysosomes, in which the degradation of the signal will take place [56]. 

 

NXPbeU RI WKUeVKROdV 

To meet the definition of being a morphogen, a graded signal must be able to lead the 

generation of at least two distinct gene expression profiles. In other words, a low concentration 

can lead to one profile and a high concentration can lead to another (in this instance, the 

graded signal leads to the generation of 2 distinct cell types, so the threshold value is 2). While 

the empirical observation has typically demonstrated between 3 to 7 thresholds, theoretical 

analysis has revealed the possibility that the gradient can lead to up to 30 thresholds [10]. 

There is always more than one component in the system, that is, when cells interpret the 

gradient of a specific motif, additional signals from other factors are believed to also contribute 

to some of the threshold response. Whether an independent morphogen could also produce 

the same number of the observed threshold is difficult to resolve experimentally.  

 

LRJLc RI LQWeUSUeWaWLRQ 

After perceiving the morphogen gradient, the level of a downstream transcription effector in 

the cell is determined. Although the gene response to transcription factor concentration 

remains to be fully resolved, three basic rules are thought to apply: 

 

(1) In principle, low-affinity binding sites on promoter will only be occupied when the 

concentration of the related morphogen is high. In contrast, for high-affinity binding sites, they 

will be occupied throughout the field of the gradient.  

(2) Cell response is based on both positive and negative inputs provided by transcription 

factors triggered by a morphogen gradient.  

(3) The gene activated by a morphogen gradient could later affect the overall response. For 

example, a positive feedback circuit could be created. 

 

Apart from these general rules, it should also be noted that in most of the tissue development 

process, there are usually more than one overlapping morphogen gradient. With inputs from 

all the signal gradients, the cells can then generate sophisticated feedback circuits and the 

possible secondary overlapping gradients of transcription factor eventually leads to the 
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development of heterogeneous tissues. 
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1.4 EQJLQHHULQJ GUDGLHQWV 

AV SUeYiRXV VecWiRQV VXPPaUiVed, bRWh Sh\VicaO aQd biRchePicaO gUadieQWV SOa\ aQ eVVeQWiaO 

UROe dXUiQg ceOO diffeUeQWiaWiRQ aQd heQce VhaSe a WiVVXe'V fiQaO heWeURgeQRXV aUchiWecWXUe (e.g., 

bRQe aQd caUWiOage iQWeUface [14]) aQd VSaWiaO SROaUiVaWiRQ (e.g., YeQWUaO aQd dRUVaO Vide Rf 

ceQWUaO QeUYRXV V\VWeP [13]). TR SURdXce a PRUe biRPiPeWic WiVVXe, RQe PXVW cRQVideU Whe 

QXPeURXV gUadieQWV SUeVeQW iQ QaWiYe WiVVXe, iQcOXdiQg WUaQViWiRQV iQ biRchePicaO cRPSRViWiRQ 

(e.g., e[WUaceOOXOaU PaWUi[, VROXbOe gURZWh facWRUV) aQd Sh\VicaO eQYiURQPeQW (e.g., VWiffQeVV, 

WRSRgUaSh\). DeVSiWe Whe iPSRUWaQW UROe Rf gUadieQWV, PRVW Rf Whe iQ YiWUR eQgiQeeUiQg VWUaWegieV 

XVe XQifRUP VcaffROdV aQd hRPRgeQeRXV gURZWh facWRU deOiYeU\ WR SURdXce hRPRgeQeRXV 

WiVVXe cRQVWUXcWV. HRZeYeU, WheVe hRPRgeQeRXV cRQVWUXcWV aUe RfWeQ fXQcWiRQaOO\ iQfeUiRU aQd 

faiO WR UecUeaWe Whe cRPSOe[iW\ Rf heWeURgeQeRXV VWUXcWXUe iQ QaWXUaO WiVVXe. AccRUdiQgO\, 

iQWeQViYe effRUW haV beeQ iQYeVWed iQ deVigQiQg PaWeUiaOV ZiWh ZeOO-defiQed gUadieQWV.  

 

IW iV cOeaU WhaW PRUe VRShiVWicaWed fabUicaWiRQ SURceVVeV aUe UeTXiUed WR UeSOicaWe Whe QaWiYe 

cRPSOe[iW\. SWUaWegieV WhaW VeeN WR eQgiQeeU WiVVXeV iQ YiWUR PXVW VWUiYe WR UecUeaWe WheVe 

QaWXUaO gUadieQWV iQ RUdeU WR SURdXce fXOO\ fXQcWiRQaO gUafWV RU Sh\ViRORgicaOO\-UeOeYaQW PRdeOV. 

IQ Whe fROORZiQg VecWiRQV, biRchePicaO aQd Sh\VicaO gUadieQWV fabUicaWiRQ aSSURacheV aUe 

diVcXVVed. 

 

1.4.1 GUDGLHQW FDEULFDWLRQ SWUDWHJLHV 

 

La\eULQJ aQd VeTXeQWLaO deSRVLWLRQ 

To fabricate spatially patterned constructs, one of the most common methods is to sequentially 

combine or deposit layers of materials on top of another. As a result, gradients such as 

biochemical composition or mechanical property could be fabricated. While the principle itself 

is straightforward, it can be transformed and combined with other technologies. Here, several 

approaches utilising this principle will be introduced.  

 

A. Combining layers 

Various approaches have been applied to create layered constructs. Among all these 
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approaches, the most intuitive approach is to combine distinct layers together with an 

adhesive. For instance, biphasic osteochondral scaffolds composed of PLGA/PGA layer and 

calcium phosphate substrate were prepared by combining two layers with a small amount of 

solvent [57]. Constructs possessing distinct layers can also be fabricated without the use of 

an adhesive with several other approaches. For example, with the "iterative layering freeze-

drying" process, additional layers of material could be attached to a porous base material by 

a fabrication protocol having more than a single lyophilisation process. Specifically, the new 

layer of liquid material was added on top of the hydrated lyophilised porous base prior to the 

sequential lyophilisation process [58]. In addition to sequential freeze-drying process, to 

combine layers of materials, controlled polymerisation chemistry could also be used. Nguyen 

et al. demonstrated a sequential polymerisation platform in which layer by layer stacking of 

materials was achieved by repeatedly triggering the polymerisation process after each layer 

of monomer materials was added on the previously polymerised layer [59]. 

 

Creating gradient constructs by directly combining different layers is a straightforward and 

facile strategy. Gradients of various materials could be cast using this strategy with suitable 

chemistry. However, one of the concerns of these multilayered scaffolds is the risk of 

delamination, which is due to layered constructs consistng of material layers with different 

properties. Consequently, the mechanical properties mismatch at the interface between 

adjacent layers will lead to delamination. To prevent disintegration of the construct, a buffer 

region with a finer transition of the material's property could be cast between the layers 

possessing the properties mismatch [60]. Since the strategy is to combine distinct layers of 

material, the other limitation of the strategy is that it can only produce a discrete, step-wise 

transition rather than a continuous gradient. This makes the strategy unsuitable for 

applications trying to emulate physiological gradients, which are usually a continuous 

transition in nature. 

 

B. Deposition and 3D printing 

Under a similar rationale, sequential deposition of the extruded fibre could also create 

constructs with spatial patterns. In 2004, Woodfield et al. demonstrated a computer-controlled 

extrusion platform capable of creating a 3D spatial pattern. By varying the composition of 

materials and geometry of the fibril deposition, both porosity and composition gradient could 
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be patterned within the constructs [61].  

 

With the advancement of 3D printing in tissue engineering, the concept of sequential 

deposition has also been applied. By designing the appropriate structure, pore size gradient 

could be fabricated using the technology. For example, the porosity gradients of cartilage 

tissue engineering scaffolds can be fabricated [62]. Other physical character gradients such 

as stiffness gradients could also be achieved by changing printing parameters through varying 

fibre thickness or crosslinking degree (e.g., by altering the intensity of the UV in 

stereolithography) [63]. In addition to physical gradients, 3D printing has also been used to 

generate biochemical gradient. When using an inkjet 3D printing system, the formation of 

biochemical gradients could be achieved by combining more than one ink tank. In a recent 

study by Liu et al., up to 7 different bioinks were connected using capillaries system into a 

single print head. By controlling pressure applied to these capillaries, a desired formula 

mixture of bioinks could be printed and gradient patterns be created [64].  

 

Although providing a highly spatial control, fibre extrusion and 3D printing are still only capable 

of creating discrete rather than continuous gradients. The "printability" of 3D printed material 

should also be considered; while printability is closely related to viscosity and surface tension 

(especially in ink-jet, hydrogel-based bio-printers), many materials in hydrogel applications are 

actually unable to be printed without further modification of the material and extensive 

optimisation of the printing protocol [65].  

 

C. Gradient maker 

Through using the commercially available "gradient maker", high control over compositional 

changes can be established in both 2D and 3D constructs. Using sequential deposition, two 

or more different liquid materials are kept in separate reservoirs, with their outflows combined 

into a jointed outlet which then injects the mixed material into a mould. By controlling different 

outflow rates from two or more reservoirs during the course of casting and the vertical 

movement of the mould, the gradient of biomolecule concentration can be produced along the 

z-axis [66]. 

 

A mechanical gradient can be cast using the gradient maker. Nemir et al. have demonstrated 
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that by using a two photo-initiator doped poly(ethylene glycol) diacrylate of different molecular 

weight, a gradient of injected materials can be locked into place by crosslinking with UV light 

[67]. In addition to physical gradients, biochemical gradients can also be achieved by the 

incorporation of an extra intermediate. By encapsulating in or absorbing on carriers such as 

PLGA microspheres, the gradient maker can be used to create growth factor or ECM gradients 

[68, 69]. 

 

With the gradient maker, centimetre range gradients can be generated in a reasonable period 

of time. However, given that the structure of the final construct is defined by a simple 

deposition of injected materials, it is difficult to create constructs with a complex structure. 

 

D. Electrospinning 

Besides 3D printing and the gradient maker, the concept of sequential deposition could also 

be combined with other platforms such as electrospinning [70]. Electrospinning is a facile and 

economic technique that uses electrostatic forces to generate fibrils with a dimension ranging 

from nanometres to microns. To create composition gradients, an electrospinning platform 

equipped with more than one material reservoirs can be used. Several studies have 

demonstrated the capability of electrospinning in gradient casting. By sequentially altering 

material inlet between reservoirs loaded with different materials, a fibril mesh with composition 

gradient can be deposited on a movable collector [71, 72]. Aside from biochemical gradients, 

electrospinning could be used to generate heterogeneous fibril architecture. Using a 

sequential electrospinning process, McCullen et al. fabricated a trilaminar scaffold in which 

both the materials concentration and collecting condition for fibril were varied to create 

constructs with heterogeneous fibril architecture [73]. 

 

While being the most commonly used approach to create fibril structures, the electrospinning 

process could not easily produce thick mesh substrates with gradients in the millimetre range. 

This is due to the surface charge build up during the electrospinning process. It has been 

shown that the charge builds up at the collected mesh and can hinder the further growth of 

fibril mesh thickness [74]. 
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DLIIXVLRQ 

Molecular diffusion from the source in the space is a thermodynamically favourable process. 

Using this basic phenomenon, continuous gradients can be fabricated. Dodla and 

Bellamkonda placed an agarose hydrogel between two different medium reservoirs with one 

of them containing laminin-1; a gradient of laminin-1 concentration within the agarose hydrogel 

between two reservoirs was subsequently created [75]. By applying the scaffold to a reservoir 

of different geometry, different gradient patterns could be created after the diffusion process. 

For example, when dipping part of the scaffold into a soaked paper reservoir, a longitudinal 

portion gradient was created. Alternatively, when the reservoirs were applied around the 

scaffold, proteins diffused from the lateral walls of the scaffolds and resulted in a radial 

gradient pattern [76].  

 

Aside from being used as the gradient cargo itself, the diffused molecule could be used to 

create other gradient features. A facile protocol using gas diffusion was used by Yang et al. to 

generate polydopamine gradients on the substrate [77]. Specifically, by tilting and immersing 

the substrate into a reaction solution (i.e., increasing distance between solution/air interface 

and the substrate along the longitudinal axis), an oxygen concentration gradient along the 

longitudinal axis of the substrate surface was established due to a different distance for oxygen 

diffusion. This oxygen gradient at the substrate eventually led to a different rate of 

polymerisation and hence the fabrication of a longitudinal gradient of polydopamine on the 

substrate.  

 

In contrast to step-wise gradients created by layering and deposition, this simple and classic 

approach can create a continuous gradient. However, the scale of the created gradient is often 

limited in micron-metre range. Approaches relying on diffusion are also time-consuming. Since 

crosslinking of the hydrogel is required to preserve the established gradient, the long duration 

of gradient formation via cell-laden hydrogel tissue engineering will be a major issue due to 

the prolonged exposure of cells under fabrication [78]. 

 

AdVRUSWLRQ aQd dLSSLQJ/ILOOLQJ 

Aside from diffusion, the adsorption of molecules to the substrate could also be used to create 
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gradients with the control of the immersion time of cargo and substrate. One of the first 

examples of this strategy was reported in 2008 by Phillips et al. [79]. In the report, gradients 

of different molecules were precisely coated in a spatial control manner using a motorised dip 

coater. By controlling the dipping time and speed, a gradient of poly-lysine was formed on the 

collagen scaffold. This mechanism is commonly employed to control the density and thickness 

of the coating in industrial applications. The same principle is applied in a similar method 

proposed by Shi et al. whereby a homemade "filling" device was built to deposit protein 

molecules to the electrospun fibre matrix. By vertically placing the matrix in the tank and filling 

it with a protein solution at controlled speed, the different level of matrix was immersed in 

reaction solution for different durations [80].  

 

This simple and straightforward approach can create a continuous gradient. Unlike the micro-

metre range gradient in a diffusion-based strategy, the platform could also prepare centimetre 

range gradient in a reasonable period of time. However, since an effective adsorption is 

needed to create gradients, a proper chemistry modification on the surface is needed to 

facilitate the binding of cargos [79]. 

 

CRQYecWLRQ 

Aside from diffusion and absorption, other natural phenomena could also be used to create 

gradients. Du et al. have demonstrated a fluid convection-based approach to create various 

gradients within a fluid channel. Using a fluidic shear-driven stretching process known as 

convection, the particle in the centre of the channel moves faster than the particle closer to 

the channel's wall, with a gradient forming in the laterally averaged concentration profile. In 

the same study, it was also found that the difference between the moving rates of particles at 

the centre and periphery was proportional to the maximum channel velocity, which meant that 

a different gradient pattern could be established by varying the flow velocity [81]. Convection 

could produce centimetre range gradients of small molecules, microspheres, cells and 

materials in a much shorter time frame than diffusion. However, the process requires a fluid 

channel and pump system. 

 

In addition to convection arising from the flow within the fluidic channel, the convection process 

of a different mechanism has also been used to create gradients. Canadas et al. demonstrated 
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an approach using temperature difference to generate convection for microparticles gradients. 

Two hydrogel precursors at different temperatures were prepared, with one of them was 

premixed with microparticles. By subsequently injecting two precursors into a mould, a 

convection flow was established between the two materials due to temperature difference. 

This process resulted in the redistribution of the materials and microparticles, with the 

microparticle gradient then preserved by triggering the gelation of the materials [82]. While 

there is no need for a fluidic system using this approach, it is more complicated to control the 

established gradient pattern.  

 

MLcURIOXLdLc deYLce 

Aside from inducing fluid convection, a microfluidic device can also be used as a mixing 

platform to create gradient patterns. Specifically, geometric expansion or a tree-like structure 

of the channel layout could lead to several outlets (usually more than 10) from a limited number 

of initial inlets (usually less than 3). The technology could be used to create physical gradients. 

Zaari et al. created stiffness gradients with a tree-like microfluidic channel from polyacrylamide 

tanks with 2 different levels of crosslinker doping [83]. Aside from simply creating materials 

gradients, the technology could also produce patterns of cell gradients. Mahadik et al. included 

cells within the microfluidic channel and created hydrogels with opposing gradients of two 

different cell populations [84].  

 

To pattern gradients with this approach, a strategy to preserve the gradient is crucial or the 

gradient will disappear after the source of the flow is switched off. Accordingly, a material that 

reacts to gelation trigger is favoured [83]. Importantly, in order to be a strategy that utilises 

mixing, the created hydrogel could possess continuous gradients as opposed to discrete, step-

wise gradients.  

 

CeQWULIXJaWLRQ 

Physical forces can also be used to create gradients. Oh et al. have proposed an approach 

that creates gradients via centrifugal force. In this centrifugal force driven platform, 

polycaprolactone (PCL) fibrils were incorporated within a cold thermosensitive Pluronic F127 

hydrogel at its liquid state. The PCL fibrils/Pluronic F127 mixture solution was then filled into 
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cylinder mould and centrifuged. During the centrifugation, the PCL fibrils were redistributed 

along the cylindrical axis due to the gradual increment of the centrifugal force and formed a 

density gradient. The final mixture solution with a PCL fibril gradient was then heated above 

the melting temperature of PCL to bond the PCL fibrils in contact. Finally, the Pluronic F127 

was removed by washing the construct extensively in cold water [85].  

 

Using this approach, both the porosity and the surface area gradient can be fabricated. The 

generated PCL fibrils gradient is also highly correlated with its surface area. By modifying the 

surface chemistry of the created fibril network, biochemical gradient could be created in 

parallel by conjugating cargo on the surface of the fibril network [86]. Indeed, the strategy 

provides a facile approach to generate polymer gradients, although it requires an intermediate 

fibril carrier and cannot easily generate gradients between components with a similar density. 

 

PKRWRSRO\PeULVaWLRQ / SKRWRSaWWeUQLQJ  

Light is a useful tool in gradient fabrication. For materials that can be ultraviolet crosslinked, 

graded UV exposure across the hydrogel prepolymers could generate hydrogels with stiffness 

gradients. To achieve the graded exposure of UV, different approaches can be used. For 

example, a movable photo-mask can be applied to control the UV exposure time across the 

hydrogel [70, 87]. Alternatively, a fixed photomask printed with a greyscale gradient could also 

be used to shield the UV light in a graded manner [23]. In addition to stiffness gradients, light 

can further be used to create biochemical gradients. In a system where the cargo can 

conjugate to the substrate under UV exposure by sliding a photomask over a substrate due to 

a different UV exposure time, protein gradients can be prepared [88]. Aside from creating 

continuous gradients, a photoreactive hydrogel system could also be combined with a high-

resolution confocal laser to create precise spatial patterns [89]. While the approach could 

create both centimetre range gradients and micro-metre range spatial patterns, it usually 

requires that materials used in the system to possess certain chemical functional groups, or 

that a photo-initiator is incorporated into the final system.  

 

FUee]LQJ SURWRcRO 

During the fabrication process, different environmental parameters such as temperature could 
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be used to create gradients. Vlierberghe et al. have demonstrated that pore size gradients can 

be achieved by tuning the cooling temperature gradient during the cryogenic process prior to 

lyophilisation. In the study, a customised cooling device was assembled to establish a 

temperature gradient between the top and bottom of the mould during the freezing step. It was 

found that a higher temperature gradient across two-ends of the mould could facilitate the 

pore size gradient along the long axis of the scaffold [90].  

 

In some occasions, when material could respond to temperature through phase 

transformation, a cooling protocol with temperature fluctuation can be used. Oh et al. showed 

that a stiffness gradient can be produced on polyvinyl alcohol (PVA) hydrogel by using a 

gradual freezing-thawing protocol. In brief, the aqueous solution of PVA was added into a 

cylinder mould with its bottom in contact using a liquid nitrogen tank, and the PVA solution 

was gradually frozen from bottom to top. After the solution was fully frozen, it was allowed to 

thaw completely. After 10 freeze/thaw cycles, a higher crystallisation degree of PVA at the 

bottom could support a higher stiffness modulus and form the stiffness gradient [91]. However, 

it should be noted that rather than creating biochemical gradients, the approach is mostly used 

for physical gradients fabrication. 

 

1.4.2 CULWHULD IRU IGHDO GUDGLHQW FDEULFDWLRQ SWUDWHJLHV 

BRWh biRchePicaO aQd Sh\VicaO gUadieQWV aUe cUXciaO iQ defiQiQg Whe PRUShRORg\, behaYiRXU aQd 

diffeUeQWiaWiRQ Rf ceOOV. IQ Whe SUeYiRXV VecWiRQ, VeYeUaO aSSURacheV fRU gUadieQW fabUicaWiRQ 

ZeUe UeYieZed. WhiOe each aSSURach haV iWV RZQ PeUiWV aQd diVadYaQWageV, Whe cUiWeUia fRU 

ideaO gUadieQW fabUicaWiRQ VWUaWegieV iQ Whe cRQWe[W Rf WiVVXe eQgiQeeUiQg aUe QRZ VXPPaUiVed. 

 

A. FacLOe PeWKRdRORJLeV IRU JUadLeQW SUeVeUYaWLRQ 

An ideal gradient fabrication technology must allow the patterned gradient to be preserved 

after the removal of the gradient driven force (e.g., the flow in microfluidic-based approach or 

centrifugal force in centrifugation approach). In general, the main principle of the stabilisation 

is to crosslink, polymerise or solidify the materials carrying the decorated gradients [70]. To 

design a proper stabilising approach, the material used in the system must be considered 

carefully. For example, the gelation of a thermosensitive hydrogel such as agarose or photo-
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responsive hydrogel such as gelatin-methacyloyl (GelMA) can be triggered after the gradient 

is established via temperature change and UV exposure, respectively [92, 93]. 

 

In a gradient platform generating cargo gradient, in addition to the crosslinking of the substrate, 

the immobilisation of the entrapped cargo is also essential. Depending on the application, the 

cargo of interest could either be temporally or persistently bound to the scaffold. Strategies 

such as covalently binding the cargos with the substrate or physically entrapping the cargos 

within the hydrogel network are commonly used [92, 93]. Indeed, a facile approach for 

gradients stabilisation is one of the most crucial steps of all the introduced gradient fabrication 

strategies.  

 

B. SSaWLaO UeVROXWLRQ aQd deVLJQ IOe[LbLOLW\ RI WKe SaWWeUQed JUadLeQW 

AQ ideaO fabUicaWiRQ SURceVV VhRXOd SURYide a ceUWaiQ OeYeO Rf VSaWiaO UeVROXWiRQ. The UeVROXWiRQ 

Rf Whe gUadieQW iQ a PicURVSheUe-baVed gUadieQW PaNeU iV UeVWUicWed WR Whe UadiXV Rf Whe 

PicURVSheUe XVed iQ Whe deVigQ. B\ cRQWUaVW, Whe ShRWR-SaWWeUQiQg aSSURach baVed RQ Whe 

cRQfRcaO V\VWeP cRXOd VXSSRUW a higheU UeVROXWiRQ Rf Whe gUadieQW SaWWeUQ. IW VhRXOd aOVR be 

QRWed WhaW PaQ\ Rf Whe iQWURdXced WechQRORgieV baVed RQ Oa\eUiQg aQd VeTXeQWiaO deSRViWiRQ 

(e.g., cRPbiQiQg Oa\eUV aQd 3D SUiQWiQg) cRXOd RQO\ VXSSRUW Whe fRUPaWiRQ Rf "diVcUeWe gUadieQW", 

i.e., Whe gUadieQW iV QRW cRQWiQXRXV bXW UaWheU haV a VWeS-ZiVe WUaQViWiRQ. HRZeYeU, iQ ceUWaiQ iQ 

YiYR aSSOicaWiRQV, a cRQWiQXRXV gUadieQW iV PRUe faYRXUabOe. UQdeU WhiV cRQdiWiRQ, WechQRORgieV 

VXSSRUWiQg Whe fRUPaWiRQ Rf Whe cRQWiQXRXV gUadieQW VhRXOd be XVed. DiffXViRQ, diSSiQg/fiOOiQg, 

RU PicURfOXidic V\VWePV aUe caSabOe Rf cUeaWiQg cRQWiQXRXV gUadieQWV.  

 

IQ addiWiRQ WR gUadieQW UeVROXWiRQ, deVigQ fOe[ibiOiW\ iV aQRWheU cUiWeUiRQ fRU defiQiQg aQ ideaO 

gUadieQW fabUicaWiRQ WechQRORg\. IQ VWUaWegieV VXch aV 3D SUiQWiQg, a PRUe cRPSOicaWed gUadieQW 

SaWWeUQ (e.g., RYeUOaSSiQg gUadieQWV iQ diffeUeQW UeVROXWiRQ, QRQ-OiQeaU RU UadiaO gUadieQW) caQ be 

fabUicaWed. HRZeYeU, Whe deVigQ fOe[ibiOiW\ iV PRUe cRQVWUaiQed iQ aSSURach VXch aV 

ceQWUifXgaWiRQ, diSSiQg/fiOOiQg RU cRQYecWiRQ, iQ Zhich RQO\ a ORQgiWXdiQaO gUadieQW caQ be eaViO\ 

geQeUaWed. 
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C. MLQLPXP UeTXLUePeQWV LQ SURdXcWLRQ IacLOLWLeV 

FRU beiQg ZideO\ aSSOicabOe, aQ ideaO fabUicaWiRQ WechQRORg\ VhRXOd haYe a PiQiPXP 

UeTXiUePeQW iQ WeUPV Rf a VSeciaOiVed aSSaUaWXV. WhiOe PaQ\ Rf Whe PeQWiRQed V\VWePV cRXOd 

SURdXce gUadieQWV, PRVW Rf WheP UeTXiUe a VSeciaOiVed RU cXVWRPiVed aSSaUaWXV VXch aV a 3D 

SUiQWeU, cRQfRcaO OaVeU V\VWeP, RU PicURfOXidic deYice. FRU bRWh WUaQVOaWiRQ aSSOicaWiRQV aQd 

acadePic UeVeaUch, a VWUaWeg\ UeTXiUeV a VSeciaOiVed SOaWfRUP cRXOd OiPiW Whe VSUeadiQg Rf Whe 

WechQRORg\. IQ WhiV VeQVe, a fabUicaWiRQ WechQRORg\ XViQg cRPPRQ Oab eTXiSPeQW cRXOd be 

adRSWed PRUe eaViO\, e.g., gUadieQW fabUicaWiRQ aSSURacheV XViQg a ceQWUifXge RU a UV-

OaPS/ShRWRPaVN.  

 

AQ ideaO gUadieQW fabUicaWiRQ SOaWfRUP VhRXOd aOVR be XVeU-fUieQdO\. The fabUicaWiRQ SURWRcRO 

VhRXOd be eaV\ WR UeSURdXce aQd be abOe WR WROeUaWe SaUaPeWeU chaQgeV. WhiOe VWUaWegieV VXch 

aV diSSiQg aQd cRPbiQiQg Oa\eUV haYe aQ iQWXiWiYe fabUicaWiRQ SURWRcRO, VRPe VWUaWegieV VXch 

aV 3D SUiQWiQg aQd ShRWRSaWWeUQiQg haYe a UaWheU cRPSOicaWed fabUicaWiRQ SURWRcRO aQd RfWeQ 

UeTXiUe XVeUV WR haYe VSecific WUaiQiQg RU e[SeUWiVe. LaVWO\, gUadieQW fabUicaWiRQ VWUaWegieV WhaW 

aUe eTXiSPeQW-fUee aUe faYRXUed. FRU e[aPSOe, gUadieQW caVWiQg XVeV PROecXOe diffXViRQ fURP 

a SRiQW VRXUce RU chePicaO UeacWiRQ aVVRciaWed ZiWh aQ R[\geQ cRQceQWUaWiRQ gUadieQW. 

 

D. ASSOLcabLOLW\ acURVV dLIIeUeQW PaWeULaOV aQd caUJRV 

While some of the introduced technologies can be tailored to apply to different gradient 

engineering schemes, most of them are restricted to certain parameters such as physical 

characters of the substrate materials. This is particularly an issue for complex fabrication 

procedures. When it comes to different material systems, these fabrication procedures often 

have constrained compatibility. For example, in 3D printing, the printability of the material 

greatly limits the material choice, and in photo-polymerisation approach, a photoresponsive 

material is required. An ideal technology should also support the formation of a wide range of 

cargo gradients (e.g., growth factors, peptides, vectors, etc.). For instance, while the 

dipping/filling approach solely relies on electrostatic absorption, alternative approaches need 

to be considered for loading cargos with a neutral charge. Indeed, the compatibility of 

substrate materials needs to be considered while the fabrication process is sensitive to certain 

materials characters. 
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E. PRWeQWLaO LQ KLJK-WKURXJKSXW aQd VWaQdaUdLVed SURdXcWLRQ 

TR eQVXUe WUaQVOaWiRQaO aSSOicaWiRQV, aQ ideaO fabUicaWiRQ VWUaWeg\ VhRXOd be VcaOabOe, high-

WhURXghSXW, aQd haYe VWaQdaUdiVed fabUicaWiRQ SURWRcRO. IQ iQdXVWU\, VWaQdaUdiVaWiRQV aUe Whe 

beVW SUacWice, aQd WechQRORg\ PXVW achieYe gRRd VWaQdaUdiVaWiRQ fRU beiQg YaOXabOe. 3D 

SUiQWiQg WechQRORg\, Zhich haV beeQ ZideO\ aSSOied iQ Whe iQdXVWU\, eQVXUeV a highO\ 

VWaQdaUdiVed aQd UeSURdXcibOe fabUicaWiRQ SURWRcRO. AVide fURP a VWaQdaUdiVed SURWRcRO, aQ 

ideaO fabUicaWiRQ SURceVV VhRXOd aOVR be high-WhURXghSXW. SWUaWegieV VXch aV diSSiQg aQd fiOOiQg 

cRXOd aOORZ fRU UaSid SURdXcWiRQ ZhiOe a VWUaWeg\ VROeO\ UeO\iQg RQ diffXViRQ cRXOd gUeaWO\ OiPiW 

SURdXcWiRQ WhURXghSXW.  

 

FRU WUaQVOaWiRQaO aSSOicaWiRQV, biRcRPSaWibiOiW\ iV aQRWheU iPSRUWaQW cUiWeUiRQ WR be cRQVideUed. 

AQ ideaO VWUaWeg\ VhRXOd aOORZ fRU ceOOV WR be eQcaSVXOaWed dXUiQg Whe fabUicaWiRQ SURceVV. 

HRZeYeU, WhiV iV QRW Whe caVe fRU VWUaWegieV ZiWh a haUVh fabUicaWiRQ SURWRcRO (e.g., ORZ 

WePSeUaWXUe, high YROWage, c\WRWR[ic fUee UadicaO b\SURdXcWV RU VROYeQW XVe). IQ RUdeU WR eQVXUe 

a WechQRORg\ fRU VXcceVVfXO WUaQVOaWiRQ, a ZeOO-URXQded SURdXcWiRQ SURWRcRO QeedV WR be 

deYeORSed ZiWh cRQVideUaWiRQ Rf PXOWiSOe aVSecWV. 



47 

1.5 OVWHRFKRQGUDO 7LVVXH 

TheUe UePaiQV aQ XUgeQW aQd XQPeW Qeed fRU a ViPSOe aQd YeUVaWiOe gUadieQW caVWiQg PeWhRd 

WhaW caQ be XQiYeUVaOO\ aSSOied WR diffeUeQW biRPaWeUiaO aQd WiVVXe eQgiQeeUiQg SURWRcROV. The 

aim of this research is to develop versatile gradient casting platforms and use these platforms 

to engineer heterogeneous tissue. To investigate the translational potential of developed 

platforms, osteochondral tissue was engineered. 

 

Creating robust osteochondral constructs for osteochondral lesions repair remains as one of 

the challenges in the field of tissue engineering. In this section, the development and 

properties of the osteochondral tissue will be introduced. Importantly, the gradient characters 

of the tissue will be illustrated. After reviewing the development and physiology of 

osteochondral tissue, related literature regarding tissue engineering design will be 

summarised. 

 

1.5.1 DHYHORSPHQW RI OVWHRFKRQGUDO 7LVVXH 

Existing as a complex interface between bone and cartilage, osteochondral tissue is a gradient 

tissue located at the end of long bones [57]. Two types of osteochondral interface, articular 

cartilage (the hyaline cartilage that locate at the end of long bones) and growth plate cartilage 

(the hyaline cartilage that locate within the metaphysis), have been extensively studied [94]. 

Both articular and growth plate cartilage have their own distinct structural characters and have 

their functional roles in vivo. In this section, the morphogen gradient present during the 

development process and the various gradient features in the developed osteochondral tissue 

will be summarised. 

 

The development of osteochondral tissue at long bones is depicted in Figure 1.2. Articular and 

growth plate osteochondral tissue are both derived from the same origin. During development, 

cartilage formation is one of the earliest morphogenetic events of the embryonic mesoderm. 

The development of the osteochondral tissue starts with chondrogenic differentiation of MSCs. 

This process involves the mesenchymal condensation, chondrocyte differentiation and 

maturation. Depending on its spatial location, mature chondrocytes could undergo terminal 
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process of chondrogenesis regulated via several factors (e.g., fibroblast growth factors 

(FGFV), WUaQVfRUPiQg gURZWh facWRU ȕ (TGF-ȕ) VXSeUfaPiO\, aQd ZiQgOeVV-type (Wnt) proteins) 

operating in concert with various transcription factors (e.g., SOX9, RUNX2, and Twist1) [97]. 

Together with local ECM, cocktails of growth factors orchestrate the onset of differentiation at 

different stages of the process which eventually leads to different chondrocyte phenotypes. A 

general summary of main growth factors and transcription factors are shown in Figure 1.3 [96, 

98]; for a more thorough overview of growth factors in different development stages, please 

refer to the review by Demoor et al. 

 

 
  

Figure 1.3 Overview of distinct roles of growth factors at different stages/location 

during osteochondral tissue development 

The progression of cell phenotype is both spatial and temporal-dependent. Temporally, cell 

phenotype progress along the development process from mesenchymal condensation, 

chondrogenesis, hypertrophy to endochondral ossification. Spatially, chondrocytes at different 

zones are subjected to different morphogen cocktails, and hence the different cell profile is 

induced. Recently, it has been shown that hypertrophic chondrocytes can survive the 

endochondral ossification process and become osteoblasts [99]. Bone morphogenetic protein 

(BMP), transforming growth factor beta (TGF-ȕ), fibURblaVW gURZWh facWRU (FGF), YaVcXlaU 

endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and connective tissue 

growth factor (CTGF). Reproduced from Demoor et al. [98]. 
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The development of the osteochondral tissue is a lengthy process which continues after birth. 

During the postnatal period, the long bones undergo axial directional growth and remodelling. 

During this time, the articular cartilage act as the "surface growth plate" that is responsible for 

the growth of the underlying epiphyseal bone [100]. During this growth, the thickness of 

articular cartilage decreases due to the rate of endochondral ossification in the deep layer is 

faster than appositional growth. In addition to the surface growth plate, the epiphyseal growth 

plate governs the growth of the metaphyseal and diaphyseal bone. The growing of the long 

bones only ceases after the puberty. Toward the end of puberty, the growth plate cartilage 

undergoes epiphyseal fusion and becomes part of the epiphyseal line [14, 101]. At this stage, 

a mature osteochondral tissue at the end of the long bone is fully developed.  

 

Structurally, both osteochondral interfaces have distinct zones during development. Growth 

plate cartilage exists before long bones are fully developed. Growth plate cartilage locates in 

the metaphysis of the long bone. From epiphyseal side (end of the long bone) to diaphysial 

side (middle of the lone bone), growth plate cartilage can be categorised into: (1) the resting 

zone (2) the proliferative zone, (3) pre-hypertrophic zone, and (4) hypertrophic zones (Figure 

1.4 A). In developed articular cartilage, from cartilage surface to bone, it can be categorised 

into (1) the superficial zone, (2) the middle (transitional) zone, (3) the deep (radial) zone, and 

(4) the calcified zone. There is no clear margin between these zones with the exception of the 

tide mark that appears as a clear margin between the deep zone and the calcified zone. 

Beneath the calcified zone, subchondral bone bridges the cartilage to the long bone [96] 

(Figure 1.4 B). 

 

  



layer, deep or radial layer, and calcified layer could be categorised. Scale bars = 100 μm. 

1.5.2 Morphogen Gradients During Osteochondral Development 
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the tissue (e.g., osteoblasts, hypertrophic chondrocytes, and chondrocyte). Here, two groups 

of gradient morphogens regulating (1) cell proliferation and terminal differentiation, and (2) 

hypertrophy of the chondrocytes will be introduced. 

 

 
 

Figure 1.5 Various growth factor gradients during development  

Schematic of multiple gradients within the developing growth plate cartilage within an 

osteochondral tissue. The chondrocytes at different zones subjected to various morphogen 

gradients. Modified from Di Luca et al. [28]. 

 

(A) Cell SURlifeUaWiRQ aQd WeUmiQal diffeUeQWiaWiRQ 

Different morphogen gradients often crosstalk with each other, e.g., the indian hedgehog (Ihh) 

and parathyroid hormone-related protein (PTHrP) gradient. At the growth plate, the Ihh/PTHrP 

gradients regulate the proliferation and differentiation of chondrocytes within. While only the 

chondrocytes at perichondrial region (the outmost periphery region at the surface of cartilage) 

secrete the PTHrP, the PTHrP gradient is formed across the surface to the deeper 

extracellular matrix of the osteochondral tissue. The presence of the PTHrP gradient not only 

stimulates the chondrocytes in the surface to proliferate but also prevents chondrocytes from 

undergoing hypertrophy. As a result, the chondrocytes at the articular cartilage surface are 

generally small when compared to deep zone hypertrophic chondrocytes [102]. 
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Ihh is a crucial factor governing chondrocyte hypertrophy since the presence of PTHrP could 

delay the secretion of Ihh. The crosstalk between PTHrP and Ihh only emerge in the deeper 

region where the PTHrP concentration is sufficiently low. In this region, the residing 

chondrocytes stop proliferating and start to secrete Ihh, with the accumulated Ihh within the 

matrix then triggering the hypertrophy process of the chondrocytes in the deeper zone. 

Accordingly, when the PTHrP gradient is formed, the Ihh is only produced at the region where 

it is sufficiently distant to the surface of the articular cartilage [102]. While the Ihh diffuses to 

the articular surface from the deep zone, it can also stimulate PTHrP production from the 

chondrocytes within the perichondria region. In other words, a feedback mechanism plays an 

important role in regulating the PTHrP/Ihh gradients (Figure 1.6). 

 

 
 

Figure 1.6 Gradients of PTHrP and Ihh 

The mechanism of PTHrP-Ihh negative feedback loop. (1) PTHrP is specifically secreted by 

the chondrocytes within the perichondrial region. The PTHrP binds to the receptors on 

proliferating chondrocytes to maintain the proliferation. PTHrP also inhibits the production of 

Ihh. When the concentration of PTHrP is sufficiently low within the ECM, Ihh is produced. (2) 

Ihh also facilitates the proliferation of the chondrocytes that are close to the hypertrophic zone, 

and (3) stimulates the production of PTHrP in the perichondria region through an uncertain 

mechanism. (4) Importantly, Ihh facilitates chondrocytes in the hypertrophic zone to convert 

into osteoblasts. Modified from KURQeQbeUg eW al. [102]. 
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(B) H\SeUWURSh\ Rf chRQdURc\WeV 

Aside from the proliferation process regulated by the gradients of Ihh and PTHrP, other crucial 

bone development events such as endochondral ossification are also regulated by morphogen 

gradients. Endochondral ossification is regulated by various gradients of BMPs within the 

growth plate. Among different members of the BMPs, BMP-2 and BMP-6 are more abundantly 

produced in hypertrophic chondrocytes. Accordingly, the gradients of BMP-2 and BMP-6 are 

found in the osteochondral tissue, in which the concentration of BMP-2 and BMP-6 are lower 

when closer to the surface. While the BMP-2 and BMP-6 gradients facilitate the completion of 

the bone formation process in the deeper zones, the BMP activity is finely regulated through 

various antagonists in order to maintain the correct spatial development.  

 

For example, in a recent report, it is shown that although BMP-2 and BMP-6 are more 

abundant in the hypertrophic zone at the growth plate, the BMPs signalling was higher in 

proliferative zone due to the higher expression of inhibitory Smad-7 in the hypertrophic zone 

[14] (Figure 1.7). At the resting zone, on the other hand, the antagonist of BMPs including 

BMP-3, gremlin, noggin, and chordin are found to be more abundant in the resting zone 

compared to the hypertrophic zone within the growth plate [57, 103]. The gUadieQW Rf BMP-2 

aQd BMP-6 aUe aOVR fRXQd iQ Whe aUWicXOaU caUWiOage. WhiOe VeYeUaO BMP agRQiVWV aUe PRUe 

abXQdaQW iQ Whe VXSeUficiaO ]RQe, Whe aQWagRQiVWV aUe fRXQd PaiQO\ iQ Whe deeS ]RQe [14] 

(Figure 1.7). ThiV cRQWUaVWV WR PRVW Rf Whe WiVVXe eQgiQeeUiQg aSSOicaWiRQV iQ Zhich BMP-2 iV 

RfWeQ XVed aV Whe WUiggeU fRU RVWeRgeQic diffeUeQWiaWiRQ UaWheU WhaQ fRU PaiQWaiQiQg Whe 

chRQdURc\We PRUShRORg\ [104]. 
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Figure 1.7 Gradients of BMPs in growth plate and articular cartilage 

Various BMPs gradients and their antagonists within the developing osteochondral tissue. The 

action of BMP is a result of the dynamic balance between BMP agonists and antagonists. 

Modified from Garrison et al. [14]. 

 

Several other factors participate in the osteochondral tissue development together with the 

aforementioned BMPs gradient. Among all the factors, TGF-ȕV aQd WQWV VigQaOOiQg SaWhZa\V 

have been intensely investigated. The crosstalk between these pathways and morphogen 

gradients shape the final architecture of the tissue. Within the matrix containing gradients of 

several cytokines, whether the chondrocytes mature into a hypertrophic state depends on the 

dynamic crosstalk between BMPs, Wnts and TGF-ȕ. TheVe gURZWh facWRUV cRXOd Oead WR Whe 

regulation of transcription factors including RUNX2, SOX9, and Twist1 [97]. While TGF-ȕ 

could enhance the chondrocyte marker through SOX9, the BMP could induce the expression 

of hypertrophic protein through RUNX2, which results in expression of collagen type X and 

alkaline phosphatase (Figure 1.8). Aside from these pathways, the hypertrophic state of the 

chondrocyte is also finely tuned via Wnt antagonists including Gremlin1, Dkk-1, and Secreted 

frizzled-related protein. These proteins act as natural brakes for the hypertrophic process and 

are found to be more abundant in the superficial zone [105]. There are also other factors such 

as FGFs participating in the development process. Although the exact mechanism of FGFs in 

this process is still under investigation, it is proposed that FGF-2 could up-regulate SOX9 and 

subsequently enhance chondrogenesis process through the interaction with Wnt pathway 

[106].  
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Figure 1.8 Interplay between TGF and BMP 

Interaction between TGF-ȕV, BMPV aQd WQWV dXUiQg RVWeRchRQdUal WiVVXe deYelRSmeQW. All 

the three factors could regulate the dynamics and crosstalk of RUNX2, SOX9, and Twist1. 

While SOX9 could trigger chondrogenesis, RUNX2 could trigger osteogenesis, The figure is 

reproduced from Cleary et al. [97]. 

 

In conclusion, for osteochondral tissue including both articular cartilage and growth plate 

cartilage, the formation of gradient tissue interface is largely dictated by various morphogen 

gradients present during embryological development and preadolescent growth. In the next 

section, the structure and composition gradient of developed articular cartilage tissue will be 

introduced. 

 

1.5.3 GUDGLHQWV LQ OVWHRFKRQGUDO 7LVVXH 

Osteochondral tissue (Figure 1.9) has a depth of approximately 3 mm in human adults. It could 

be categorised into cartilage (90%), calcified cartilage (5%), and the subchondral bone (5%) 

[57, 107]. Beginning with initial morphogen gradients, distinct cell types are derived and 

eventually shape this heterogeneous tissue to possess (1) composition gradients, (2) 

heterogeneous cell distribution and morphology, and (3) functional gradients [57, 108-111]. 



Cell Distribution and Morphology

Heterogeneous distribution/cell morphology
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Chondrocytes in this region are either rounded or ellipsoid, and are organised in vertical 

columns oriented perpendicular the surface of the articular cartilage [113]. Beneath these 

three zones, a wavy margin that separates unmineralised and mineralised ECM can be found. 

This margin, also known as the tidemark, distinguishes calcified cartilage from the radial zone 

and is a key feature of osteochondral tissue. The calcified cartilage acts as a transitional region 

between articular cartilage and subchondral bone [113]. The chondrocytes in this zone have 

a hypertrophic phenotype, and a cell volume that can be up to 20 times greater than 

chondrocytes in other zones.   

 

Beneath the calcified cartilage, there is the subchondral bone. Two types of bone, cortical 

bone, and trabecular bone, can be found in osteochondral tissue [108]. Cortical bone is directly 

beneath the articular cartilage, while trabecular bone is beneath the cortical bone. Unlike 

cartilage, there are several cell populations that reside in the bone tissue. Among these 

different cell populations, osteoblasts synthesise bone ECM, osteoclasts are responsible for 

bone resorption, and osteocytes regulate bone metabolism between osteoblasts and 

osteoclasts [114]. 

 

Osteochondral tissue also has other characteristic gradient features. For instance, the 

chondrocyte density varies across the different cartilage zones. A study performed on human 

femoral condyles showed that the superficial zone has the highest cell density (24,000 ± 8,000 

cells mm-3), and the density is lower in the transitional zone (10,000 ± 1,000 cells mm-3) and 

in the radial zone (8,000 ± 2,000 cells mm-3) [115]. A separate study showed that the number 

of chondrocytes per chondron increases from the articular surface to the radial zone, and the 

density of chondrons is lower in the deep zone compared to the density near the surface [116].  

 

(B) OUigiQ Rf Whe aQiVRWURSic cell aUchiWecWXUe 

MRVW Rf WheVe deSWh-deSeQdeQW feaWXUeV aUe OeVV SURQRXQced, RU cRPSOeWeO\ abVeQW, aW biUWh. 

IQ RWheU ZRUdV, RVWeRchRQdUaO WiVVXe iV PXch PRUe hRPRgeQeRXV befRUe Whe WiVVXe iV fXOO\ 

deYeORSed. DiffeUeQW h\SRWheVeV haYe beeQ XVed WR e[SOaiQ Whe fRUPaWiRQ PechaQiVP behiQd 

Whe heWeURgeQeRXV deYeORSPeQW Rf RVWeRchRQdUaO WiVVXe. FRU e[aPSOe, VWXdieV caUUied RXW b\ 

HXQ]iNeU eW al. haYe SURYided a SRVVibOe PechaQiVP fRU Whe fRUPaWiRQ Rf heWeURgeQeRXV ceOO 

diVWUibXWiRQ aQd Whe fRUPaWiRQ Rf chRQdURc\We cROXPQV ZiWhiQ Whe UadiaO ]RQe [100]. 
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IQ WheiU VWXd\ iQYeVWigaWiQg aUWicXOaU caUWiOage deYeORSPeQW, Whe aXWhRUV fRXQd WhaW QeZ 

caUWiOage iV fRUPed dXUiQg SRVWQaWaO deYeORSPeQW. SSecificaOO\, Whe\ RbVeUYed a VWeP ceOO SRRO 

SUeVeQW QeaU Whe VXUface Rf aUWicXOaU caUWiOage. DXUiQg SRVWQaWaO deYeORSPeQW, Whe VWeP ceOOV 

ZiWhiQ Whe SRRO SRVVeVV bidiUecWiRQaO PiWRWic acWiYiW\. The SUROifeUaWiRQ Rf VWeP ceOOV iQ Whe 

hRUi]RQWaO diUecWiRQ (i.e. UeOaWiYe WR Whe caUWiOage VXUface) SURYideV QeZ VWeP ceOOV WhaW UeSOeQiVh 

Whe ceOO SRRO fRU chRQdURgeQic diffeUeQWiaWiRQ aQd VXSSRUW Whe OaWeUaO gURZWh Rf Whe caUWiOage. IQ 

Whe ORQgiWXdiQaO diUecWiRQ (i.e., Whe VaPe diUecWiRQ aV Whe a[iV Rf Whe ORQg bRQe), Whe SUROifeUaWiRQ 

feedV chRQdURc\WeV iQWR Whe WUaQViWiRQaO aQd UadiaO ]RQe Rf Whe caUWiOage aQd VXSSRUWV Whe a[iaO 

diUecWiRQ gURZWh Rf aUWicXOaU caUWiOage. 

 

The chRQdURc\WeV cROXPQV aOVR ePeUge dXUiQg eaUO\ SRVWQaWaO deYeORSPeQW. AW WhiV VWage, iW 

iV fRXQd WhaW Whe eSiSh\ViV bRQe eQOaUgeV iQ Whe ORQgiWXdiQaO, UadiaO aQd OaWeUaO diUecWiRQ WR 

deYeORS iUUegXOaU cRPSOicaWed hePiVSheUicaO VWUXcWXUeV. AV WhiV VhaSiQg SURceVV aSSURacheV 

cRPSOeWiRQ aQd Whe UaWe Rf OaWeUaO gURZWh Rf Whe eSiSh\VeaO bRQe decOiQeV, Whe aUWicXOaU caUWiOage 

WheQ begiQV WR gURZ iQ Whe a[iaO diUecWiRQ. AW WhiV VWage, RUgaQiVed ceOO cROXPQV VWaUW WR ePeUge. 

IQ VhRUW, Whe OaWeUaO aQd UadiaO gURZWh Rf Whe caUWiOage iV PRUe SURQRXQced iQ Whe eaUOieU VWage 

Rf SRVWQaWaO gURZWh aQd iV OeVV acWiYe iQ Whe OaWeU VWage, aQd WhiV OeadV WR Whe fRUPaWiRQ Rf Whe 

chRQdURc\We cROXPQV ZiWhiQ Whe UadiaO ]RQe. ThiV VWXd\ aOVR VhRZed WhaW Whe WhicNQeVV Rf Whe 

aUWicXOaU caUWiOage decUeaVeV dXUiQg Whe SRVWQaWaO deYeORSPeQW. IQ RWheU ZRUdV, Whe caUWiOage 

iV UeVRUbed dXUiQg deYeORSPeQW. MRUeRYeU, iW ZaV fRXQd WhaW Whe bRUdeU Rf Whe Wide PaUN iV QRW 

cRQQecWed aW biUWh aQd iV RQO\ fXOO\ deYeORSed WRZaUd Whe eQd Rf Whe deYeORSPeQW. TheVe 

fiQdiQgV Vhed OighW RQ Whe deYeORSPeQW Rf VWUXcWXUaO gUadieQWV iQ RVWeRchRQdUaO WiVVXe. IQ 

SaUWicXOaU, WheVe fiQdiQgV VXggeVW WhaW Whe deYeORSPeQW Rf RVWeRchRQdUaO iV a d\QaPic SURceVV 

WhaW eYROYeV fURP Whe SURceVVeV Rf WiVVXe UeVRUSWiRQ aQd QeRfRUPaWiRQ [100].  

 



The cell distribution evolved from an initial homogeneous organisation to a highly 

heterogeneous organisation during development. Cell morphology and distribution within 

articular cartilage tissue derived from the medial femoral condyle of rabbits after birth at (A) 1 

month, (B) 2 months, (C) 3 months, and (D) 8 months. Scale bars: A = 220 μm; B, C, and D = 

110 μm. Derived from Hunziker et al. [100].

Composition Gradients

Collagen subtypes and fibril transition
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fibril orientation provides the superficial zone with a high tensile and shear strength [117]. 

While collagen type II is distributed across the entire cartilage tissue, the outermost layer of 

the superficial zone comprises only types I and III collagen [118].  

 

Toward the transitional zone, collagen type II dominates the composition of collagen fibres, 

and the fibril diameter increases. However, the proportion of collagen among total ECM 

decreases to 67% of the dry mass of cartilage. There is no predominant fibril orientation in the 

transitional zone, however, deeper in the radial zone, the collagen fibrils are oriented 

perpendicular to the articular cartilage surface. The collagen fibrils in this region are also the 

largest, with a diameter of approximately 40-80 nm [108].  

 

Beneath the radial zone, the calcified cartilage region contains collagen type X, which is 

secreted by hypertrophic chondrocytes. The direction of collagen fibrils does not play a 

significant role in this region, with the mineral presence dominating the mechanical properties 

in this zone [57]. Finally, in the subchondral bone, most of the fibrils are type I collagen.  

 

It should be noted that these fibrils are initially arranged homogeneously at birth and it is tissue 

remodelling during postnatal growth that results in the organization of collagen fibrils [100]. 

Aside from the main collagen types (type I, type II and type X), other types of collagen are 

also be found within osteochondral tissue. For instance, collagen type VI and IX are the main 

collagen type found around the chondrons within the cartilage. These collagen proteins are 

only present in close proximity to the chondrocytes, and decrease to a negligible level in the 

cartilage matrix [57]. In addition to type VI and type IX collagen, collagen type III and type XI 

also present in the cartilage matrix and help to stabilise the collagen type II fibril network [113]. 

 

(B) Gl\cRVamiQRgl\caQV aQd ZaWeU 

Proteoglycan is the second most abundant (20-25%) ECM within the cartilage tissue. The 

most abundant proteoglycan in cartilage is the large chondroitin sulphate proteoglycan, 

aggrecan. [119]. Other proteoglycans, such as decorin, fibromodulin, limuan, biglycan, and 

epiphycan are expressed during chondrogenesis and are present in developed cartilage [119]. 

Glycosaminoglycan consists of a repeating disaccharide and is the main structure of the 

proteoglycan. For instance, aggrecan can be assembled from up to 50 glycosaminoglycan 
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monomers with a protein core. Because of its highly negative charge, proteoglycans can bind 

water and maintain the osmotic resistance necessary for cartilage to resist compressive loads 

[119]. 

 

The content of collagen, proteoglycan, and water varies from the articular cartilage surface to 

the deeper regions. Using Fourier transform infrared imaging and Raman spectroscopy 

mapping it was found that water and collagen is more abundant near the surface of the 

cartilage while proteoglycan is more abundant in the deep zone [120, 121]. (Figure 1.11). The 

composition of glycosaminoglycan also changes across the osteochondral tissue. For 

instance, aggrecan can be substituted with a variety of chondroitin sulphate isomers (e.g., 

chondroitin-4-sulphate, chondritic-6-sulphate), and keratin sulphate. In a study carried out by 

Archer et al., it was found that glycosaminoglycan composition changes throughout the tissue. 

Specifically, the ratio of chondroitin-6-sulphate over chondronitin-4-sulphate increases toward 

the surface, and the keratan sulphate amount increases toward the subchondral bone [122]. 

 

 
 

Figure 1.11 Gradients of collagen, proteoglycan, and water 
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The spatial distribution of collagen, proteoglycan (PG), and water in osteochondral tissue. (A) 

The water content at different depths was assessed by measuring the wet and dry mass of 

the tissue. Fourier transform infrared imaging (FTIRI) was used to determine the spatial 

distribution of collagen and proteoglycan. Reproduced from Saarakkala et al. [121]. (B) The 

relative content of water, proteoglycan, and collagen at different depths was found in a similar 

manner by Raman spectroscopy. Reproduced from Bergholt et al. [120]. 

 
(C) MiQeUal 

There is no mineral found above the tidemark of osteochondral tissue, however, 

hydroxyapatite is present beneath the tidemark. The hydroxyapatite found within 

osteochondral tissue is crystalline particles derived from the deposits of calcium and 

phosphate. They are usually found in the shape of a plate, with lengths of between 20-50 nm, 

widths of approximately 15 nm, and a thickness of around 5 nm [108, 123]. The dry weight 

percentage of hydroxyapatite is 65 ± 2% in calcified cartilage, which is significantly less than 

that found in subchondral bone (86 ± 3%) [124]. 

 

MHFKDQLFDO GUDGLHQWV 

Osteochondral tissue exhibits nonlinear mechanical profiles due to the composition and 

structure of the ECM. The compressive modulus of cartilage and subchondral bone is in the 

order of 0.5-0.8 MPa and 0.8-3.8 GPa, respectively [57]. A study carried out by Gao et al., 

demonstrated that the compressive modulus of cartilage increases in a depth-dependent 

manner, and the measured modulus is related to the applied stress rate, in which higher stress 

rates increase the measured modulus [48]. These mechanical properties are closely related 

to the ECM composition of osteochondral tissue. Based on several studies in the past, 

proteoglycans are considered to be responsible for the equilibrium compressive stiffness of 

cartilage because of its ability to hold osmotic pressure [125]. On the other hand, it is believed 

that the collagen fibril network contributes to the instantaneous compressive modulus and the 

tensile response of cartilage tissue. As a result, the content ratio between type II collagen and 

proteoglycans defines different mechanical properties to the tissue. It is hypothesized that the 

higher proteoglycan content in the deep zones of cartilage contributes to the increasing 

compressive modulus [57, 108]. Mechanical properties are also related to the relative direction 

between the applied force and the fibril orientation. For instance, on the cartilage surface, 
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different tensile moduli can be measured depending on the direction of the applied force. 

When stress was applied parallel to the direction of the fibril, a higher modulus was observed 

[108]. Similarly, higher equilibrium compressive modulus are measured when forces are 

applied parallel to the articular surface [126].  

 

Due to the presence of mineral crystals, the stiffness of the calcified cartilage and subchondral 

bone is much higher than the cartilage. Recently, the development of advanced techniques 

(e.g., spherical tipped diamond indenters for nanoindentation, quantitative backscattered 

electron imaging for mineral density), higher resolution measurements can be carried out in 

order to discover the relationship between mineral content and mechanical properties. In a 

recent study carried out by Ferguson et al., the mineral and mechanical properties were 

resolved in a high spatial resolution at the interface between subchondral bone and calcified 

cartilage. While subchondral bone might be expected to possess higher stiffness than the 

cartilage zones, this study revealed that the mean compressive moduli of calcified cartilage 

and subchondral bone were extremely similar. Moreover, in the same study, some hyper-

mineralised regions within calcified cartilage were found to be twice as stiff as the neighbouring 

subchondral bone [127].  
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1.6 CXUUHQW 7UHDWPHQWV IRU OVWHRFKRQGUDO LHVLRQV 

The graded architecture of osteochondral tissue provides this interface with high load-bearing 

capacity, however, the tissue can still develop defects after acute trauma or long-term wear. 

Cartilage lesions are very common in the clinic; in a study carried out in 2005, it was shown 

that more than 250,000 cartilage repair procedures are carried out annually in the U.S. [128]. 

In another study reviewing more than 25,000 knee arthroscopies, 60% of cases revealed the 

presence of articular lesions [129]. Osteoarthritis, a systemic and late-stage disease, is the 

main disease target for the osteochondral tissue engineering field, however, there are other 

diseases associated with osteochondral lesions. For instance, osteochondritis dissecans is a 

disease characterised by the separation of osteochondral fragments from the joint surface and 

affects a predominately young demographic experiencing joint trauma [130, 131]. The 

regeneration of osteochondral defects is limited due to the avascular nature of cartilage. In 

fact, the initial defects can develop into more severe diseases, such as osteoarthritis [132].  

 

CRQYeQWLRQaO WUeaWPeQW RSWLRQV 

Late stage osteoarthritis usually requires total joint replacement, however, for the mild lesions, 

the main treatment options are chondroplasty (~77%) and microfracture (~22%) [128]. 

Chondroplasty involves the removal of debris and the flap on the cartilage surface, with 

smoothing of the remaining cartilage but no induced regeneration. This procedure is only 

suitable for patients with minor lesions and only provides short-term outcomes. Microfracture 

is a procedure that involves the induction of bleeding by puncturing through to the underlying 

bone. This results in the migration of multipoint marrow cells, and the subsequent 

differentiation and formation of cartilage tissue. However, this process usually leads to the 

formation of fibrocartilaginous tissue with inferior mechanical quality that will deteriorate in the 

long term [133]. 

 

Autografts and allografts can provide alternative treatment options. For instance, mosaicplasty 

is a surgical technique in which lesions are filled by cylindrical plugs harvested from 

neighbouring healthy osteochondral tissue [134]. The technique can provide better outcomes 

than microfracture, however, it is limited to small lesions and can result in donor site morbidity. 
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Osteochondral allografts are an attractive option for the treatment of full-thickness defects, 

however, this approach is limited by supply and has the risk of disease transmission [110]. 

 

OVWeRcKRQdUaO TLVVXe EQJLQeeULQJ 

Osteochondral tissue engineering provides a potential treatment option by seeding 

chondrocytes, osteoblasts or stem cells within degradable scaffolds in order to engineer 

constructs that can fill the defect site. The autologous chondrocyte implantation (ACI) 

procedure, which has been carried out since 1995 [135], is the first cartilage tissue engineering 

approach used in the clinic. In this procedure, autologous chondrocytes are extracted from 

cartilage tissue and expanded in vitro and then implanted as a cell suspension sealed by a 

sutured periosteal flap. As a procedure using chondrocyte as cell source, it was expected that 

high quality hyaline cartilage could be formed. However, the outcomes of ACI have been 

inconsistent. A 10 year follow-up study showed that the failure rate of ACI could be up to 25% 

[136]. These failures have been attributed to procedural inconsistencies, de-differentiation of 

the chondrocytes during culture expansion, and poor retention of the implanted cells. New 

generations of the ACI procedure include the use of scaffolds, which are seeded with 

expanded cells prior to the surgery.  

 

In addition to chondrocytes harvested from the healthy cartilage, mesenchymal stem cells can 

also be expanded and differentiated to generate cartilage tissue. Accordingly, outcome of 

differentiation triggered by growth factors and small molecule have been extensively studied 

[137-139]. In addition to soluble factors, different biomaterials, including natural derived and 

synthetic polymer have also been investigated [140].  

 

Apart from developing a system that supports chondrocytes phenotype or chondrogenic 

differentiation, recently, more and more strategies are focusing on how to recreate the graded 

nature of osteochondral tissue. For example, in contrast to a single homogeneous layer, bi-

phasic or tri-phasic scaffolds mimicking different zonal compositions are prepared [141]. 

Structural, cellular, compositional, and mechanical gradients have also been created using a 

wide range of engineering approaches [108].  
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CXUUeQW OVWeRcKRQdUaO TLVVXe EQJLQeeULQJ PURdXcWV 

In recent years, several cartilage-specific products have been launched or undergone clinical 

trials. Two main categories are currently under investigation: acellular biomaterials plugs, such 

as Agili-C�, TruFit-CB� and CaRes�, and cellularised tissue grafts, including NeoCart�, MACI 

and Chondrosphere�. While acellular plugs can be supplied as off-the-shelf products, 

cellularised tissue grafts require additional cell culture procedures.  

 

Most of these products have a homogeneous structure (e.g., MACI, Chondrosphere�), which 

are poorly suited for the regeneration of full-thickness cartilage defects. There are only a 

limited number of products for osteochondral replacement with heterogenous structure. The 

summary table of these products can be found in Table 1.1. It should also be noted that all 

these products are multi-layered scaffolds, requiring adhesives to combine the different layers 

[57], and are all acellular osteochondral plugs that can be delivered directly to the defect site. 

For instance, ChondroMimetic� is delivered after punctures are created on the subchondral 

bone plate. These scaffolds can retain the bone-marrow-derived stem cells from the blood 

released in-situ. Most of these products are still in clinical trials, apart from TruFit-CB�, which 

was recalled from the market by the FDA after reports of swelling, pain, and implant failure. 

 

Table 1.1 Summary table of osteochondral products with zonal characters 
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1.7 OVWHRFKRQGUDO 7LVVXH EQJLQHHULQJ LQ WKH 7KHVLV 

OVWeRchRQdUaO WiVVXe eQgiQeeUiQg SURYideV aQ aOWeUQaWiYe aQd SURPiViQg WheUaSeXWic RSWiRQ fRU 

SaWieQWV ZiWh RVWeRchRQdUaO OeViRQV. IQ WhiV UeVeaUch, WZR gUadieQW-caVWiQg WechQRORgieV ZeUe 

deYeORSed aQd XVed fRU RVWeRchRQdUaO WiVVXe eQgiQeeUiQg. ThiV VecWiRQ ZiOO VXPPaUiVe WhUee 

PaiQ cRPSRQeQWV XVed iQ WhiV VWXd\: Whe ceOO VRXUce (hMSCV), diffeUeQWiaWiRQ VigQaOV (BMP-

2/TGF-ȕ3), aQd deOiYeU\ iQWeUPediaWe (heSaUiQ). 

 

1.7.1 CHOO SRXUFH: KMSCV 

The selection of the cell source is crucial for any tissue engineering design. The ideal cell 

source should maintain, or differentiate into, the desired phenotype and enable the engineered 

constructs to possess the required physiological function [142]. To generate osteochondral 

constructs, one could use primary cells harvested from bone and cartilage (i.e., 

osteoblasts/chondrocytes). However, the use of primary cells requires harvesting from healthy 

tissue, moreover, the in vitro expansion of cells can result in loss of cell phenotype [143]. An 

alternative approach is to use stem cells that are capable of differentiating into both lineages. 

Stem cells possess two key features: (1) the ability of self-renewal under certain environmental 

conditions and (2) the ability to differentiate into multiple cell lineages [144]. For osteochondral 

tissue engineering, possible stem cell sources include embryonic stem cells (ESCs), adult 

stem cells and induced pluripotent stem cells (iPSC). While human ESCs and iPSCs have 

been shown to be able to promote cartilage and bone repair, there are ethical concerns related 

to the ESCs source and potential safety concerns of teratoma formation of iPSCs [145].  

 

On the other hand, MSCs offer a potentially autologous source of cells that can differentiate 

into cells of stromal lineage, such as chondrocytes, osteoblasts, myoblasts, and tenocytes 

[146]. MSCs can be isolated from a variety of tissues, including bone marrow, synovium, 

adipose tissue, and connective tissues [147]. MSCs from different tissues are known to have 

different differentiation tendencies. For instance, it has been shown that adipose-derived 

MSCs exhibit a lower potential for chondrogenesis; bone-marrow-derived MSCs derive 

chondrocytes with a greater tendency to undergo hypertrophy; synovial-derived MSCs exhibit 

a lower propensity to hypertrophy [144, 147, 148]. It should also be noted that even when 
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MSCs are derived from a single tissue source, there is a high degree of heterogeneity. MSCs 

are usually a mixture of different cell subpopulations with their own distinct cell marker 

signatures. For instance, it has been shown that CD271+ synovial-derived MSCs and CD105+ 

or ROR2+ (receptor tyrosine kinase‐like orphan receptor 2) bone-marrow-derived MSCs 

exhibit an enhanced capacity for cartilage formation [144, 149]. Because of the heterogeneity 

of MSCs, research investigating the differentiation capability of each sub-populations is 

important. One clear advantage of using autologous MSCs is that they are relatively abundant, 

accessible and can be further expanded in vitro [109]. In terms of safety and translational 

potential, there is evidence showing that MSCs possess immunosuppressive properties and 

do not induce tumour development [150, 151]. These properties make MSCs an attractive 

option for clinical tissue engineering applications. 

 

1.7.2 DLIIHUHQWLDWLRQ SLJQDO: BMP-2 / 7GF-ȕ 

WheQ XViQg VWeP ceOOV iQ WiVVXe eQgiQeeUiQg aSSOicaWiRQV, aSSURSUiaWe diffeUeQWiaWiRQ VigQaOV 

aUe Qeeded. TheVe VigQaOV caQ iQcOXde biRchePicaO aQd QRQ-biRchePicaO cXeV. For this study, 

differentiation signals capable of orchestrating osteogenic and chondrogenic differentiation of 

hMSCs are used. Specifically, we selected TGF-ȕ3 aQd BMP-2 to trigger chondrogenic and 

osteogenic differentiation of MSCs, respectively [152, 153]. 

 

TGF-ȕ VXSeUIaPLO\ aQd cKRQdURJeQeVLV 

The transforming growth factor-ȕ (TGF-ȕ) VXSeUfaPiO\ cRPSUiVeV Whe BMP VXbfaPiO\ (BMPV 

and growth and differentiation factors, GDFs) and the TGF-ȕ VXbfaPiO\ (TGF-ȕ 1-3, Activin, 

Nodals, myostatin). Among all these factors, TGF-ȕ iV Whe PRVW cRPPRQO\ aSSOied growth 

factor in the field of cartilage tissue engineering [154]. TGF-ȕ iV a 25 NDa diPeU cRPSUiViQg 

two identical chains of 112 amino acids [155]. TGF-ȕ iV VecUeWed aV a OaWeQW SURWeiQ (LTGF-ȕ) 

and stored in the ECM. The latent TGF-ȕ RQO\ becRPeV acWiYe ZheQ iW iV UeOeaVed fURP Whe 

latency-associated peptide (LAP) [156]. There are three isoforms for the dimer (TGF-ȕV; TGF-

ȕ1, -ȕ2 aQd -ȕ3), ZiWh a ViPiOaU VWUXcWXUe Rf 60±70% identical amino acid sequence. Among 

three isoforms, TGF-ȕ1 aQd TGF-ȕ3 aUe RfWeQ XVed fRU cartilage tissue engineering. Studies 

have shown that TGF-ȕ3 SRVVeVVeV a higheU chRQdURgeQic SRWeQWiaO [156, 157].  
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TGF-ȕV UegXOaWe eYeU\ VWage Rf caUWiOage deYeORSPeQW, iQcOXdiQg cRQdeQVaWiRQ, SUROifeUaWiRQ, 

maintenance of phenotype, and terminal differentiation. Mutations in TGF-ȕV RU WheiU UeceSWRUV 

can cause severe musculoskeletal malfunction and diseases [152, 153]. TGF-ȕ VigQaOOiQg iV 

initiated through the membrane-bound TGF-ȕ heWeURPeUic Ueceptors (Type I and Type II). After 

binding of TGF-ȕ, Whe VeUiQe/WhUeRQiQe NiQaVe dRPaiQ Rf W\Se II UeceSWRU ShRVShRU\OaWeV Whe 

recruited type I receptor. The phosphorylation of Type I receptor subsequently activates the 

intracellular effector, TGF-ȕ-specific Smads, via phosphorylation. The activated Smads 

translocate to the nucleus and bind to Smad-binding elements on DNA sequences together 

with other gene-regulatory proteins, such as SOX9 [158]. Cartilage-related genes, including 

proliferation, differentiation, and ECM metabolism, are then modulated. Beside the Smads-

mediated pathway, TGF-ȕ aOVR acWiYaWeV RWheU VigQaOOiQg caVcadeV, VXch aV Whe PiWRgeQ-

activated protein kinase (MAPK) mediated pathway [156]. TGF-ȕV aUe e[WUePeO\ iPSRUWaQW 

regulators for chondrocyte development, and all three TGF-ȕV aUe iQYROYed iQ Whe 

condensation process in early chondrogenesis. In fact, in vitro supplementation of TGF-ȕV 

have been widely used to initiate chondrogenesis. TGF-ȕV aUe aOVR iPSRUWaQW iQ PaiQWaiQiQg 

chondrocyte homeostasis. In developed cartilage tissue, TGF-ȕV SUeYeQW WeUPiQaO 

hypertrophic differentiation of chondrocytes, and it has been shown that TGF-ȕ3 caQ iQhibiW 

the terminal hypertrophic differentiation of cultured MSCs [152]. 

 

BMP-2 aQd RVWeRJeQeVLV 

The mammalian skeleton is established via two distinct processes: intramembranous 

ossification and endochondral ossification [153]. In intramembranous process, direct 

differentiation of osteoblasts from mesenchymal stem cells is modulated by the expression of 

RUNX2 and osterix. This process produces the flat bones in the body. Endochondral 

ossification involves the cartilage mould being replaced by bone. Endochondral ossification 

contributes to most bone formation processes in the body, including long bones [159]. While 

several different factors participate in endochondral bone formation, it has been shown that 

BMPs have significant capability in facilitating this process [160]. In several murine models, 

BMPs knockouts have been shown to lead to skeletal patterning defects and newborn death 

[153]. BMPs play important roles during mesenchyme condensation. It has been shown that 

supplementation of BMP-2 in vitro can trigger chondrogenic differentiation of hMSCs [161]. 
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BMPs are dimeric molecules which can be classified into 4 distinct subfamilies based on their 

function and sequence. Among the discovered 14 BMPs, BMP-2, BMP-4, and BMP-7 are 

shown to have the highest osteogenic potential, while some BMPs contributed to other 

processes such as cartilage development (BMP-8 and BMP-9) [159]. Similar to TGF-ȕ, BMP 

signalling is initiated via the binding of ligands to membrane-bound receptors. After binding of 

BMPs to homomeric type II receptors, the homomeric type I receptor becomes 

phosphorylated. This further induces Smad-dependent signalling, an interaction that is 

implicated in nearly every stage of osteogenesis. In Smad-dependent signalling, Smad-4 

complexes with phosphorylated Smads (Smad-1, Smad-5, or Smad-8) and co-translocates 

into the cell nuclei. Together with transcription factors, such as RUNX2, osteogenic genes are 

regulated. It should be noted that besides Smad-dependent signalling, MAPK also participates 

in the regulation of the osteogenic differentiation [153].  

 

Due to the widely recognised effect in skeletal development, BMPs have been investigated 

for therapeutic potential. For instance, the osteogenic capability of BMP-2 has been widely 

studied and is currently the only FDA-approved osteoinductive growth factor. In a human 

fracture healing study, BMP-2 was found to have a dose-dependent effect on bone tissue 

formation [162]. The current FDA-approved concentration of BMP-2 iV 1.5ௗPg PL-1. In addition 

to the concentration of BMP-2, the time frame for BMP-2 supplement is also important for both 

in vitro and in vivo applications. For instance, instead of long-term supplementation of BMP-

2, it was demonstrated that 6 d exposure of BMP-2 was sufficient to induce osteogenic 

differentiation of MSCs [104]. 

 

IQWeUSOa\ beWZeeQ TGF-ȕ aQd BMPV 

The antagonistic mechanism between TGF-ȕ aQd BMP VigQaOOiQg caQ be fRXQd iQ VeYeUaO 

tissues [161]. Since both TGF-ȕV aQd BMPV SaWhZa\V cORVeO\ UegXOaWe Whe deYeORSPeQW 

process for osteochondral tissue, crosstalk between two factors are particularly important. 

Understanding how BMPs and TGF-ȕV iQWeUacW iV cUXciaO fRU RXU RVWeRchRQdUaO WiVVXe 

engineering design. For example, TGF-ȕ haV haYe a V\QeUgic effecW ZiWh BMPV dXUiQg 

osteochondral development. During the early stages of chondrogenesis, the TGF-ȕ cRXOd 

promote BMP-initiated chondrogenesis and ECM production. This has been shown in an ex-

vivo bovine synovial set-up in which TGF-ȕ ZaV deOiYeUed WR eQhaQce Whe BMP-2 triggered 
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chondrogenesis [163]. A similar result was observed in a study with chondrogenic ATDC5 cell 

lines. In this study, TGF-ȕ VigQaOOiQg ZaV VhRZQ WR eQhaQce BMP VigQaOOiQg, hRZeYeU, iQ Whe 

same study, it was also found that BMP-2 could significantly reduce the level of TGF-ȕ 

signalling [161]. These studies indicate that TGF-ȕ SURPRWeV BMP VigQaOiQg dXUiQg eaUly 

chondrogenesis.  

 

However, TGF-ȕ haV beeQ VhRZQ WR iQhibiW Whe effecW Rf BMP-2 during the later stages of 

osteochondral development. In a study using an ATDC5 cell line, it was found that TGF-ȕV 

could down-regulate BMP signalling and thus chondrocyte hypertrophy. This process was 

found to be mediated via a transcription corepressor, SnoN. In another study, Smad-3 

deficient mice with impaired TGF-ȕV VigQaOOiQg haYe beeQ VhRZQ WR SRVVeVV aQ iQcUeaVe 

expression of collagen type X and other maturation markers [164]. These results suggest that 

TGF-ȕV caQ iQhibiW BMP-2 signalling, prevent calcification and catabolic gene expression and 

hence retain chondrocytes in a quiescent state [152, 165]. In the context of tissue engineering, 

however, it was found that co-delivery of TGF-ȕV ZiWh BMPV cRXOd eQhaQce bRQe fRUPaWiRQ. 

For instance, it has been demonstrated that bone formation was observed after the 

transplantation of bone marrow-derived MSCs together with BMP-2 and TGF-ȕ3 iQ SCID Pice. 

Similarly, a higher degree of BMP-2 induced ectopic bone formation was observed in a study 

in which TGF-ȕ1 ZaV cR-delivered [166, 167]. It should be noted that dynamic crosstalk is also 

involved with other types of machinery (e.g., Wnt, Hedgehog or FGF) [153]. Given that studies 

in the field were conducted with different biomaterials (natural derived polymers and synthetic 

polymers) and culture conditions (static, dynamic, 2D, and 3D), appropriate optimisation is 

necessary in the present study. 
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1.7.3 GURZWK FDFWRU SHTXHVWUDWLRQ 8VLQJ HHSDULQ 

 

GeQeUaO deOLYeU\ VWUaWeJ\  

It is essential to have a robust strategy for growth factors delivery since the bioactivity of the 

delivered growth factor could alter the differentiation outcome. In the heWeURgeQeRXV tissue 

engineering, as long as the diffusion kinetic across the construct is considered, universally 

deliver the bioactive signal is the most intuitive approach. Until now, supplementing media 

with cytokines, growth factors, and other small molecule is the most common strategy to 

deliver bioactive signal. However, in biologic systems, these bioactive factors are usually 

connected to and closely interact with extracellular matrix. In vivo, release and activation of 

growth factors are regulated by extracellular matrix. Accordingly, co-presentation of growth 

factor with other extracellular matrix components could have different levels of activation 

compared with soluble administration of growth factor [168]. For instance, delivery of BMP-2/ 

fibronectin complex could enhance the downstream pathway activation compared with soluble 

BMP-2 [169]. To engineer heterogeneous tissue, the spatial and temporal control of the growth 

factor delivery are equally important. 

 

In general, to decorate tissue engineering scaffolds with bioactive factors, physical 

encapsulation, absorption or covalently immobilisation approaches can be used [170]. In the 

physical encapsulation approach, fabrication methods such as solvent casting, freeze drying, 

or particulate leaching can sequester growth factors within the scaffold. In some applications, 

a carrier system such as liposomes or microspheres could be introduced. Aside from 

encapsulation, other physical interactions such as electrostatic interactions have also been 

used. It is important to minimise the exposure of bioactive factors to harsh conditions such as 

solvents and high temperature in these approaches. Chemical immobilisation approaches can 

also be used to decorate bioactive signals. Specifically, cargos of interest could be covalent 

bounded to the matrix. Different conjugation approaches using active esters (e.g., EDC/NHS), 

click chemistry (e.g., alkyne-azide or thiol-ene), and other chemistry have been extensively 

studied [171, 172]. To effectively decorate functional signals, the specificity of the coupling 

site should be considered since the bioactivity of the molecule may be lost during the 

immobilisation process. 
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For both physical and chemical strategies, the fabrication process should minimise the cargo 

denaturation and maintain the accessible binding site of the cargo. To support the 

differentiation process, a system with a desirable releasing profile is more favourable. 

 
UWLOLVLQJ KeSaULQ IRU VLJQaO deOLYeU\ 

Both the development of tissue and organs are subjected to the molecular and physical 

information encoded within the extracellular matrix [173]. In nature, besides structural support, 

extracellular matrix regulates specific genes and a variety of signalling pathways together with 

growth factors. For example, in the early stage of development, the morphogen gradient is 

established with the presence of some critical extracellular matrix components. Among all the 

components in extracellular matrix, proteoglycans, which comprise both glycosaminoglycans 

and their core protein, are important.  

 

It is recognised that negatively charged glycosaminoglycans act as a reservoir of the growth 

factors. Several growth factors such as FGFs and VEGFs can effectively bind to heparin [17]. 

Besides the role as a growth factor reservoir, glycosaminoglycans can also interact with cell 

signal receptors together with growth factor ligands and contribute to morphogen gradient 

formation during the development [174].  

 

As mentioned in previous sections, strategies without a direct conjugation could avoid 

denaturation of the protein cargo. For instance, electrostatic interaction was used to non-

covalently sequester protein cargos. While negatively charged glycosaminoglycans such as 

heparin could bind the proteins bearing a net positive charge, recently, there is an increasing 

number of applications using glycosaminoglycans to deliver growth factors [69].  

 

Given that heparin has been extensively used as a BMP-2 reservoir in several tissue 

engineering applications, in this thesis, a heparin-based biomimetic design is used to deliver 

BMP-2 in a spatially controlled manner. In the past, BMP-2 has been employed together with 

heparin in scaffolds and applied as a controlled release platform [175, 176]. The abundant 

sulphate and carboxylate groups of heparin not only enable crosslinking chemistry with other 

materials but also give heparin unique characters to mediate its electrostatic interactions with 

proteins. Interaction between heparin and BMP-2 is more than electrostatic. In a docking 
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simulation study carried out by Gandhi and Mancera, non-protonated histidines of BMP-2 were 

identified as participating in the heparin/BMP-2 interaction. Moreover, there are different 

heparin binding sites for different BMPs [177]. In the presence of heparin, the loaded protein 

can be protected so the half-life could be extended. The half-life of BMP-2 in culture media is 

prolonged by 20-fold in conjunction with the use of heparin [175].  
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1.8 CRQFOXVLRQ 

There have been a lot of advancements within the field of tissue engineering since its 

emergence in the early 90s. With nearly 30 years of research, a growing number of 

commercial products are in the market, with many promising clinical trials ongoing [173, 178]. 

However, there is still a huge gap between homogenous tissue engineering constructs and 

heterogeneous natural tissue. To produce a more robust tissue replacement, more 

sophisticated strategies are needed. It can be summarised from previous sections that the 

gradient nature of morphogen distribution is crucial in guiding and the formation of 

heterogeneous tissues [8]. Gradients within the extracellular environment of tissue should be 

considered in tissue engineering design [173].  

 

In this chapter, fundamental concepts regarding gradients have been introduced. This chapter 

covers mechanisms of gradient formation and rationale of gradient interpretation. In order to 

have a better understanding of the landscape of gradient casting technology, different 

strategies have been introduced. Moreover, the criteria for an ideal fabrication process have 

been proposed. 

  

The essence of the research in this thesis is to develop technologies capable in patterning 

bioactive signal gradients in the context of heterogeneous tissue engineering. Among all the 

potential tissue targets, osteochondral tissue is selected due to its unmet clinical need, and 

because it is a suitable tissue model to verify the proposed technologies. In the last part of this 

chapter, the gradient nature of the osteochondral tissue has been summarised. In the following 

chapters, two morphogen gradient casting platforms will be introduced. As suggested in 

section 1.4, Criteria for Ideal Gradient Fabrication Strategies, these strategies were developed 

to be versatile and applicable to different materials systems and applications. 
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CKDSWHU II: MDWHULDOV DQG MHWKRGV 
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2.1 MDJQHWLFDOO\-IRUPHG GUDGLHQWV 

 

2.1.1 GUDGLHQW CRQVWUXFWV FDEULFDWLRQ DQG FEMM MRGHOOLQJ 

Magnetic Field Alignment and Simulation  

Finite element magnetic modelling (FEMM, D. C. Meeker, Finite Element Method Magnetics, 

Version 4.2) was used to characterise the magnetic field based on the dimensions and 

physical properties of the cylindrical N42 magnet (eMagnets, UK) used throughout the study 

(ø = 20 mm, height = 20 mm, HcB = 915 kA/m or 11500 Oe, provided by the manufacturer). 

 

Gradient Formation 

All gradients were formed in a customised mould composed of two glass slides and a cut 2 

mm silicone spacer (final well dimensions = 13 × 5 × 2 PP). 30 ȝL Rf VROXWiRQ cRQWaiQiQg 20 

nm SPIONs or hydrogel precursor containing SPIONs were dispensed into the mould, 

fROORZed b\ 60 ȝL Rf Whe VaPe cRPponents minus the SPIONs. The magnetic field was 

subsequently applied from approximately 2 mm above the mould to redistribute the SPIONs 

into a gradient. To image the gradient formation process, gradients were formed in deionised 

water using a layer of 0.5 mg mL-1 SPIONs. To test the limitation in the diameter of SPIONs 

used in the gradient formation set-up, same process was carried out by using 5, 50 and 200 

nm of the SPIONs. 

To examine the gradient forming capability in different hydrogels, a layer of 0.5 mg mL-1 

SPIONs was used. After the formation of the gradient, the hydrogel precursor was gelled and 

the constructs were imaged using an Axio Observer inverted widefield microscope (Zeiss, 

Germany). Type VII-A Agarose (Sigma Aldrich, UK) was dissolved by heating the solution to 

boil at 1 wt% in PBS and gelled at room temperature. Cold Geltrex (Thermo Fisher, USA) on 

ice was used undiluted and gelled at 37°C. Gellum gum (Sigma Aldrich, UK) was used at 

0.75% in water and crosslinked by the addition of an equal volume of 0.06 wt% solution of 

calcium chloride. 5 5 wt% Gelatin (Sigma Aldrich, UK) in PBS was prepared at 40°C and gelled 

at 4°C.  

 

1 wt% agarose was used to test the influence of viscosity on pattern formation, with the 
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gradient forming process carried out in a temperature-controlled water bath (27, 30, 37°C) and 

the resulting gels imaged using a desktop scanner. The viscosity of the agarose solutions at 

these temperatures was measured by rheological creep tests performed at 2Pa stress over 5 

min using an AR2000ex rheometer (TA Instruments, USA) equipped with a temperature-

controlled stage.  

 

2.1.2 GO\FRV\ODWHG SPION S\QWKHVLV DQG CKDUDFWHULVDWLRQ  

Glycosylated SPION Synthesis  

A 0.9 mL solution of 1.5 mg mL-1 of heparin (Sigma Aldrich, UK) was prepared in pH 5.4 4- 

morpholineethanesulfonic acid buffer (MES, Thermo Fisher, USA), and mixed for 15 min with 

5 mg of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, Sigma Aldrich, 

UK) and 1 mg of N-hydroxysuccinimide (NHS, Sigma Aldrich, UK). 0.1 mL of 5 mg mL-1 amine-

functionalised 20 nm SPIONs (SHA- 20, Ocean NanoTech, USA) were then added and mixed 

for 24 h at room temperature. After the conjugation, the product was dialysed against 5 L of 

phosphate-buffered saline (PBS, Thermo Fisher, USA) for 3 d with two daily buffer changes 

to ensure complete removal of unconjugated heparin. The conjugated SPIONs were then 

concentrated to 2 mg mL-1 using 100 kDa cut-off Amicon ultra-centrifugal filter unit (Merck 

Millipore, USA).  

 

Glycosylated SPION Characterization  

Zeta potential and hydrodynamic diameter measurements were performed using a Zetasizer 

Zen 3600 (Malvern Instruments, UK), with samples in pH 7 deionised water at a concentration 

Rf 40 ȝg PL-1. Heparin quantification was performed using dimethylmethylene blue (DMMB, 

SigPa AOdUich, UK), ZiWh VWaQdaUdV UaQgiQg beWZeeQ 0 aQd 25 ȝg PL-1 and an unconjugated 

SPION reference. The absorbance was measured at 525 nm using a SpectraMax M5 

microplate reader (Molecular Devices, USA). The sulphated glycosaminoglycan content was 

normalised to the nanoparticle number, which was measured using a Nanosight (Ns300, 

Malvern Instruments, UK) equipped with Nanoparticle Tracking Analysis 3.0 software. 

Magnetic analysis was performed using a SQUID magnetometer (MPMS-7, Quantum Design, 

UK) on 1.5 mg mL-1 samples. These values were normalised by iron content, which was 

measured by digesting the nanoparticles in 2 N nitric acid (Sigma Aldrich, UK) at 40°C for 24 

h to ensure complete digestion and analysing samples using inductively coupled plasma 
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optical emission spectrometry (ICAP 6300 Duo, Thermo Fisher, USA).  

 

The protein loading capacity of the glycosylated SPIONs was assessed by mixing avidin 

(Thermo Fisher, USA) with glycosylated and unconjugated SPIONs at room temperature for 

10 min, and then centrifuging the sample at 20,817 g for 100 min. The concentration of avidin 

was detected using a Micro BCA� Protein Assay Kit (Thermo Fisher, USA) following the 

PaQXfacWXUeU'V SURWRcRO, XViQg aYidiQ VWaQdaUdV beWZeeQ 0 aQd 20 ȝg PL-1. The loading 

capacity was determined by subtracting the initial loading mass of avidin with the mass of 

avidin detected in the supernatant.  

 

The Distribution of Protein Loaded Glycosylated SPIONs  

To visualise the distribution of loaded protein, 1011 glycosylated SPIONs were first loaded with 

300 ng of fluorescein-labelled avidin (Thermo Fisher, USA) prior to gradient formation. 

Fluorescent images were then acquired with an Axio Observer inverted widefield microscope 

(Zeiss, Germany). Intensity plots were produced using FIJI software. Specifically, a region of 

interest (ROI) without the boundary of the hydrogel was selected on the acquired fluorescent 

image, and the plot profile function was used to generate an intensity profile across the 

hydrogel. 
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2.2 BXR\DQF\-GULYHQ GUDGLHQW FDEULFDWLRQ 

 

2.2.1 MDWHULDOV PUHSDUDWLRQ 

S\QWKHVLV RI AJDURVH CRQMXJDWHG ZLWK RKRGDPLQH B 

RhRdaPiQe-OabeOOed agaURVe ZaV SUeSaUed fROORZiQg a PeWhRd deVcUibed iQ Whe OiWeUaWXUe 

[179]. IQ bUief, 50 Pg Rf W\Se VII agaURVe ZaV diVVROYed iQ 5 PL Rf aQh\dURXV diPeWh\O VXOfR[ide 

aW 70°C. 50 Pg Rf VRdiXP h\dURgeQ caUbRQaWe, 20 �L Rf dibXW\OWiQ diOaXUaWe aQd 20 Pg 

UhRdaPiQe B iVRWhiRc\aQaWe ZaV added WR WhiV VROXWiRQ. The Pi[WXUe ZaV VWiUUed aW 70°C fRU 

16 h, WheQ diOXWed iQ 50 PL deiRQiVed ZaWeU aQd SUeciSiWaWed iQ 100% eWhaQRO. The VaPSOe ZaV 

WheQ YacXXP dUied aQd VWRUed aW -20°C. 

 

S\QWKHVLV RI GHOMA 

GeOMA ZaV V\QWheViVed fROORZiQg a PeWhRd deVcUibed iQ Whe OiWeUaWXUe [180]. IQ bUief, 

PeWhacU\Oic acid ZaV added dURSZiVe WR a 10% (Z/Y) VROXWiRQ Rf geOaWiQ iQ deiRQiVed ZaWeU (0.6 

g Rf PeWhacU\Oic acid SeU 1.0 g Rf geOaWiQ). AfWeU 3 h Rf UeacWiRQ, Whe VROXWiRQ ZaV diOXWed ZiWh 

deiRQiVed ZaWeU aQd diaO\ViV ZaV SeUfRUPed ZiWh 12-14 NDa PePbUaQe (SSecWUXP 

LabRUaWRUieV) agaiQVW deiRQiVed ZaWeU aW 40°C fRU 7 d. The VaPSOe ZaV WheQ O\RShiOiVed aQd 

VWRUed aW -20°C. 

 

S\QWKHVLV RI HHSMA 

HeSMA ZaV V\QWheViVed fROORZiQg a PeWhRd deVcUibed iQ Whe OiWeUaWXUe [181]. IQ bUief, 

PeWhacU\Oic acid ZaV added dURSZiVe WR a 2% (Z/Y) VROXWiRQ Rf heSaUiQ iQ deiRQiVed ZaWeU (5.0 

g Rf PeWhacU\Oic acid SeU 1.0 g Rf heSaUiQ). The SH ZaV adMXVWed WR 8.5 XViQg 5 M NaOH aQd 

VWiUUed RYeUQighW aW URRP WePSeUaWXUe. The VROXWiRQ ZaV SUeciSiWaWed iQ 100% eWhaQRO aQd WheQ 

diaO\ViV ZaV SeUfRUPed ZiWh 1 NDa PePbUaQe (SSecWUXP LabRUaWRUieV) agaiQVW deiRQiVed 

ZaWeU aW URRP WePSeUaWXUe fRU 7 d. The VaPSOe ZaV WheQ O\RShiOiVed aQd VWRUed aW -20°C. 

 

TR iQYeVWigaWe if Whe PRdified heSaUiQ cRXOd fRUP cRYaOeQW bRQdV ZiWh GeOMA, UeOeaVe NiQeWicV 

Rf heSaUiQ aQd HeSMA fURP GeOMA ZeUe PeaVXUed. SSecificaOO\, 200 �g mL-1 VROXWiRQV Rf 

heSaUiQ RU HeSMA ZeUe Pi[ed ZiWh eTXiYaOeQW YROXPe Rf VROXWiRQ cRQWaiQiQg 20% (Z/Y) GeOMA 
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aQd 5 Pg mL-1 IUgacXUe 2959. The UeVXOWiQg VROXWiRQV ZeUe caVW iQWR 100 �L h\dURgeOV XViQg 

UV iUUadiaWiRQ (365 QP, 6 PW cP-2, 5 PiQ). The h\dURgeOV ZeUe iQcXbaWed fRU 28 d ZiWh 500 

�L PBS VXSSOePeQWed ZiWh 0.02% (Z/Y) VRdiXP a]ide (SH 7.4) aW 37°C. 250 �L Rf PBS ZaV 

UePRYed aW iQWeUYaOV aQd fUR]eQ aW -20°C, ZiWh 250 �L Rf fUeVh PBS added WR Whe h\dURgeO WR 

eQVXUe ViQN cRQdiWiRQV ZeUe UeVSecWed aW aOO WiPeV. The cRQceQWUaWiRQ Rf UeOeaVed heSaUiQ RU 

HeSMA ZaV TXaQWified aQd PeaVXUed XViQg a diPeWh\OPeWh\OeQe bOXe cRORUiPeWUic aVVa\, in 

which heparin and HepMA powder were used as standard solution separately. The assay was 

carried out fROORZiQg a PeWhRd deVcUibed iQ Whe OiWeUaWXUe [182]. IQ bUief, 10 �L Rf VaPSOe RU 

heSaUiQ VWaQdaUd ZaV Pi[ed ZiWh 90 �L Rf DMMB aVVa\ bXffeU (16 Pg DMMB iQ 1 L ZaWeU 

cRQWaiQiQg 3.04 g gO\ciQe, 2.37 g NaCO aQd 9.5 PL 0.1 M HCO), ZiWh Whe abVRUbaQce PeaVXUed 

aW 530 QP XViQg a SSecWUaMa[ M5 SOaWe UeadeU.  

 

S\QWKHVLV RI GROG NDQRSDUWLFOHV 

79 Pg Rf HAuCl4 · 3H2O ZaV diVVROYed iQ iQ 185 PL Rf deiRQiVed ZaWeU aQd WheQ added WR a 

250 PL URXQd-bRWWRP fOaVN aQd UefOX[ed iQ aQ RiO baWh. The VROXWiRQ ZaV VWiUUed geQWO\ ZhiOe 

10 PL Rf 2% (Z/Y) WUiVRdiXP ciWUaWe dih\dUaWe ZaV UaSidO\ iQMecWed. AfWeU 5 PiQ Rf faVW VWiUUiQg, 

Whe fOaVN ZaV UePRYed fURP Whe RiO baWh aQd aOORZed WR cRRO WR URRP WePSeUaWXUe. The 

QaQRSaUWicOeV ZeUe VWRUed aW 4°C.  

 

PUHSDUDWLRQ RI LLSRVRPHV LDEHOOHG ZLWK RKRGDPLQH B 

2.5 Pg Rf 1-SaOPiWR\O-2-ROeR\O-VQ-gO\ceUR-3-ShRVShRchROiQe (POPC) aQd 0.025 Pg Rf 

LiVVaPiQe� UhRdaPiQe B 1,2-dihe[adecaQR\O-VQ-gO\ceUR-3-ShRVShReWhaQROaPiQe 

WUieWh\OaPPRQiXP VaOW (UhRdaPiQe-DHPE) iQ chORURfRUP ZeUe added WR a gOaVV YiaO aQd Whe 

VROYeQW UePRYed b\ QiWURgeQ fORZ. The UeVXOWiQg OiSid fiOP ZaV h\dUaWed ZiWh 0.5 PL Rf ZaWeU, 

YRUWe[ed fRU 30 V aQd WheQ e[WUXded WhURXgh a 50 QP SRO\caUbRQaWe PePbUaQe XViQg aQ AYaQWi 

MiQi E[WUXdeU (AYaQWi PROaU LiSidV). 

 

PUHSDUDWLRQ RI E[RVRPHV LDEHOOHG ZLWK RFP 

MDA-MB-231 ceOOV e[SUeVViQg LAMP-RFP ZeUe cXOWXUed XQWiO cRQfOXeQW iQ high gOXcRVe 

DXObeccR'V PRdified EagOe'V PediXP (TheUPR FiVheU ScieQWific) VXSSOePeQWed ZiWh 10% (Y/Y) 

fReWaO bRYiQe VeUXP (GibcR) aQd 1% (Y/Y) SeQiciOOiQ-VWUeSWRP\ciQ (TheUPR FiVheU ScieQWific). 

The ceOOV ZeUe WheQ cXOWXUed iQ Whe VaPe PediXP, bXW ZiWhRXW VeUXP, fRU 3 d. The UeVXOWiQg 
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cRQdiWiRQed Pedia ZaV cOaUified WhURXgh a 0.45 ȝP fiOWeU aQd cRQceQWUaWed WR a fiQaO YROXPe Rf 

500 ȝL XViQg APicRQ 100 NDa MWCO fiOWeUV. The cRQceQWUaWed cRQdiWiRQed Pedia ZaV 

VeSaUaWed iQWR 1 PL fUacWiRQV b\ Vi]e e[cOXViRQ chURPaWRgUaSh\ XViQg a SeShaURVe CL-2B 

PaWUi[. E[WUaceOOXOaU YeVicOeV ZeUe eOXWed iQ fUacWiRQV 8-10, aQd VWRUed aW -80°C. 

 

2.2.2 FDEULFDWLRQ RI GUDGLHQWV 

UQOeVV VWaWed RWheUZiVe, aOO chePicaOV XVed ZeUe fURP SigPa AOdUich. TR cUeaWe Whe gUadieQW 

cRQVWUXcWV, Whe deQVeU OiTXid ZaV added WR a PROd aV a baVe Oa\eU. AQ eOecWURQic diVSeQVeU 

(MXOWiSeWWe® E3/E3[, ESSeQdRUf) ZaV XVed WR iQMecW Whe OighWeU OiTXid aW a defiQed fORZ UaWe, ZiWh 

Whe iQMecWiRQ RXWOeW PaiQWaiQed aW Whe iQiWiaO OiTXid-aiU iQWeUface. IQMecWiRQ UaWeV ZeUe PeaVXUed 

PaQXaOO\. IPPediaWeO\ afWeU iQMecWiRQ, Whe diVSeQVeU ZaV UePRYed, aQd Whe gUadieQWV ZeUe 

SUeVeUYed b\ geOaWiRQ RU SRO\PeUiVaWiRQ. TZR PRXOdV ZeUe XVed iQ WhiV UeSRUW: a cXbRid PRXOd 

(5 × 15 × 3 PP) aQd a c\OiQdUicaO PRXOd (∅ = 5 PP, h = 15 PP). PRO\PeU gUadieQWV ZeUe 

chaUacWeUiVed XViQg RaPaQ VSecWURVcRSic PaSSiQg. BUiefO\, a cRQfRcaO RaPaQ 

PicURVSecWURVcRS\ V\VWeP (WITec aOSha 300R+) ZaV XVed WR UaVWeU PaS Whe eQWiUe VXUface Rf 

Whe gUadieQW cRQVWUXcW aQd RbWaiQ VSecWUa cRPSUiViQg cRPSRViWiRQaO iQfRUPaWiRQ aW 50 ȝP VWeSV 

[183, 184]. The UeVXOWiQg daWa ZaV aQaO\Ved Yia SeaN UaWiR WR UeYeaO Whe ORcaWiRQ aQd UeOaWiYe 

cRQceQWUaWiRQ Rf Whe cRQVWUXcW SRO\PeUV. SWiffQeVV gUadieQWV ZeUe chaUacWeUiVed XViQg 

VSheUicaO iQdeQWaWiRQ PaSSiQg. BUiefO\, a 3 PP diaPeWeU VWaiQOeVV VWeeO VSheUe ZaV iQdeQWed 

aORQg Whe gUadieQW iQ 0.5 PP VWeSV, aQd Whe cRQWacW PRdXOXV Rf each iQdeQW ZaV chaUacWeUiVed 

b\ a PRdified HeUW]iaQ VROXWiRQ WR accRXQW fRU VXbVWUaWe effecWV [185]. AOO RWheU gUadieQWV ZeUe 

chaUacWeUiVed b\ iPagiQg Whe cRQVWUXcWV XViQg a Zide fieOd PicURVcRSe, cRQYeUWiQg Whe iPageV 

WR 16-biW aQd WheQ XViQg Whe SORW SURfiOe fXQcWiRQ iQ IPage J. FRU fXOO deWaiOV Rf Whe fabUicaWiRQ 

aQd chaUacWeUiVaWiRQ Rf each gUadieQW V\VWeP, Vee Whe fROORZiQg WabOe fRU fabUicaWiRQ 

SaUaPeWeUV: 
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Table 2.1 Fabrication Parameters 

 

*The h\dURgel ZaV imaged cRld WR SUeYeQW flXRUeVceQce lRVV fURm UV e[SRVXUe. 
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2.2.3 GUDGLHQW CRQVWUXFWV CKDUDFWHULVDWLRQV 

CKDUDFWHULVDWLRQ RI RKRGDPLQH-AJDURVH DQG SXFURVH GUDGLHQWV 

AQ agaURVe-UhRdaPiQe gUadieQW ZaV geQeUaWed XViQg VXcURVe (Vee Whe SUeYiRXV VecWiRQ) aQd 

Whe UeVXOWiQg h\dURgeO ZaV eTXaOO\ diVVecWed iQWR 4 WUaQVYeUVe VecWiRQV. TheVe VecWiRQV ZeUe 

heaWed abRYe Whe PeOWiQg WePSeUaWXUe Rf agaURVe, aORQg ZiWh 1 PL Rf ZaWeU WR SUeYeQW geOaWiRQ 

XSRQ cRROiQg. AfWeU Whe VaPSOeV ZeUe cRROed WR URRP WePSeUaWXUe aQd Whe agaURVe cRPSOeWeO\ 

diVVROYed, Whe fOXRUeVceQce iQWeQViW\ ZaV PeaVXUed XViQg a PicURSOaWe UeadeU aW aQ e[ciWaWiRQ 

Rf 543 QP aQd aQ ePiVViRQ Rf 580 QP. AQ ideQWicaO e[SeUiPeQW ZaV SeUfRUPed XViQg agaURVe 

iQVWead Rf UhRdaPiQe-agaURVe (Vee Whe SUeYiRXV VecWiRQ) ZiWh Whe diVVROYed VecWiRQV 

PeaVXUed XViQg a VXcURVe aVVa\ NiW (AbcaP), fROORZiQg Whe PaQXfacWXUeU'V SURWRcRO. IQ bUief, 

Whe VXcURVe iQ Whe VaPSOe ZaV cRQYeUWed iQWR gOXcRVe XViQg iQYeUWaVe aQd WheQ PeaVXUed 

XViQg Whe UeageQW aQd eQ]\Pe SURYided iQ Whe NiW. The abVRUbaQce aW 570 QP ZaV PeaVXUed 

XViQg a SSecWUaMa[ M5 SOaWe UeadeU. 

 

CKDUDFWHULVDWLRQ RI PRO\PHU GUDGLHQWV 

RaPaQ VSecWURVcRSic PaSSiQg ZaV SeUfRUPed XViQg a cRQfRcaO RaPaQ PicURVcRSe 

(aOSha300R+, WITec) eTXiSSed ZiWh a 532 QP OaVeU aQd eiWheU a × 10/0.25 NA RU × 20/0.4 NA 

RbMecWiYe OeQV (EC ESiSOaQ, ZeiVV). ScaWWeUed OighW ZaV cRXSOed WR Whe VSecWURPeWeU WhURXgh a 

100 ȝP fibUe, Zhich fXUWheU VeUYed aV Whe cRQfRcaO SiQhROe. The 600 OiQeV SeU PP gUaWiQg 

VSecWURgUaSh (UHTS 300, WITec) aQd WheUPReOecWUicaOO\-cRROed bacN-iOOXPiQaWed CCD 

caPeUa (NeZWRQ DU970N-BV-353, AQdRU), Zhich \ieOded a VSecWUaO UeVROXWiRQ Rf a10 cP-1 

(defiQed aW fXOO-ZidWh-aW-haOf-Pa[iPXP Rf PeUcXU\ aUgRQ ePiVViRQ OiQeV), ZeUe XVed WR UecRUd 

VSecWUa ZiWh 37 PW OaVeU SRZeU fRcXVed WhURXgh Whe RbMecWiYe WR Whe VaPSOe. FXOO cURVV-

VecWiRQaO iPageV ZeUe UecRUded ZiWh a 50 × 50 ȝP VWeS-Vi]e ZeUe acTXiUed ZiWh 0.5 V 

iQWegUaWiRQ WiPe fRU Whe SRO\PeU VaPSOe ([ 10/0.25 NA RbMecWiYe, iPaged WhURXgh gOaVV VOideV 

WR cRQWURO Whe VaPSOe iQWeUface). SiQce WZR SRO\PeUV, N,N-diPeWh\OacU\OaPide aQd OaXU\O 

PeWhacU\OaWe, SRVVeVV diffeUeQW RaPaQ VigQaOV RQ WheiU CH2 aQd CH3 VWUeWchiQg feaWXUeV, Whe 

acTXiUed RaPaQ VcaWWeUiQg VigQaO ZaV aQaO\Ved baVed RQ Whe UaWiR Rf CH2 aQd CH3 VWUeWchiQg 

feaWXUeV WR deWeUPiQe Whe SURfiOeV Rf SRO\PeU gUadieQWV. 
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CKDUDFWHULVDWLRQ RI SWLIIQHVV GUDGLHQWV 

SWiffQeVV gUadieQWV ZeUe chaUacWeUiVed XViQg HeUW]iaQ iQdeQWaWiRQ WR deWeUPiQe Whe bXON 

cRQWacW PRdXOXV. TR SUeYeQW VOiSSage dXUiQg iQdeQWaWiRQ, VaPSOeV ZeUe adheUed WR Whe bRWWRP 

Rf 35 PP diaPeWeU WiVVXe cXOWXUe diVh XViQg a WhiQ Oa\eU Rf LRcWiWe 406 (LRcWiWe). 50 �O Rf PBS 

ZaV added WR Whe fUee VXUface Rf Whe h\dURgeOV. A 3 PP diaPeWeU VWaiQOeVV VWeeO baOO beaUiQg 

ZaV iQdeQWed aQd UeWUacWed aW 0.5 YROWV V-1 (a1.4 PP V-1) ZiWh a 0 V dZeOO WiPe WR a WaUgeW 

diVSOacePeQW Rf 1 PP. IQdeQWaWiRQV ZeUe SeUfRUPed RQ a TA EOecWURfRUce 3200 WeVW fUaPe ZiWh 

a 250 g WeQViRQ-cRPSUeVViRQ ORad ceOO. SaPSOeV ZeUe iQdeQWed eYeU\ 0.5 PP aORQg WheiU 

gUadieQW cRRUdiQaWe iQ RUdeU WR PaS Whe ORcaO PechaQicaO SURSeUWieV. RaZ iQdeQWaWiRQ (fRUce-

diVSOacePeQW) fiOeV ZeUe SRVW SURceVVed iQ MaWLab® WR TXaQWif\ Whe cRQWacW PRdXOXV aV a 

fXQcWiRQ Rf SRViWiRQ. BUiefO\, Whe aQaO\ViV cRde deWecWed cRQWacW beWZeeQ Whe SURbe aQd VaPSOe, 

accRXQWed fRU VXbVWUaWe effecWV, aQd fiWWed Whe daWa [181, 185]. The aSSURach iQdeQWaWiRQ daWa 

ZeUe fiWWed WR HeUW]'V VROXWiRQ fRU cRQWacW beWZeeQ a VSheUe aQd aQ eOaVWic haOf-VSace [186]. 

 

CRQWacW ZaV deWeUPiQed WhURXgh a SieceZiVe fiW WR Whe fRUce-diVSOacePeQW daWa. UViQg WhiV 

PeWhRd, Ze aVVXPe WhaW SUiRU WR cRQWacW ([<[c); ZheUe ǻF iV Whe chaQge iQ fRUce aQd ǻ[ iV Whe 

chaQge iQ diVSOacePeQW. FRU [>[c, Ze aVVXPe; ZheUe E' iV Whe effecWiYe cRQWacW PRdXOXV, R' 

iV Whe effecWiYe UadiXV Rf cXUYaWXUe, aQd į iV Whe iQdeQWaWiRQ deSWh. UQdeU Whe aVVXPSWiRQV WhaW 

Whe VaPSOe ZaV fOaW (iQfiQiWe UadiXV Rf cXUYaWXUe) aQd WhaW Whe VWaiQOeVV-VWeeO SURbe ZaV iQfiQiWeO\ 

VWiff cRPSaUed WR Whe VaPSOe beiQg iQdeQWed, WheQ E' iV Whe cRQWacW PRdXOXV Rf Whe VaPSOe aQd 

R' iV Whe UadiXV Rf cXUYaWXUe Rf Whe iQdeQWeU (1.5 PP) [186]. HRZeYeU, WR accRXQW fRU Whe fiQiWe 

WhicNQeVV Rf WheVe VaPSOeV, a VXbVWUaWe cRUUecWiRQ PRdeO ZaV QeceVVaU\ WR SURSeUO\ TXaQWif\ 

Whe cRQWacW PRdXOXV [181, 185]. 
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2.3 CHOO CXOWXUH DQG 7LVVXH EQJLQHHULQJ MHWKRGV 

2.3.1 SWHP CHOO CXOWXUH DQG DLIIHUHQWLDWLRQ 

hMSCs from three donors (Lonza, Switzerland) were expanded using Mesenchymal Stem Cell 

Growth Medium (MSCGMTM, Lonza, Switzerland) in sterile culture at 37°C/5% CO2. The 

culture medium was changed every 2-3 d, and hMSCs cultured up to passage 5. 

Differentiation was induced after encapsulating the hMSCs into agarose hydrogels at a cell 

density of 9 × 106 hMSCs mL-1. Osteogenic differentiation was triggered using high glucose 

Dulbecco's Modified Eagles Medium with pyruvate supplement (HG_DMEM 31966021, 

Thermo Fisher, UK) together with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher, USA), 

100 QM de[aPeWhaVRQe (SigPa AOdUich, UK), 50 ȝg PL-1 L-ascorbic acid 2-phosphate 

sesquimagnesium salt (L- aVcRUbic acid, SigPa AOdUich, UK) aQd 10 PM ȕ-glycerophosphate 

(Sigma Aldrich, UK). Chondrogenic differentiation was triggered using HG_DMEM 

supplemented with 1 × ITS+ (BD, USA), 100 QM de[aPeWhaVRQe, 50 ȝg PL-1 L-ascorbic acid, 

50 ȝg PL-1 L-proline (Sigma Aldrich, UK) and 10 ng mL-1 TGF-ȕ3 (R&D S\VWeP, USA). 

Osteochondral differentiation was triggered using HG_DMEM supplemented with 1 × ITS+, 

100 QM de[aPeWhaVRQe, 50 ȝg PL-1 L-aVcRUbic acid, 50 ȝg PL-1 L-proline, 2 mM ȕ-

glycerophosphate and 10 ng mL-1 TGF-ȕ3. WheUe VWaWed, BMP-2 was supplemented either in 

the medium (30 ng mL-1) or loaded together with glycosylated SPIONs. Unless otherwise 

specified, the BMP-2 cRQceQWUaWiRQ iQ Whe gO\cRV\OaWed SPIONV ZaV 3 ȝg SeU PL Rf hydrogel. 

 

2.3.2 C\WRWR[LFLW\ AODPDUBOXH� AVVD\  

In SPION-mediated gradient formation experiments, the cytotoxicity of SPIONs was 

investigated. Specifically, 9.6 × 103 hMSCs were seeded in a 96 well plate and left to adhere 

overnight before a 72 h incubation with 2 × 1011 or 10 × 1011 glycosylated SPIONs per mL of 

culture medium. The cytotoxicity of the glycosylated SPIONs was assessed using an 

AlamarBlue� assay (Thermo Fisher, USA), as per the manufacturer instructions, with an 

incubation time of 3 h. The fluorescence was measured at 570/585 nm using an EnVision� 

plate reader (Perkin Elmer, USA). The metabolic activity was normalised to an untreated 

control and averaged across three MSC donors. hMSCs were also stained using a 

LIVE/DEAD� assay (L3224, Thermo Fisher) and imaged using a IX51 Inverted microscope 
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(Olympus, Japan).  

 

In buoyancy-driven gradient formation experiments, the cytotoxicity of Ficoll®, the density-

modifier used in the study, was investigated. Specifically, Whe c\WRWR[iciW\ Rf FicROO® iQ GeOMA 

h\dURgeOV ZaV aVVeVVed XViQg aQ AOaPaUBOXe® aVVa\ (TheUPR FiVheU ScieQWific). hMSCV ZeUe 

eQcaSVXOaWed aW 5 × 105 ceOOV mL-1 iQ 7.5% (Z/Y) GeOMA h\dURgeOV cRQWaiQiQg 0, 2.5 RU 5% 

(Z/Y) FicROO® aQd 2.5 Pg mL-1 IUgacXUe 2959. 25 �L h\dURgeOV ZeUe caVW XViQg UV iUUadiaWiRQ 

(365 QP, 6 PW cP-2, 5 PiQ) aQd WheQ cXOWXUed fRU 72 h iQ MeVeQPUR RS (TheUPR FiVheU 

ScieQWific). The PeWabROic acWiYiW\ ZaV PeaVXUed XViQg aQ aOaPaUBOXe aVVa\, aV SeU Whe 

PaQXfacWXUeU iQVWUXcWiRQV (iQcXbaWiRQ WiPe Rf 3 h). The fOXRUeVceQce ZaV PeaVXUed XViQg a 

PicURSOaWe UeadeU ZiWh aQ e[ciWaWiRQ Rf 570 QP aQd ePiVViRQ Rf 585 QP. 

 

2.3.3 BMP-2 RHOHDVH KLQHWLFV  

BMP-2 iV cUXciaO dXUiQg RVWeRgeQic diffeUeQWiaWiRQ. AccRUdiQgO\, BMP-2 UeOeaVe NiQeWicV fURP 

WZR caUUieUV, gO\cRV\OaWed SPIONV aQd HeSMA, ZeUe VWXdied fRU bRWh VWUaWegieV. 

  

GO\FRV\ODWHG SPIONV DV FDUULHUV 

1011 glycosylated SPIONs loaded with 300 ng of BMP-2 (R&D System, USA) were cast into a 

100 ȝL 1 ZW% agaURVe h\dURgeO, WR PiPic Whe cRQdiWiRQV XVed fRU RVWeRchRQdUaO WiVVXe 

engineering. The hydrogel was incubated in PBS with 0.02% of sodium azide (pH 7.4) (Sigma 

Aldrich, UK) at 37°C fRU 28 d. 500 ȝL Rf PBS ZaV UePRYed aW iQWeUYaOV aQd fUR]eQ aW -20°C, 

ZiWh 500 ȝL Rf fUeVh PBS added WR Whe h\dURgeO WR eQVXUe WhaW Whe ViQN cRQdiWiRQV ZeUe 

respected at all times. The concentration of released BMP-2 was then quantified using a BMP-

2 specific ELISA kit (R&D System, USA), following the manufacturer protocol. The absorbance 

was measured at 450 nm using SpectraMax M5 plate reader. After the accumulated release 

was determined for each time point, the release profile was fitted by Korsmeyer-Peppas model 

using KinetDs (version 3.0) [187]. The Korsmeyer-Peppas Model was developed to 

specifically model the release of molecules from a polymeric matrix, such as hydrogel network 

[188].  
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HHSMA DV FDUULHUV 

12.5 �g mL-1 Rf BMP-2 ZaV Pi[ed fRU 4 h ZiWh aQ eTXiYaOeQW YROXPe Rf eiWheU 40 �g mL-1 

heSaUiQ RU 40 �g mL-1 HeSMA. TheVe VROXWiRQV ZeUe WheQ Pi[ed ZiWh aQ eTXiYaOeQW YROXPe Rf 

20% (Z/Y) GeOMA ZiWh 5 Pg mL-1 IUgacXUe 2959. 100 �L Rf Whe fiQaO Pi[WXUe ZeUe caVW XViQg 

UV iUUadiaWiRQ (365 QP, 6 PW cP-2, 5 PiQ) aQd WheQ iQcXbaWed fRU 28 d iQ PBS ZiWh 0.02% 

(Z/Y) VRdiXP a]ide (SH 7.4) aW 37°C. 500 �L Rf PBS ZaV UePRYed aW iQWeUYaOV aQd fUR]eQ aW -

20°C, ZiWh 500 �L Rf fUeVh PBS added WR Whe h\dURgeO WR eQVXUe WhaW ViQN cRQdiWiRQV ZeUe 

UeVSecWed aW aOO WiPeV. The cRQceQWUaWiRQ Rf UeOeaVed BMP-2 ZaV TXaQWified XViQg a BMP-2 

ELISA NiW (R&D S\VWePV) aV SeU Whe PaQXfacWXUeU'V SURWRcRO, ZiWh Whe abVRUbaQce PeaVXUed 

aW 450 QP XViQg a SSecWUaMa[ M5 SOaWe UeadeU. 
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2.3.4 7LVVXH EQJLQHHULQJ OVWHRFKRQGUDO GUDGLHQWV 

MDJQHWLFDOO\-IRUPHG GUDGLHQWV 

1011 glycosylated SPIONs were incubated with 300 ng of BMP-2 at 4°C for at least 5 h and 

then used to create a gradient in agarose, as described previously (Gradient Formation, 

section 2.1.1). hMSCs were included in both layers during the fabrication process, at a 

concentration of 9 × 106 hMSCs per mL, and the final concentration of BMP-2 ZaV 3 ȝg PL-1. 

The gradient hydrogel was transferred into a 24-well plate and cultured in 1 mL of 

osteochondral differentiation medium. The medium was changed after 2 h and the next day 

after seeding to remove the excess initial burst release BMP-2, and then three times a week 

for the remaining 27 d.  

 

BXR\DQF\-GULYHQ GUDGLHQWV 

For Buoyancy-based gradients experiments, hMSCV (LRQ]a) ZeUe cXOWXUed ZiWh MeVeQPUR 

RS (TheUPR FiVheU ScieQWific) aQd XVed beWZeeQ SaVVage 4-5. FRU RVWeRchRQdUaO WiVVXe 

eQgiQeeUiQg, Ze XVed a 90 �L baVe Oa\eU Rf 5% (Z/Y) FicROO-400, 10% (Z/Y) GeOMA, 2.5 Pg 

mL-1 IUgacXUe 2959, aQd 9 × 106 hMSCV mL-1 aQd a 45 �L iQMecWiRQ ShaVe Rf 12.5 �g mL-1 

BMP-2 (R&D S\VWePV), 10 �g mL-1 HeSMA, 10% (Z/Y) GeOMA, 2.5 Pg mL-1 IUgacXUe 2959 

aQd 9 × 106 hMSCV mL-1. NRWe WhaW SUiRU WR gUadieQW fRUPaWiRQ, HeSMA aQd BMP-2 ZeUe Pi[ed 

fRU aW OeaVW 4 h WR eQVXUe eTXiOibUaWiRQ. We XVed aQ iQMecWiRQ UaWe Rf 16.7 �L V-1 aQd WheQ XVed 

a UV OaPS WR cURVVOiQN Whe h\dURgeOV (365 QP, 6 PW cP-2, 5 PiQ), Zhich ZeUe WheQ WUaQVfeUUed 

WR a 24 ZeOO SOaWe. The cRQVWUXcWV ZeUe cXOWXUed iQ RVWeRchRQdUaO diffeUeQWiaWiRQ PediXP, Zhich 

ZaV chaQged WhUee WiPeV a ZeeN. The RVWeRchRQdUaO diffeUeQWiaWiRQ PediXP cRPSUiVed high 

gOXcRVe DXObeccR'V MRdified EagOeV MediXP ZiWh S\UXYaWe (TheUPR FiVheU ScieQWific), 1 × 

iQVXOiQ-WUaQVfeUUiQ-VeOeQiXP VXSSOePeQW (ITS+, BD), 100 QM de[aPeWhaVRQe, 50 �g mL-1 L-

aVcRUbic acid, 50 �g mL-1 L-SUROiQe, 2 PM ȕ-gO\ceURShRVShaWe aQd 10 Qg mL-1 TGF-ȕ3 (R&D 

S\VWePV). AfWeU 28 d Rf cXOWXUe, Whe cRQVWUXcWV ZeUe haUYeVWed aQd chaUacWeUiVed XViQg 

hiVWRORg\ (AOciaQ BOXe, AOi]aUiQ Red), iPPXQRfOXRUeVceQce VWaiQiQg (W\Se II cROOageQ, 

RVWeRSRQWiQ) aQd RaPaQ VSecWURVcRS\. FRU fXOO deWaiOV Rf Whe WiVVXe eQgiQeeUiQg aQd aQaO\ViV, 

SOeaVe UefeU WR SXSSOePeQWaU\ MaWeUiaOV aQd MeWhRdV. 
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Gene Expression Analysis  

Osteochondral tissue constructs engineered from three donors (N = 3, n = 3) were harvested 

and dissected into three equal pieces. The cartilage and bone end were rinsed with PBS, 

homogenized using a TissueLyser II (Qiagen, Germany), and then stored at -80°C. Total RNA 

was isolated using Trizol with Direct-zol� RNA Kits, according to the manufacturer protocol, 

and quantified using a NanoDrop 2000c (Thermo Fisher, UK). RNA was used to generate 

cDNA using QuantiTect� Reverse Transcripion Kit (Qiagen, Germany), assuming a 1:1 

conversion. Quantitative PCR was performed using 3 ng of cDNA, Taqman� 
probes (Thermo 

Fisher, USA) and a StepOnePlus� (Thermo Fisher, USA). The following probes were used: 

RPL13A (Hs04194366_g1), ACAN (Hs00153936_m1), ALPL (Hs01029144_m1), COL1A1 

(Hs00164004_m1), COL2A1 (Hs00264051_m1), COL10A1 (Hs00166657_m1), RUNX2 

(Hs01047973_m1), SOX9 (Hs00165814_m1), SP7 (HV01866874_V1). The ¨¨CW PeWhRd ZaV 

used to compare expression at the bone region normalized to the cartilage region.  

 

ALP and DNA Assays  

Osteochondral tissue constructs (N = 3, n = 3) were harvested and dissected, as previously 

described. The ALP activity and quantity of DNA was determined using a protocol modified 

from the literature [35]. The bone and cartilage ends of the tissue were homogenised 

separately using a TissueLyser II with ALP lysis buffer, consisting of 1 mM MgCl2 (Sigma 

Aldrich, UK), 20 ȝM ZQCO2 (Sigma Aldrich, UK) and 0.1% (w/v) octyl-ȕ-glucopyranoside 

(Sigma Aldrich, UK) in 10 mM tris(hydroxymethyl)aminomethane buffer (pH 7.4) (Sigma 

Aldrich, UK) with the sample lysate immediately stored at -80°C. To perform the assay, the 

samples were thawed on ice and then each sample was incubated with p-nitrophenol 

phosphate (Sigma Aldrich, UK) at 37°C for 30 min. The reaction was terminated using 1 N 

NaOH and the absorbance measured at 405 nm using SpectraMax M5 plate reader. A 

standard curve betweeQ 0 aQd 800 ȝM Rf p-nitrophenol phosphate was used to calculate the 

sample activity. An equivalent volume from the remainder of the sample was then used for 

DNA quantification using a PicoGreen� assay (Thermo Fisher, UK), according to the 

manufacturer protocol. The fluorescence was measured at 485/535 nm using SpectraMax M5 

plate reader. The ALP activity normalised to DNA quantity was compared between the bone 

and cartilage regions.  
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Histology and Immunofluorescence Staining  

Osteochondral tissue constructs were harvested and washed three times in PBS, fixed with 

4% (v/v) paraformaldehyde for 2 h at room temperature, washed a further three times in PBS 

aQd WheQ SaUaffiQ ePbedded. 5 ȝP WhicN VecWiRQV RQ SXSeUfURVW POXV VOideV (TheUPR ScieQWific, 

UK) were deparaffinised using a 4 min incubation in Histo-Clear (National Diagnostics, USA) 

and hydrated using 2 min incubations in 100% ethanol, 70% ethanol and then deionised water. 

These sections were then stained using various protocols. For sulphated glycosaminoglycans, 

the sections were stained with Alcian Blue (pH 2.5) (Sigma Aldrich, UK) for 30 min, with a 

hematoxylin nuclear counterstain (Sigma Aldrich, UK). For calcium, Alizarin Red S (Abcam, 

UK) was used at a concentration of 2% (w/v) at pH 4.3. Alcian Blue and Alizarin Red S were 

performed on consecutive sections. The slides were mounted in Histomount (National 

Diagnostics, USA) and then imaged using a Zeiss Axio Observer Inverted Widefield 

Microscope. Images were superimposed after tiling.  

 

For immunofluorescence staining, the sections were treated with proteinase K (Dako, USA) 

for 2 min for antigen retrieval, and then blocked with 10% (v/v) donkey or goat serum for 1 h. 

The samples were incubated overnight with goat anti type I collagen (Southern Biotech, USA) 

at 1/100 dilution, goat anti type II collagen (Southern Biotech, USA) at 1/20 dilution, rabbit anti 

SP7 (Abcam, UK) at 1/100 dilution, UabbiW aQWi RVWeRSRQWiQ (AbcaP) aW 1/100 diOXWiRQ, and goat 

and rabbit IgG negative controls (Abcam, UK) at 1/20 and 1/100 dilution. Excess primary 

antibody was then removed by three 10 min washes in PBS and sections were further 

incubated with secondary donkey anti goat or goat anti rabbit antibodies labelled with 

AlexaFluor 555 dye (Thermo Fisher, USA). DAPI (Thermo Fisher, USA) was used to 

counterstain nuclei prior to mounting the sections with Vectashield Antifade Mounting Medium 

(Vector Lab, USA). Sections were imaged using a Zeiss Axio Observer Inverted Widefield 

Microscope.  

 

Compression Testing  

Osteochondral tissue constructs were harvested, with uniform discs collected from the bone 

and cartilage regions using 2 mm biopsy punches (Miltex, USA). The biopsy dimensions were 

measured in the hydrated state using digital calipers for each construct, which were then 

soaked in cOmplete� Protease Inhibitor Cocktail (Roche, Switzerland). Unconfined 
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compression testing was performed using a Bose Electroforce 5100 (BOSE, USA) equipped 

with a 250 g load cell. Samples were preloaded before performing compression stress 

relaxation by imposing a square wave ramp for 12 steps with 5% strain using Wintest 7 (BOSE, 

USA). The instantaneous stress-strain response was then fitted to a bilinear curve using Origin 

software (OriginLab Corporation, USA) to provide a non-biased measure of the E1 and E2. 

The compressive Young's modulus, calculated from the linear portion of the stress-strain 

curve, was compared between the bone and cartilage regions.  

 

Raman Spectroscopy  

Raman spectroscopic imaging was performed using a confocal Raman microscope 

(alpha300R+, WITec, Germany) equipped with a 532 nm laser and a × 10/0.25 NA (fRU fXOO 

cURVV-VecWiRQaO iPageV) RU × 20/0.4 NA (for small regions of interest) objective lens (EC 

Epiplan, Zeiss, Germany). The scattered light was coupled to the spectrometer via a 100 ȝP 

fiber which functioned as the confocal pinhole. A 600 lines per mm grating spectrograph 

(UHTS 300, WITec, Germany) and a thermoelectrically cooled back- illuminated CCD camera 

(Newton DU970N-BV-353, Andor, UK) yielding a spectral resolution of ~10 cm-1 (defined at 

full width at half maximum of mercury argon emission lines) were used to record spectra with 

35 mW laser power at the sample. To map the engineered constructs, full cross-sectional 

images with a 10 × 10 ȝm (magnetically-formed gradients) or 20 × 20 ȝP (bXR\aQc\-dUiYeQ 

gUadieQWV) step-size were acquired with 0.5 s integration time while higher spatial resolution 

maps were recorded with 2 × 2 ȝP VWeS-size. Raman spectra were corrected for the instrument 

response of the system using a traceable Raman standard (STM-2245, National Institute of 

Standards and Technology).  

 

Engineered osteochondral tissue samples were prepared as previously described [93]. After 

SaUaffiQ ePbeddiQg aQd VecWiRQiQg WR 20 ȝP WhicNQeVV RQ SXSeUfURVW POXV PicURVcRSe slides, 

a standard dewaxing procedure was performed to remove confounding spectral signatures 

from the paraffin. Substrate signal was apparent in the acquired spectra in regions of low 

mineralisation but did not affect the determination of mineral or cellular signatures. Full cross-

sectional mineral profiles were calculated by integrating the measured HAP and TCP 

intensities (945 - 975 cm-1) at each position along the construct length. High spatial resolution 

maps correspond to HAP (v1 PO4 aW 962 cm-1) aQd ȕíTCP (v1 HPO42- aW 948 cm-1), and cellular 
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component of lipids and proteins (v as,s CH2 at 2850 ± 3000 cm-1), which were experimentally 

validated in agreement with literature [189].  

 

The heterogenous distribution of mineral species was further verified using a Gaussian 

mixture model. DXe WR iQWeQViW\ diffeUeQceV iQ VigQaO VWUeQgWh fRU diffeUeQW PiQeUaO cRPSRQeQWV, 

each SRViWiRQ iQ Whe high VSaWiaO UeVROXWiRQ PaSV ZaV fiWWed ZiWh a WhUee cRPSRQeQW GaXVViaQ 

Pi[WXUe PRdeO Yia e[SecWaWiRQ Pa[iPiVaWiRQ [190] aQd Whe UeOaWiYe feaWXUe ZeighWV fRU TCP 

(951 cP-1 feaWXUe) aQd HAP (961 cP-1 feaWXUe) ZeUe e[WUacWed. Each PaS SRViWiRQ ZaV fiUVW 

cURSSed WR Whe PiQeUaO VSecWUaO UegiRQ SUeYiRXVO\ XWiOiVed (940±990 cP-1) aQd WheQ OiQeaUO\ 

deWUeQded WR accRXQW fRU VXbVWUaWe iQWeUfeUeQce ZheQ QR PiQeUaO ZaV SUeVeQW. A WhUeVhROd ZaV 

WheQ aSSOied WR PiWigaWe Whe eUURQeRXV fiWWiQg Rf QRiVe aQd Whe caOcXOaWed ceQWUe SRViWiRQ Rf 

each GaXVViaQ ZaV aVVigQed WR a feaWXUe if iW had a SRViWiRQ WhaW ZaV ZiWhiQ 2 VWaQdaUd 

deYiaWiRQV Rf Whe SeaN ceQWUe fRU Whe GaXVViaQ fiW Rf Whe SXUe cRPSRQeQW VSecWUXP PiQeUaO 

SeaN. MaSV cRUUeVSRQded WR HAP (v1 PO4 aW 962 cP-1) aQd ȕ-TCP (v1 HPO4
2- aW 951 cP-1) 

Zhich ZeUe e[SeUiPeQWaOO\ YaOidaWed iQ agUeePeQW ZiWh OiWeUaWXUe [189]. 
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2.4 SWDWLVWLFDO AQDO\VLV  

Comparison between experimental groups was conducted using ordinary least-squares 

regression based on Generalised Linear Models in the statistical software R using the rms 

package. When appropriate, the data from the bone end of each individual construct was 

normalised to the cartilage end for direct pairwise analysis. The normalised data was then 

modelled as the dependent variable, and regression coefficients were calculated for 

independent variables. To account for different levels of response due to cell donor variability, 

generalised estimating equations were used (as previously described) to enable clustering of 

measurements obtained from constructs derived from a single donor [191-193]. The 

generated regression coefficients were compared. Specifically for this analysis, the relative 

changes of interest were the in gene expression, enzyme activity, or mechanical properties 

(categorical). These descriptors were included as independent variables. Heteroscedasticity 

in the data set was addressed by using the robust covariance function created in the rms 

package ("robcov") to adjust the standard errors. Finally, to compare groups, a Welch's t-test 

(for two group comparisons) or a one sample Student's t-test was performed on the generated 

GLM regression coefficients from the developed regression model, which were represented 

with p-values. All hypothesis tests were considered one-tailed based on the hypothesis of 

increased values in the bone end of the construct relative to the cartilage end, with exceptions 

for cell viability and expression levels of chondrogenic genes (ACAN, COL2A1, and SOX9).  
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CKDSWHU III: MDJQHWLFDOO\-IRUPHG GUDGLHQWV IRU 

OVWHRFKRQGUDO 7LVVXH EQJLQHHULQJ 
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Abstract  

 

Morphogen and bioactive signal gradients are essential in heterogeneous tissue engineering. 

In this chapter, a platform using a magnetic field to align superparamagnetic iron oxide 

nanoparticle (SPION) gradients is reported. The proposed technology could be applied to 

several general hydrogel systems and the gradient formation process is rapid (< 1 min). The 

limitations of this platform, such as substrate viscosity and properties of SPIONs, will also be 

explored. 

 

Nanoparticles have been used as carriers for bioactive signals and can be homogeneously 

delivered in several tissue engineering systems. In this chapter, it is hypothesised that when 

the gradient of morphogen loaded nanoparticles is formed, the morphogen gradient can 

support the generation of an in vitro engineered heterogeneous tissue. Specifically, in this 

chapter, glycosylated SPIONs are used to load and pattern a BMP-2 gradient into an agarose 

hydrogel laden with mesenchymal stem cells. This gradient of BMP-2 in agarose hydrogels is 

used to spatially direct the osteogenesis of mesenchymal stem cells and generate robust 

osteochondral tissue constructs exhibiting a clear mineral transition from bone to cartilage. 

Interestingly, the smooth gradients in growth factor concentration gave rise to biologically-

relevant, emergent structural features including a tidemark transition demarcating mineralised 

and non-mineralised tissue and an osteochondral interface rich in hypertrophic chondrocytes. 

This technology could offer a new opportunity for overcoming a range of interfacial tissue 

engineering challenges. 
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3.1 IQWURGXFWLRQ DQG OEMHFWLYHV 

In Chapter 1, different gradient casting strategies were revisited. Most of the strategies, 

however, only partially match the criteria for being an ideal fabrication technology listed in 

section 1.4. In this chapter, an alternative fabrication strategy utilising SPIONs and magnetic 

field will be exploited. Specifically, it was hypothesised that by applying a magnetic field 

gradient, the SPION gradient can be generated and preserved across different kinds of 

hydrogel materials in a rather rapid time course (< 1 min) without the requirement of 

customised devices or equipment. Moreover, it was hypothesised that by tailoring the surface 

chemistry of SPIONs, SPIONs could be used as a carrier for various cargos. Hence, after 

loading the cargo of interest with the modified SPIONs, the gradient of the cargo can be 

generated along with the formation of the SPION gradient. 

 

In this chapter, prior to the results demonstrating the proposed strategy, basic knowledge of 

SPION and its application in biomedical engineering will be introduced together with their 

effect on cell metabolism. In the last part of the introduction, the feasibility of creating gradients 

using SPIONs will be discussed by reviewing related research.  

 

3.1.1 BDVLFV RI SPIONV 

COaVVeV RI PaJQeWLc PaWeULaOV 

Before introducing the properties of SPIONs, it is necessary to introduce the basics of 

magnetic properties. Depending on the pairing status of electrons in orbitals, the temperature 

of the environment and domain structure of a material, materials can present different 

magnetic capabilities. The magnetisation of a material can be described by the equation: 

 

M = Ȥ H 

 

This equation describes that different levels of magnetisation (M / A m-1) can be induced in a 

PaWeUiaO deSeQdiQg RQ iWV iQWUiQVic YROXPeWUic PagQeWic VXVceSWibiOiW\ (Ȥ / XQiWOeVV) ZheQ aQ 

external magnetic field (H / A m-1) is applied. Based on the properties of the magnetic 

susceptibiOiW\ (Ȥ), PaWeUiaOV caQ be caWegRUiVed iQWR fiYe caWegRUieV [194]:  
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(1) Diamagnetic materials 

Based on the principle of molecular orbital theory (e.g., Aufbau principle, Pauli exclusion 

principle, and Hund's rule) [195], diamagnetic materials such as gold, quartz or copper have 

no unpaired electron in their orbitals, accordingly, there is no permanent net magnetic 

moments. However, when exposed to a magnetic field, a negative magnetisation is produced 

to expel the applied external field, and thus the value of magnetic susceptibility is negative 

(e.g., volume susceptibility of copper: -9.63 × 10-6). Diamagnetism is usually weak, and the 

magnetic susceptibility value of diamagnetic substances remains constant at different 

temperatures. 

 

(2) Paramagnetic materials 

Based on the principle of molecular orbital theory, the atoms of paramagnetic materials such 

as magnesium, aluminium, and oxygen have unpaired electrons in their orbitals. 

Consequently, the magnetic fields of each electron can't be cancelled. Accordingly, due to 

these unpaired electrons in the orbitals, each atom of a paramagnetic material acts like a tiny 

magnet and supports a net magnetic moment. In the presence of an external magnetic field, 

the direction of magnetic moments will be aligned to the direction of the field, thus resulting in 

a net positive magnetisation. However, paramagnetism is usually weak. When aligned in the 

direction of the applied field, these materials have a positive value of magnetic susceptibility 

(e.g., volume susceptibility of oxygen at 20°C: 3.7 × 10-7). It should also be noted that the value 

of magnetic susceptibility is inversely related to temperature due to the greater thermal 

vibration that interferes with the alignment of magnetic dipoles at a higher temperature. 

 

(3) Ferromagnetic materials 

Ferromagnetic materials also possess unpaired electrons in their orbitals, hence their atoms 

have a net magnetic moment. Before exposure to an external field, these materials have 

several magnetic domains in which the magnetisation is in a uniform direction. However, these 

isotropic magnetic domains are not aligned so there is no net magnetism in any particular 

direction. After applying the external field, these domains can be aligned into the same 

direction, and the magnetisation is maintained even after the removal of the external field. 

When above the Curie Temperature of the material, due to the disruption induced by heat 

energy, the alignment of a magnetic moment in a single domain will be disrupted, 
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consequently, ferromagnetic materials become paramagnetic. Iron, cobalt, and nickel are 

common magnetic materials that fall into this category with a greater susceptibility value (e.g., 

volume susceptibility of iron: 2 × 105). 

 

(4) Ferrimagnetic materials 

Typically, ionic compounds, such as maghemite (Fe2O3) and magnetite (Fe3O4) fall into this 

category. Their properties are very similar to ferromagnetic substances, but usually with a 

lower magnetic susceptibility value. Like ferromagnetic materials, when above their Curie 

Temperature, these materials become paramagnetic. In fact, magnetite was considered a 

ferromagnetic material until 1940. 

 

(5) Antiferromagnetic materials 

In these materials, the magnetic domains align in a regular pattern, where neighbouring 

domains have magnetic moments in opposite directions. However, this pattern is disrupted 

above the Néel temperature. The magnetic susceptibility value of the material is related to its 

Néel temperature, which corresponds to the highest value of Ȥ. It should also be noted that 

ferromagnets, ferrimagnets, and antiferromagnets possess ordered magnetic states even in 

the absence of a magnetic field, while paramagnetic and diamagnetic materials possess a 

magnetic state only when an external magnetic field is applied [196]. 

 

SXSeUSaUaPaJQeWLVP 

The concept of superparamagnetism, which describes the behavior of single domain 

ferromagnetic nanoparticles in the presence of an external field, was first proposed by Bean 

and Livingston in 1959 [197]. The superparamagnetic behaviour is attributed to the nanometer 

range diameter of the superparamagnetic materials, at which there is only a single magnetic 

domain in each particle. For example, when the dimension of bulk magnetic materials, such 

as magnetite, is less than 20 nm there will only be a single magnetic domain. In this case, 

each nanoparticle can be considered as a nanoscale magnetic field, and the magnetite particle 

is in the superparamagnetic state.  

 

The magnetisation direction of superparamagnetic particles is subject to thermal fluctuations 

when there is no external field applied, and the magnetic moment can flip randomly between 
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two opposite directions at the time interval called Néel relaxation time. Accordingly, without an 

external field, the time-averaged measured value of magnetisation of superparamagnetic 

particles is zero. This also implies that without an external field, there will be no magnetic 

interaction between particles, so no aggregation occurs due to magnetic interaction. While an 

external magnetic field is applied, however, the overall potential energy of the 

superparamagnetic materials begins to exceed the energy of thermal fluctuation [198]. As a 

result, the material is magnetised in the direction aligned to the applied field. Based on this 

phenomenon, normally the ferromagnetic or ferrimagnetic materials only convert to the 

paramagnetic state above the Curie temperature (TC = 585°C for Fe3O4 [199]). In contrast, the 

superparamagnetic material can undergo the transition to paramagnetic state below the Curie 

temperature, and the magnetic susceptibility is much larger than that of a paramagnetic 

substance [197]. Overall, superparamagnetic materials have strong magnetic moments in the 

presence of an external field, but do not have remanence when the magnetic field is removed 

[200-203]. 

 

Among different nanomaterials, superparamagnetic nanoparticles are particularly attractive in 

recent years. By manipulating the external field, the distinct behaviour of superparamagnetic 

materials can be utilised in different biomedical applications. Among all the available materials, 

superparamagnetic iron oxide nanoparticles (SPIONs) made from ferrimagnetic maghemite 

(Fe2O3) or magnetite (Fe3O4) iron oxide have shown promising potential for applications in 

vivo, because of their high magnetic moments at physiological temperatures and 

environmental conditions [204]. It is interesting to note that while most of the applications use 

ferrimagnetic materials, ferromagnetic materials, such as pure iron nanoparticles, may provide 

higher magnetisation due to its higher susceptibility [205]. However, the rapid oxidation of 

ferromagnetic materials will require a more robust coating to protect the core from oxidation. 
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3.1.2 SPIONV LQ BLRPHGLFDO ASSOLFDWLRQV 

SPIONs display a distinct superparamagnetic property which can be applied in the field of 

regenerative medicine such as MRI imaging, drug delivery, hyperthermia therapy and tissue 

engineering [204, 206-209]. 

 

Since SPIONs do not exhibit any magnetisation after removal of the magnetic field near room 

temperature, the aggregation of SPIONs can be avoided as long as the SPIONs are colloidally 

stable [204]. The iQQaWe VSRQWaQeRXV PagQeWic UeVSRQViYeQeVV Rf SPIONV haV beeQ e[SORiWed 

iQ diffeUeQW iQ YiYR aSSOicaWiRQV highOighWed iQ UeceQW biRPedicaO UeVeaUch. In the clinic, SPIONs 

have been used as iron supplements, without the use of magnetic fields, in severe ischemia 

patients [210]. However, Whe cOaVVic e[aPSOe Rf aSSO\iQg SPIONV iQ a cOiQicaO aSSOicaWiRQ iV 

WheiU XVe aV cRQWUaVW ageQWV iQ NXcOeaU Magnetic Resonance Imaging (MRI). In fact, there are 

already FDA approved products for this application (e.g., Feridex�, Sinerem�) [210]. Moreover, 

labelling cells with SPIONs can also allow the cells to be tracked with MRI both in vitro and in 

vivo [211, 212]. In addition to MRI applications, SPIONs have also been used as hyperthermia 

cancer therapy, in which an oscillating external magnetic field is applied, and local heat is 

generated by the nanoparticles during the magnetic relaxation process. As a result, the local 

increase in temperature further trigger cell apoptosis [204]. 

 

IQ addiWiRQ WR Whe cOiQicaO aSSOicaWiRQV Rf SPIONS RXWOiQed abRYe, iQ Whe cRQWe[W Rf UegeQeUaWiYe 

PediciQe, WheUe aUe RWheU SRWeQWiaO aSSOicaWiRQV XWiOiViQg SPIONV: 

 

A. BLRacWLYe caUJR: WaUJeWed deOLYeU\ aQd VLJQaOOLQJ LQLWLaWLRQ  

In regenerative medicine, SPIONs have been applied as the delivery system for bioactive 

molecules including growth factors and cytokines. For instance, SPIONs have been applied 

in targeted delivery systems in vivo. In these systems, cargo-loaded SPIONs were first 

systemically delivered, and a magnetic field was applied on the targeted site. The applied 

magnetic field could then capture the cargo loaded SPIONs to achieve targeted delivery to the 

desired location [213]. 

 

SPIONs can also be an ideal delivery intermediate in a remotely triggered release system 
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because of their large surface area to volume ratio and responsiveness to a magnetic field. 

This kind of strategy is especially important in tissue engineering applications that require 

sequential signals to be delivered separately. By applying an alternating magnetic field, 

significant energy could be transfered onto the surface of cargo-carrying SPIONs, triggering 

the release of cargo [214]. For instance, a recent study has demonstrated a controlled delivery 

platform, in which latent TGF-ȕ/LAP cRPSOe[eV ZeUe cRQMXgaWed WR SPIONV. IQ Whe VWXd\, Whe 

TGF-ȕ cRXOd RQO\ be UeOeaVed fURP Whe OaWeQW cRPSOe[ iQ Whe SUeVeQce Rf aQ aOWeUQaWiQg 

magnetic field [215]. 

 

In addition to the targeted delivery of bioactive cargo across the field of cells at the tissue level, 

SPIONs could also spatially and temporally trigger the signalling machinery intracellularly 

[216-218]. Specifically, this has been achieved by conjugating proteins that can recruit and 

initiate transduction cascades onto the surface of SPIONs. For instance, Etoc et al. have 

demonstrated a platform where the self-assembly process of a signalling complex could be 

initiated at the SPIONs hot-spot where the magnetic force was applied [218]. Aside from 

protein delivery, nucleotides could also be delivered intracellularly. For instance, 

³PagQeWRfecWiRQ´, aQ acceOeUaWed WUaQVfecWiRQ SURceVV XWiOiViQg SPIONV fRU YecWRU deOiYeU\, 

has been commercialised [219]. 

 

B. MaJQeWLVed ceOO: SRVLWLRQLQJ, SaWWeUQLQJ aQd VeedLQJ  

By appropriately tuning the magnetic field, magnetised cell clusters can be created, patterned 

or delivered to different substrates. Moreover, with the presence of the magnetic field, unique 

culture conditions such as a "gravity-free" environment can be supported by technologies like 

magnetic levitation [220]. Magnetised cells could also be applied in different seeding and 

patterning applications. For instance, by using the magnetised endothelial cell and the 

magnetic field generated from a cylindrical magnet, constructs with tubular architecture for 

vascular engineering application can be fabricated [221, 222]. The strategy of magnetised cell 

positioning could also be combined with materials that are susceptible to magnetisation. For 

instance, in a study carried out by Polyak et al., before delivering the magnetized cells, the 

steel stent that is susceptible to magnetization is implanted in the mouse. After delivering the 

magnetically responsive cells, the induction of both magnetic field gradient around the 

implanted steel stent and SPIONs labelled cells could result in cell accumulation around the 
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steel stent surface [223]. 

 

To manipulate the cell position with SPIONs, a biocompatible magnetic cell labelling process 

is needed. While most of the labelling processes are supported by the uptake of SPIONs, the 

uptake process is usually inefficient [224]. To facilitate the magnetisation process, cationic 

protein or molecule can be conjugated to the surface of SPIONs, and the positive charge on 

the surface could then facilitate cell membrane labelling and intracellular uptake of the SPIONs 

[224-226].  

 

C. MaJQeWLVed VcaIIROd: WLVVXe eQJLQeeULQJ aSSOLcaWLRQV 

Magnetised scaffolds possess distinct capabilities, for instance, these scaffolds are able to 

provide controlled release of bioactive cargos, alignment of fibrils in hydrogels, mechanical 

stimulatation of the attached cells, and regulation of cell differentiation behaviour [206].  

 

In tissue engineering, the magnetised scaffold can be utilised for the targeted delivery of 

certain bioactive cargos. By applying a localised magnetic field around a magnetised scaffold, 

accumulation of cargo-carrying SPIONs can be achieved in vivo. Moreover, this targeted 

delivery strategy is more efficient and can reduce off-target delivery. Based on reported 

simulation results, when a magnetic gradient is more than 13 Oe cm-1, the attractive force 

generated by the magnetic scaffold with a diameter of 1 cm can attract SPIONs up to 150 nm 

within a range of 2-4 mm [227].  

 

In addition to cargo delivery, the inclusion of SPIONs in fabrication protocols could also be 

used to create anisotropic structure. For instance, magnetic fields could be used to align 

collagen fibrils in the presence of SPIONs. In the reported system, oriented fibrils could induce 

the co-oriented morphology of the embedded neuron cells [228]. 

 

Magnetised scaffolds are also favoured in some tissue engineering applications because of 

their mechano±magnetic stimulation effect on cells. It has been VhRZQ WhaW Whe diffeUeQWiaWiRQ 

RXWcRPe Rf Whe UeVidiQg VWeP ceOOV cRXOd be aOWeUed b\ Whe SPIONV, eVSeciaOO\ ZheQ aQ 

e[WeUQaO PagQeWic VWiPXOaWiRQ iV aOVR aSSOied [206-209, 229, 230]. Research has indicated that 

the magnetised scaffolds could potentially affect cell metabolism and differentiation through 
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different pathways including BMP, MAPK and NF-kB signalling pathways under an external 

static magnetic field, however, the exact interaction between these signaling pathways are still 

elusive [230]. 

 
3.1.3 EIIHFWV RI SPIONV LQ BLRORJLFDO S\VWHPV 

The diVWiQcW Sh\VicaO properties Rf SPIONV PaNe WheP aQ ideaO caQdidaWe fRU bRWh iPagiQg, aV 

ZeOO aV WheUaSeXWic aSSOicaWiRQV. HRZeYeU, iW VhRXOd be QRWed WhaW SPIONV aOVR eOiciW VeYeUaO 

biRORgicaO effecWV. For instance, SPIONs can activate mechanosensitive ion channels and alter 

cytoskeletal mechanics [213]. Indeed, foU iQ YiYR aSSOicaWiRQV, Whe biRORgicaO effecW Rf SPIONV 

QeedV WR be WhRURXghO\ cRQVideUed. 

 

In this section, the interaction of SPIONs with biological systems will be discussed. The 

biocompatibility of SPIONs and their effect on cell metabolism will first be introduced. In this 

chapter, SPIONs will be utilised in an osteochondral tissue engineering application, hence, 

related literature regarding SPIONs' effect on stem cell differentiation will be separately 

introduced in this section. 

 

EIIecWV RQ ceOO YLabLOLW\ 

Iron oxide nanoparticles show much lower cytotoxicity when compared to nanoparticles made 

from zinc, copper or other metals [231]. In several reports of SPIONs with a range of sizes 

and coatings, SPIONs primarily present low cytotoxiciW\ aURXQd 100 ȝg Fe/PL. The cytotoxicity 

of SPIONs was found to be related to various factors including surface coating of SPIONs, 

degraded products of SPIONs, the oxidation state of iron in SPIONs (i.e., Fe3O4 or Fe2O3), 

exposure time to SPIONs and the proteins/SPIONs interaction [232]. In general, it is 

considered that the uptake of SPIONs in a cell can induce a cascade of reactions that produce 

reactive oxygen species (ROS). The generated ROS could then lead to the damage of lipid, 

protein or DNA. The potential mechanisms of this process are summarised in Figure 3.1. 
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Figure 3.1 Possible mechanisms of uptake and cytotoxicity effects of SPIONs 

Summary graphic of possible intracellular uptake mechanics of SPIONs, and the subsequent 

cascades after uptake. For SPIONs within the lysosome, the degradation of SPIONs produces 

iron ions which can travel across membranes of organelles and reach the mitochondria. When 

iron ions are in the mitochondria, the Fenton reaction could take place with the presence of 

hydrogen peroxide and oxygen. The Fenton reaction could generate free radicals which could 

damage the cells through different pathways. 8-OH-dG = 8 hydroxy-deoxy-guanosine, MDA = 

malondialdehyde, HNE = 4-hydroxy-2-nonenal, ROS = reactive oxygen species. Reproduced 

from Singh et al. [233]. 

 

For in vivo applications, although the delivered dose of SPIONs only accounts for 1.25-5% of 

the total body iron storage, most of the SPIONs products are designed to be delivered to a 

specific site to achieve its therapeutic (e.g., hyperthermia) or diagnostic purpose (e.g., contrast 

agent) [234]. This usually leads to a high concentration of iron in a localised area. As a result, 

the iron accumulation could induce damage to the targeted tissue or organ [232]. Despite the 

potential cytotoxicity, after considering the benefit over potential risk, there are still products 

approved in the clinic. For instance, Feraheme� is currently approved by the FDA and is used 

as an iron-replacement and contrast agent [235]. It is thought that their low toxic profile in vivo 

is due to the fact that these nanoparticles are degraded and cleared by endogenous iron 

metabolism processes. The iron ions may be subsequently used in the formation of red blood 

cells or alternatively excreted by the kidneys. Another example is Ferumoxtran-10, which is 
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dextran-coated iron oxide nanoparticles used as a contrast agent in the clinic. The use of 

Ferumoxtran-10 could induce transient and mild side effects including urticaria, diarrhoea, and 

nausea, however, no severe side effects have been reported in the literature [236]. 

 

EIIecWV RQ SUROLIeUaWLRQ  

A system with SPIONs has been shown to boost the proliferation of the residing cells. In 

several studies, when SPIONs are incorporated into the scaffolds, the system showed 

significantly enhanced cell proliferation activity. For example, calcium phosphates/SPIONs 

composites showed good biocompatibility and were able to promote cell proliferation [237]. In 

another study demonstrated by Bock et al., the rate of cell growth also significantly increased 

in the magnetised scaffold [227]. A similar result in osteoblastic cell proliferation was also 

observed for the PLGA/SPIONs porous scaffolds, while cell cycle analysis showed that the 

presence of SPIONs increased the cell number in S phase, and decreased the cell population 

in G0/G1 phase. Consequently, these cell cycle changes resulted in a higher cell proliferation 

activity [238]. 

 

While the exact mechanism of enhanced proliferation still needs to be elucidated, there are a 

few hypotheses. One of the plausible explanations is that the enhanced proliferation is induced 

by the degraded products of SPIONs. Upon lysosomal degradation, free iron ions may be 

released, and the released ions may alter the expression of the cell cycle regulatory proteins 

through CIP/KIP pathways [239]. Another hypothesis of the enhanced proliferation is that 

SPIONs could diminish intracellular H2O2, an inhibitor for cell proliferation [240], through 

intrinsic peroxidase-like activity, and hence boost the proliferation [239]. 

 

EIIecWV RQ RVWeRJeQeVLV aQd cKRQdURJeQeVLV 

The effecWV Rf aSSOied PagQeWic fieOdV, ZiWhRXW Whe SUeVeQce Rf SPIONV, RQ bRQe UegeQeUaWiRQ 

ZaV fRXQd YeU\ eaUO\. IQ 1974, BaVVeWW eW al. UeSRUWed Whe aSSOicaWiRQ Rf a PagQeWic fieOd iQ 

RVWeRQecURViV WheUaS\ [241]. ReceQWO\, iQ aQ RYaUiecWRPiVed UaW PRdeO VWXd\, iW ZaV fRXQd WhaW 

bRQe PaVV becRPeV higheU ZheQ Whe UaWV ZeUe e[SRVed WR a VWaWic PagQeWic fieOd. TheVe 

VWXdieV VhRZ Whe beQeficiaO effecW Rf Whe VWaWic PagQeWic fieOd RQ RVWeRSeQia WheUaS\ [242]. IQ 

aQRWheU UaQdRPiVed dRXbOe-bOiQd VWXd\ RQ ceUYicaO RVWeRaUWhUiWiV SaWieQWV, iW ZaV VhRZQ WhaW 



110 

Whe PagQeWic fieOd aOVR SRVVeVVeV a SaiQ-UeOief effecW aQd iQcUeaVe iQ Whe PRbiOiW\ Rf SaWieQWV 

[243]. MRUeRYeU, iW ZaV fRXQd WhaW Whe PagQeWic fieOd cRXOd aOVR acceOeUaWe QeZ bRQe fRUPaWiRQ 

b\ VWiPXOaWiQg Whe SUROifeUaWiRQ Rf RVWeRbOaVWV [244]. 

 

IQdeed, WheVe VWXdieV dePRQVWUaWe Whe beQeficiaO effecWV ZheQ aSSO\iQg Whe PagQeWic fieOd WR 

a diVeaVe PRdeO. TR iQWURdXce Whe SRWeQWiaO RVWeRiQdXcWiYe effecWV Rf Whe PagQeWic fieOd, Whe 

VWUaWeg\ Rf cRPbiQiQg SPIONV iQ bRQe WiVVXe eQgiQeeUiQg haV becRPe SRSXOaU UeceQWO\. B\ 

addiQg Whe SPIONV iQWR biRPaWeUiaOV, Whe PagQeWic SURSeUW\ Rf WheVe cRPSRViWe VcaffROdV caQ 

be XWiOiVed [207-209]. 

 

The e[acW PechaQiVP Rf Whe RVWeRiQdXcWiYe SURSeUW\ Rf WheVe cRPSRViWe PaWeUiaOV iV VWiOO 

XQcOeaU. IW iV SRVWXOaWed WhaW PagQeWiVaWiRQ cRXOd iQdXce ORcaO defRUPaWiRQ Rf Whe VcaffROd, 

Zhich iQ WXUQ, PechaQicaOO\ VWiPXOaWeV Whe UeVidiQg ceOOV [245]. ReceQWO\, Whe V\QeUgeWic effecW 

Rf Whe VWaWic PagQeWic fieOd aQd PagQeWic VcaffROd RQ RVWeRbOaVWic fXQcWiRQ aQd bRQe fRUPaWiRQ 

ZaV e[aPiQed. IQ a PRXVe caOYaUiXP RVWeRbOaVWV/PagQeWic fieOd VeW-XS, iW ZaV fRXQd WhaW Whe 

e[SUeVViRQ Rf bRQe-aVVRciaWed geQeV (RUNX-2 aQd OVWeUi[) aQd aONaOiQe ShRVShaWaVe acWiYiW\ 

ZeUe XS-UegXOaWed, aQd Whe acWiYaWiRQ Rf iQWegUiQ SaWhZa\V aQd BMP-2 SaWhZa\ ZaV RbVeUYed 

[230]. MRUeRYeU, SRViWiYe effecWV RQ RVWeRiQdXcWiRQ UePaiQ eYeQ afWeU Whe UePRYaO Rf Whe 

e[WeUQaO PagQeWic fieOd.  

 

WhiOe SPIONV dePRQVWUaWe beQeficiaO effecWV RQ bRQe UeOaWed aSSOicaWiRQV, Whe effecWV Rf 

SPIONV iQ RWheU WiVVXe aSSOicaWiRQV aUe XQceUWaiQ. IQ a SUeYiRXV VWXd\ WeVWiQg Whe diffeUeQWiaWiRQ 

aOWeUiQg effecW Rf SPIONV, iW iV VhRZQ WhaW ZhiOe adiSRgeQeViV aQd RVWeRgeQeViV aUe QRW 

VigQificaQWO\ aOWeUed b\ SPIONV aW Whe iURQ cRQceQWUaWiRQ Rf 13-16 Sg iURQ SeU ceOO, Whe 

chRQdURgeQic diffeUeQWiaWiRQ SaWhZa\ caQ be adYeUVeO\ affecWed b\ SPION e[SRVXUe [246]. 

OQe SRVVibOe e[SOaQaWiRQ Rf WhiV iV WhaW Whe UegXOaWiRQ Rf iURQ PeWabROiVP iV aVVRciaWed ZiWh 

PePbUaQe-bRXQd WUaQVfeUUiQ-OiNe SURWeiQ (MTf), Zhich iV e[SUeVVed iQ SaUaOOeO ZiWh cROOageQ 

W\Se II dXUiQg Whe chRQdURgeQeViV SURceVV. AOWhRXgh Whe e[acW Sh\ViRORgicaO fXQcWiRQ Rf MTf iV 

VWiOO QRW XQdeUVWRRd, iW iV h\SRWheViVed WhaW Whe iPbaOaQce Rf iURQ PeWabROiVP cRXOd affecW MTf 

aQd UeVXOW iQ a hiQdeUed chRQdURgeQeViV SURceVV [246, 247].  

 

FRU a PRUe WUaQVOaWiRQaO SeUVSecWiYe, Whe cRPSUeheQViYe UeYieZ b\ AQVeOPR eW al. fXUWheU 
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SURYideV a deWaiOed RXWORRN RQ Whe cXUUeQW cOiQicaO SURdXcWV aQd cOiQicaO WUiaOV XWiOiViQg SPIONV 

[210]. IQ WhiV WheViV, SPIONV ZiOO be XVed WR cUeaWe biRchePicaO gUadieQWV. IQ Whe Qe[W VecWiRQ, 

UeOaWed OiWeUaWXUe RQ gUadieQW fRUPaWiRQ XViQg SPIONV ZiOO be UeYieZed. 

 

3.1.4 SPIONV DQG GUDGLHQWV 

AV PeQWiRQed SUeYiRXVO\ iQ SecWiRQ 1.4, EQgiQeeUiQg GUadieQWV, a YeUVaWiOe, geQeUaOiVed aQd 

UeSURdXcibOe VWUaWeg\ fRU eQgiQeeUiQg biRchePicaO gUadieQWV iV VWiOO PiVViQg iQ Whe fieOd. WhiOe 

SPIONV aUe SaUWicXOaUO\ aWWUacWiYe aQd haYe beeQ aSSOied WR VeYeUaO aSSOicaWiRQV iQ Whe fieOd Rf 

UegeQeUaWiYe PediciQe, WheUe iV RQO\ OiPiWed OiWeUaWXUe WhaW deVcUibeV a PeWhRd XViQg SPIONV 

fRU gUadieQW fRUPaWiRQ.  

 

A VXVSeQViRQ Rf SPIONV iV aQ ideaO Sh\VicaO PRdeO fRU VWXd\iQg cROORidaO SheQRPeQa. WhiOe 

PRVW Rf Whe UeVeaUch RQ SPIONV iV fRcXVed RQ aVVeVViQg Whe bXON SURSeUWieV Rf feUURfOXidV, iQ 

Whe cRQWe[W Rf gUadieQW fRUPaWiRQ, RQO\ a haQdfXO Rf VWXdieV haYe beeQ caUUied RXW. The gUadieQW 

fRUPaWiRQ Rf SPIONV ZiWhiQ feUURfOXidV iV UeOaWed WR Whe d\QaPicV Rf SaUWicOe cOXVWeUiQg. UQOiNe 

Whe WUaQVSRUW behaYiRXU Rf PicURQ-Vi]ed PagQeWic SaUWicOeV, Whe PRWiRQ Rf PagQeWic 

QaQRSaUWicOeV iV gRYeUQed b\ UaQdRP BURZQiaQ PRWiRQ aQd RWheU VhRUW-UaQge fRUceV iQcOXdiQg 

VaQ deU WaaOV fRUceV aQd eOecWURVWaWic fRUceV, iQ addiWiRQ WR PagQeWic fRUceV [248, 249]. 

IQdeed, Whe eYROXWiRQ Rf SaUWicOe cRQceQWUaWiRQ gUadieQWV ZiWhiQ feUURfOXidV iV a cRPSOe[ 

SheQRPeQRQ WR VWXd\ becaXVe Whe SURceVV iV a UeVXOW Rf a OaUge QXPbeU Rf iQWeUacWiRQV 

beWZeeQ iQdiYidXaO SPION cOXVWeUV, aQd aOVR becaXVe WheUe aUe QR effecWiYe e[SeUiPeQWaO WRROV 

WR aVVeVV cRQceQWUaWiRQ gUadieQWV RQ Whe PicURQ VcaOe. UQWiO QRZ, Whe PechaQiVP Rf WhiV 

PagQeWic fOXid PRWiRQ haV RQO\ beeQ SaUWiaOO\ UeYeaOed. 

 

AOWhRXgh Whe PechaQiVP Rf gUadieQW fRUPaWiRQ iV VWiOO XQcOeaU, SaWWeUQed SPION gUadieQWV haYe 

beeQ XVed iQ Whe cRQWe[W Rf biRPedicaO UeVeaUch. FRU e[aPSOe, BRQQePa\ eW al. deVcUibed a 

V\VWeP ZheUe SPION gUadieQWV ZeUe XVed WR geQeUaWe SROaUiVaWiRQ Rf a VigQaOOiQg SURWeiQ. IQ 

Whe VWXd\, Whe iQWUaceOOXOaU gUadieQW Rf RaQGTP, a SURWeiQ cRQWUROOiQg aVVePbO\ Rf PicURWXbXOeV, 

ZaV SaWWeUed ZiWhiQ XeQRSXV' egg e[WUacWV. MRUe VSecificaOO\, iQ Whe VWXd\, Whe SURWeiQ ZaV 

cRQMXgaWed WR Whe VXUface Rf SPIONV, aQd Whe geQeUaWiRQ Rf aUWificiaO RaQGTP gUadieQWV ZaV 

VhRZQ WR aOWeU Whe VSaWiaO SRViWiRQ Rf PicURWXbXOe aVVePbOieV [250]. 
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AOWhRXgh SPIONV aUe XVed iQ QXPeURXV biRPedicaO eQgiQeeUiQg VWXdieV, iW VhRXOd be QRWed 

WhaW ZhiOe Whe abRYe-PeQWiRQed e[aPSOe dePRQVWUaWeV a PeWhRd Rf cUeaWiQg a gUadieQW 

iQWUaceOOXOaUO\, WR Whe beVW Rf RXU NQRZOedge, WheUe haYe beeQ QR UeSRUWV XViQg SPION gUadieQWV 

aV a PeWhRd fRU SaWWeUQiQg biRchePicaO gUadieQWV RQ Whe WiVVXe VcaOe, QRU aQ\ e[aPSOeV iQ 

Zhich SPION gUadieQWV aUe aSSOied fRU a WiVVXe eQgiQeeUiQg aSSOicaWiRQ.  

 

3.1.5 RHVHDUFK SFKHPH 

IQ WhiV chaSWeU, a QeZ VWUaWeg\ iV SUeVeQWed iQ Zhich e[WeUQaOO\-aSSOied PagQeWic fieOdV aUe 

XVed WR geQeUaWe SPION gUadieQWV. The adYaQWage Rf XViQg SPIONV iV WhaW iW caQ be aSSOicabOe 

fRU diffeUeQW VcaffROd V\VWePV ZiWhRXW Whe Qeed fRU cXVWRPiVed/VSeciaO eTXiSPeQW. The 

SURSRVed V\VWeP caQ fRUP cRQWiQXRXV gUadieQWV iQVWead Rf Oa\eUV ZheQ SPIONV aUe 

iQcRUSRUaWed iQVide Whe VXbVWUaWe, VXch aV h\dURgeOV. B\ aSSO\iQg Whe VeW-XS iQWR diffeUeQW 

h\dURgeO SUecXUVRUV, gUadieQWV iQ diffeUeQW h\dURgeOV caQ be fRUPed. 

 

The SURSRVed SOaWfRUP ZaV aOVR aSSOied aQd WeVWed iQ Whe cRQWe[W Rf RVWeRchRQdUaO WiVVXe 

eQgiQeeUiQg. SSecificaOO\, a gUadieQW Rf BMP-2 ZaV decRUaWed iQ a WiVVXe eQgiQeeUiQg V\VWeP. 

ThiV ZaV achieYed b\ cRQMXgaWiQg Whe SPIONV ZiWh heSaUiQ, a Ne\ ECM cRPSRQeQW WhaW caQ 

effecWiYeO\ ORad BMP-2. TR cUeaWe cRQVWUXcWV ZiWh a gURZWh facWRU gUadieQW, aQ e[WeUQaO 

PagQeWic fieOd ZaV WheQ XVed WR SaWWeUQ BMP-2 ORaded SPIONV iQWR aQ agaURVe h\dURgeO, 

Zhich ZaV SUe-OadeQ ZiWh hXPaQ PeVeQch\PaO VWeP ceOOV (hMSCV). TheUPaO geOaWiRQ Rf Whe 

h\dURgeO eQabOed Whe V\VWeP WR VWabO\ eQcaSVXOaWe a BMP-2 gUadieQW. TheVe eQgiQeeUed 

cRQVWUXcWV ZeUe WheQ cXOWXUed fRU 28 d aQd chaUacWeUiVed WR YeUif\ if Whe decRUaWed gUadieQW 

cRXOd VXSSRUW VSaWiaOO\-deSeQdeQW RVWeRgeQic geQe e[SUeVViRQ, WiVVXe PiQeUaOiVaWiRQ aQd 

heWeURgeQeRXV WiVVXe fRUPaWiRQ (FigXUe 3.2). 

  



Engineering osteochondral tissue using magnetically-aligned glycosylated SPIONs. (A) 

SPIONs are conjugated with heparin to produce a glycosylated corona that can efficiently 

sequester and release growth factors. (B) An external magnetic field is used to field-align 

glycosylated SPIONs in an hMSC-laden agarose hydrogel, which is thermally gelled and 

cultured for 28 d to generate robust osteochondral constructs comprising both bone and 

cartilage tissue. The figure is reproduced from  [93].
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3.2 RHVXOWV DQG DLVFXVVLRQ I: 7KH PODWIRUP 

 

3.2.1 FRUPDWLRQ RI SPION GUDGLHQWV 

 

MaJQeWLc ILeOd PRdeOOLQJ aQd JUadLeQW IRUPaWLRQ 

ASSO\iQg a PagQeWic fieOd gUadieQW WR a OiTXid V\VWeP fRU SPIONV PRYePeQW aQd UediVWUibXWiRQ 

haV beeQ UeSRUWed iQ a ORW Rf UeVeaUch [206, 221, 225, 227]. Here, it is hypothesised that when 

a magnetic field is applied to a solution with suspended SPIONs, the SPIONs will be 

reorganised into a gradient distribution within the liquid.  

 

The PagQeWic fieOd gUadieQW iV eVVeQWiaO WR aWWUacW Whe SPIONV ZiWhiQ Whe fieOd [200]. TR 

XQdeUVWaQd Whe PagQeWic fieOd gUadieQW UeTXiUed fRU WhiV SURceVV, fiQiWe eOePeQW PagQeWic 

PRdeOOiQg ZaV XVed WR chaUacWeUiVe Whe PagQeWic fieOd VWUeQgWh aQd diVWUibXWiRQ (FigXUe 3.3 A). 

ThiV PaS eQabOed XV WR defiQe Whe PagQeWic fieOd gUadieQW aW UeOaWiYe SRViWiRQV Rf Whe PagQeW 

aQd QaQRSaUWicOe VROXWiRQ. A ZeOO-defiQed fieOd gUadieQW fURP 0.1 WR 0.4 T ZaV geQeUaWed ZiWh 

Whe PagQeW XVed iQ WhiV VWXd\ (FigXUe 3.3 B). IW VhRXOd be QRWed WhaW Whe SPION ZRXOd RQO\ 

e[SeUieQce PagQeWic fRUce ZiWhiQ a PagQeWic fieOd gUadieQW bXW QRW iQ a XQifRUP PagQeWic fieOd. 

 

 
 

FLJXUe 3.3 Magnetic modelling  



 N42  (A) Finite element magnetic 

modelling of the magnetic field. The magnetic field strength along the red line (15 mm) was 

plotted in (B) as a function of distance from the magnet surface, which revealed a smooth 

magnetic field gradient across the exposed SPION solution. The figure is reproduced from 

 [93]. Scale bar = 10 mm. 

Figure 

. The magnet was placed above 

the homogeneous SPION solution. 



116 

The rapid aggregation of 50 and 200 nm SPIONs is due to the strong attraction induced by 

the magnetic gradient field and can be explained by the fact that the magnetic force 

experienced by a particle can be described as: 

 

Fm = (m· ∇) B; m = Vm M 

 

A point like magnetic dipole m experiences a magnetic force (Fm) in a field gradient (∇B). The 

total magnetic moment (m) of a particle can be estimated from the volume of the particle (Vm) 

and the volumetric magnetisation of the material (M) [200]. Using this equation, it could be 

deduced that SPIONs with a bigger diameter (50 nm and 200 nm) experience a stronger 

magnetic force than the smaller particles (5 and 20 nm), and hence the accumulation of bigger 

particles would form in a shorter period of time. On the other hand, SPIONs of a small diameter 

do not experience a strong magnetic force in the presence of an external magnetic field. As a 

result, small SPIONs (5, 20 nm) did not redistribute in a short time frame. Indeed, in this 

preliminary study, the solutions with suspended small SPIONs did not present observable 

changes of SPIONs pattern and still remained as a homogeneous distribution after applying 

a magnet for 30 s (FigXUe 3.4). Moreover, even a ORQg-WeUP PagQeWic fieOd e[SRVXUe (> 16 h) 

cRXOd RQO\ SURdXce a WhiQ Oa\eU Rf cOXVWeUed SPIONV UaWheU WhaQ a gUadieQW WUaQViWiRQ.  

 

AQ ideaO gUadieQW caVWiQg SOaWfRUP VhRXOd eQabOe gUadieQW fRUPaWiRQ iQ a VhRUW SeUiRd Rf WiPe 

ZiWhRXW Whe fRUPaWiRQ Rf aggUegaWeV. AccRUdiQgO\, WhiV UXOeV RXW Whe XVe Rf OaUgeU Vi]e SPIONV 

(e.g., SPIONV ZiWh diaPeWeUV OaUgeU WhaQ 50 QP) XQdeU Whe cXUUeQW V\VWeP SaUaPeWeUV. WhiOe 

XViQg Whe SPIONV ZiWh a VPaOOeU diaPeWeU caQ SUeYeQW Whe fRUPaWiRQ Rf aggUegaWeV iQ a VhRUW 

WiPe iQWeUYaO, iW dReV QRW aOORZ UediVWUibXWiRQ Rf Whe SPIONV fURP a PRQRShaVic VXVSeQViRQ WR 

a gUadieQW. ThiV iVVXe ZaV eYeQWXaOO\ UeVROYed b\ a VWeS-ZiVe aSSURach Zhich iQcOXdeV a Oa\eU 

Rf SPION-fUee PaWeUiaOV iQ Whe fabUicaWiRQ SURWRcRO. SSecificaOO\, iQ WhiV aSSURach, a 

QaQRSaUWicOe-fUee VROXWiRQ ZaV caUefXOO\ VWacNed RQ WRS Rf a VXVSeQViRQ Rf SPIONV ZiWhRXW 

diVUXSWiQg Whe baVe Oa\eU. UViQg Whe VaPe VeW-XS aQd PRXOd, aSSO\iQg a PagQeWic fieOd fURP 

abRYe UeVXOWed iQ a UaSid UediVWUibXWiRQ Rf Whe WZR Oa\eUV WR geQeUaWe a VPRRWh QaQRSaUWicOe 

gUadieQW ZiWhiQ 5 V (FigXUe 3.5).  

 

 



Figure 

A step-wise approach was implemented, consisting of a layer of SPION-free solution on top 

of a suspension of SPIONs prior to magnetic field application (t = 0). After applying the 

magnetic field,

The figure is 

reproduced from  [93]. To form the gradient, the magnet was placed above the set-up 

after the SPION-free solution was injected. 

While the magnetic field gradient could enable the movement of the SPIONs and the formation 

of gradients, the SPIONs reorganised and the gradient pattern was lost due to Brownian 

motion after removing the magnetic field. However, a system that is able to preserve the 

patterned gradient is essential for any further application. In this sense, after demonstrating 

gradient generation in an aqueous solution, it was tested whether these SPION gradients can 

be created in different hydrogel systems. Moreover, it is hypothesised that by triggering 

gelation after gradient formation, the gradient can be stably preserved for the intended 

application.

In this chapter, temperature triggered gelation was chosen to preserve the gradient pattern. 

The SPION gradient was first formed within type VII-A agarose (gel point: 25 ). To allow 

redistribution of SPIONs upon magnetic field application, gradient formation was carried out 



at 37 , at which the melted agarose is still liquid to allow movement of the SPIONs. By 

changing the temperature to 4 , the random coil configuration of agarose molecules 

reorganises into bundles of double helices and becomes a hydrogel [251]. During this gelation 

process, SPIONs were trapped in their current position and the gradient was successfully 

preserved. 

Similarly, the temperature-mediated gelation was also applied in hydrogel systems including 

gelatin and Gelzan (gellan gum). The gradient formation process was carried out at 40  for 

gelatin hydrogels, or 60  for gellan gum hydrogels. To preserve the gradient, both the gelatin 

and Gelzan constructs with incorporated SPION gradients were cooled to 4 . For Gelzan 

hydrogel, calcium ions were added as a gelling agent to stabilise the double helical structure 

formed after cooling by bridging carboxylic groups on the neighbouring helices [252, 253]. 

Depending on the exact materials selected, gelation could also be triggered by raising the 

temperature. For instance, the formation of SPION gradients within Geltrex™ was carried out 

on ice and the gelation was triggered by moving the construct to 37 , at which the protein 

starts to assemble and form a hydrogel network (Figure 3.6). It should be noticed that while 

only the thermal gelation was used as a trigger here, other gelation mechanisms such as free 

radical initiated polymerisation (e.g., UV exposure of photo-initiator doped gelatin 

methacryloyl) could also be used to preserve the gradients. 

 was used to trigger the gelation of agarose, Gelzan 

and gelatin. The figure is reproduced from
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al. [93]. Scale bar = 2 mm. 

 

ReTXLUePeQWV IRU VXcceVVIXO JUadLeQW IRUPaWLRQ LQ K\dURJeOV 

WhiOe Whe SURSRVed fabUicaWiRQ SURceVV aSSeaUV WR be OaUgeO\ iQdeSeQdeQW Rf Whe PaWeUiaO 

W\SeV RU cURVVOiQNiQg PechaQiVPV, fRXU Ne\ UeVWUicWiRQV ZeUe ideQWified fRU Whe SURSRVed 

VWUaWeg\. 

 

The fiUVW UeVWUicWiRQ Rf Whe V\VWeP, aV deVcUibed iQ Whe SUeYiRXV VecWiRQV, iV Whe Vi]e Rf SPIONV. 

WhiOe SPIONV ZiWh a VPaOOeU diaPeWeU caQ fRUP a gUadieQW, biggeU SPIONV ZiOO RQO\ fRUP 

aggUegaWeV (50 aQd 200 QP SPIONV). IW VhRXOd aOVR be QRWed WhaW ZhiOe VPaOO SPIONV cRXOd 

fRUP a gUadieQW ZiWhiQ Whe VXbVWUaWe iQ a UaSid WiPe fUaPe (< 1 PiQ), ORQgeU WeUP e[SRVXUe WR 

Whe PagQeWic fieOd eYeQWXaOO\ UeVXOWed iQ Whe SPIONV fRUPiQg deQVe aggUegaWeV cORVe WR Whe 

PagQeW. NeYeUWheOeVV, WhiV WUaQViWiRQ ZaV a PXch VORZeU SURceVV (> 10 h), Zhich affRUded 

aPSOe WiPe WR caSWXUe Whe V\VWeP iQ a QRQ-eTXiOibUiXP VWaWe XViQg geOaWiRQ. 

 

The VecRQd UeVWUicWiRQ Rf Whe V\VWeP iV WhaW Whe SPIONV VhRXOd be cROORidaOO\ VWabOe iQ Whe 

SUecXUVRU VROXWiRQ, Zhich ZaV QRW Whe caVe fRU ceUWaiQ h\dURgeOV RU h\dURgeOV aW high ZeighW 

fUacWiRQV. FRU iQVWaQce, Whe SPIONV VXVSeQViRQ ZaV fRXQd WR fRUP aggUegaWiRQ afWeU aSSO\iQg 

Whe PagQeWic gUadieQW iQ a > 5% (Z/Y) agaURVe h\dURgeO, aQd a QRUbRUQeQe PRdified 8-aUP 

SRO\(eWh\OeQe gO\cRO) h\dURgeO. TR RYeUcRPe WhiV UeVWUicWiRQ, fXUWheU iQYeVWigaWiRQ iV Qeeded iQ 

PRdif\iQg Whe VXUface chePiVWU\ Rf Whe SPIONV WR PaNe WheP cROORidaOO\ VWabOe iQ Whe VeOecWed 

h\dURgeO SUecXUVRU. 

 

The WhiUd UeVWUicWiRQ Rf Whe V\VWeP iV WhaW Whe SUecXUVRU VROXWiRQ VhRXOd QRW iQhibiW SPIONV 

PRYePeQW WhURXgh YiVcRXV dUag. TR WeVW Whe iPSacW Rf YiVcRViW\ ZhiOe NeeSiQg Whe PaWeUiaO 

V\VWeP OaUgeO\ ideQWicaO, gUadieQW fRUPaWiRQ Rf 1% (Z/Y) W\Se VII agaURVe h\dURgeOV (PeOWiQg 

WePSeUaWXUe: 65°C, geO SRiQW: 25°C) aW diffeUeQW WePSeUaWXUeV (i.e., diffeUeQW YiVcRViWieV) ZeUe 

WeVWed. IQ RUdeU WR chaUacWeUiVe Whe YiVcRViW\ Rf agaURVe aW diffeUeQW WePSeUaWXUeV, 1% (Z/Y) 

agaURVe ZaV fiUVW heaWed WR bRiO aQd eTXiOibUaWed aW 27°C, 30°C aQd 37°C. The YiVcRViW\ Rf 

agaURVe aW WheVe WePSeUaWXUeV ZeUe WheQ chaUacWeUiVed XViQg a UheRPeWeU. The YiVcRViW\ Rf 

agaURVe aW 27°C (0.07 Pa⋅V) ZaV fRXQd WR be higheU WhaQ Whe YiVcRViW\ Rf agaURVe aW 30°C aQd 

37°C (0.02 Pa⋅V) (FigXUe 3.7 A). 



The capability to form gradients was then tested using the same gradient formation protocol. 

While the gradient formation process can be carried out at 30  and 37  in agarose 

hydrogels, no gradient formation was observed in 1% agarose gels at 27  (Figure 3.7 B). 

Indeed, this experiment suggests that the mobility of the SPIONs after applying the magnetic 

field is crucial in the proposed fabrication method, and the viscosity of the hydrogel precursor 

solution is an important factor to support gradient formation. However, it should be noted that 

the relation between viscosity and gradient formation was only investigated here using 20 nm 

SPIONs within 1% agarose solution and a magnetic field gradient depicted in Figure 3.3. 

Further optimisation is needed if a different magnetic field or SPIONs are used.

To test the effect of viscosity on gradient formation, the gradient formation process was tested 

using 1% (w/v) agarose solutions at different temperatures. (A) Rheological creep tests 

confirmed that the 1% agarose solution at 27  (red trace, 0.07 Pa s) was of higher viscosity 

than the 1% agarose solutions at 30  (blue trace, 0.02 Pa s) and 37  (green trace, 0.02 

Pa s). The viscosity was evaluated using the plateau region from 100-300 s of duplicate 

measurements from separate agarose solutions. (B) The increased viscosity at 27  

appeared to inhibit the gradient formation process. The figure is reproduced from  [93]. 

Scale bar = 1 mm.

Finally, the crosslinking mechanism to form the hydrogel should be reasonably rapid (< 1 h), 

and preferably triggered. Since long-term exposure of SPIONs in a magnetic field will result in 

the formation of SPION aggregates, a rapid gelation kinetic is preferred. In addition to gelation 
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NiQeWicV, a cRQWUROOabOe geOaWiRQ PechaQiVP WhaW caQ be WUiggeUed UighW afWeU Whe fRUPaWiRQ Rf 

Whe gUadieQW SaWWeUQ iV aOVR faYRXUed. IQ Whe cXUUeQW VeW-XS, 10 PiQ cRROiQg iQ 4°C could trigger 

the gelation while maintaining gradients. 

 

AV ORQg aV a VeOecWed VXbVWUaWe caQ fXOfiO WheVe UeTXiUePeQWV, Whe SURSRVed V\VWeP VhRXOd 

abOe WR be aSSOicabOe. IPSRUWaQWO\, WheVe UeTXiUePeQWV aUe fXOfiOOed b\ Whe PaMRUiW\ Rf h\dURgeOV. 

HRZeYeU, WR adaSW Whe VWUaWeg\ iQ a diffeUeQW PaWeUiaO V\VWeP RU WR cUeaWe diffeUeQW SPION 

gUadieQW SaWWeUQV, SPION Rf diffeUeQW Vi]eV, PagQeW Rf diffeUeQW VWUeQgWhV, aQd h\dURgeOV ZiWh 

diffeUeQW YiVcRViWieV VhRXOd be V\VWePaWicaOO\ WeVWed. 
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3.3 RHVXOWV DQG DLVFXVVLRQ II: OVWHRFKRQGUDO 7LVVXH 

EQJLQHHULQJ 

 

3.3.1 S\QWKHVLV DQG CKDUDFWHULVDWLRQ RI GO\FRV\ODWHG SPIONV 

AfWeU dePRQVWUaWiQg WhaW SPION gUadieQWV caQ be fRUPed iQ h\dURgeOV XViQg aQ e[WeUQaO 

PagQeWic fieOd, IW ZaV h\SRWheViVed WhaW SPIONV caQ be ePSOR\ed aV gURZWh facWRU caUUieUV 

fRU gURZWh facWRU gUadieQW geQeUaWiRQ. FRU WhiV SXUSRVe, gO\cRV\OaWed SPIONV ZeUe fabUicaWed 

WR VeTXeVWeU aQd SaWWeUQ a BMP-2 gUadieQW. AV deVcUibed iQ chaSWeU 1, Ne\ cRPSRQeQWV Rf 

ECM, VXch aV SURWeRgO\caQV, haYe beeQ XVed WR deOiYeU gURZWh facWRUV iQ WiVVXe eQgiQeeUiQg 

deVigQV. IQ RUdeU WR ORad BMP-2 RQWR Whe SPIONV, heSaUiQ ZaV XVed WR PRdif\ Whe VXUface Rf 

SPIONV. HeSaUiQ iV a cRPPRQO\ XVed caUUieU fRU BMP-2 iQ bRQe-UeOaWed WiVVXe eQgiQeeUiQg 

cRQVWUXcWV. LiNe PaQ\ caWiRQic gURZWh facWRUV, BMP-2 e[hibiWV a high affiQiW\ fRU heSaUiQ (KD= 

20 QM) [254]. MRUeRYeU, iW haV aOVR beeQ dePRQVWUaWed WR be abOe WR gXaUd agaiQVW 

degUadaWiRQ, SURYide VXVWaiQed UeOeaVe aQd SURORQged RVWeRgeQic VWiPXOaWiRQ [255, 256].  

 

S\QWKeVLV RI JO\cRV\OaWed SPIONV 

IQ Whe SUeYiRXV VecWiRQV, iW haV beeQ fRXQd WhaW SPIONV ZiWh a diaPeWeU VPaOOeU WhaQ 50 QP 

cRXOd be XVed VXcceVVfXOO\ WR fRUP VWabOe gUadieQWV iQ h\dURgeOV. TR eQVXUe bRWh Whe VXfficieQW 

ORadiQg aW a UeaVRQabOe SPIONV cRQceQWUaWiRQ (i.e., VXfficieQW VXUface aUea WR YROXPe UaWiR fRU 

a VXfficieQW BMP-2 ORadiQg caSabiOiW\) aQd a SUacWicaO V\QWheViV SURWRcRO, a SUagPaWic diaO\ViV 

SURWRcRO ZaV ePSOR\ed. The diaO\ViV deYice VhRXOd NeeS Whe SPIONV ZiWhiQ Whe deYice ZhiOe 

Whe SRUe Vi]e Rf Whe diaO\ViV PePbUaQe ZaV big eQRXgh fRU SaVViQg Whe XQ-UeacWed b\SURdXcWV. 

FRU WhiV SXUSRVe, cRPPeUciaOO\ SXUchaVed 20 QP SPIONV ZiWh aPiQe gURXSV aW Whe VXUface 

ZeUe cRQMXgaWed ZiWh heSaUiQ.  

 

TR cRQMXgaWe heSaUiQ PROecXOeV, caUbRdiiPide-baVed chePiVWU\ ZaV XVed. IQ Whe UeacWiRQ, aQ 

e[ceVV Rf heSaUiQ ZaV added WR UeacW ZiWh Whe SPIONV (i.e., aURXQd 1,500 heSaUiQ PROecXOeV 

SeU SPION). IQ Whe V\QWheViV SURWRcRO, EDC ZaV added aQd fiUVW UeacWed ZiWh Whe caUbR[\Oic 



123 

gURXSV Rf heSaUiQ WR fRUP R-ac\OiVRXUea iQWeUPediaWeV iQ SH 5.4 MES bXffeU. The acWiYe R-

ac\OiVRXUea iQWeUPediaWe cRXOd eiWheU diUecWO\ fRUP aQ aPide bRQd ZiWh a SUiPaU\ aPiQe RQ Whe 

SPION VXUface RU UeacW ZiWh a SXOfR-NHS PROecXOe. IQ Whe OaWWeU caVe, Whe fRUPed NHS eVWeU 

RQ heSaUiQ cRXOd WheQ fXUWheU UeacW ZiWh a SUiPaU\ aPiQe RQ Whe SPIONV VXUface WR fRUP a 

VWabOe cRQMXgaWe. AfWeU Whe cRQMXgaWiRQ, Whe UeVidXaO SURdXcWV aQd XQ-cRQMXgaWed heSaUiQ 

PROecXOeV ZeUe UePRYed b\ e[WeQViYe diaO\ViV (72 h) aQd Whe SPION VROXWiRQ ZaV 

cRQceQWUaWed XViQg a 100 kDa cut-off Amicon ultra-centrifugal filter unit. To verify the size 

distribution of the SPIONV befRUe aQd afWeU Whe cRQMXgaWiRQ, QaQRSaUWicOe WUacNiQg aQaO\ViV 

(NTA) ZaV XVed. AV FigXUe 3.8 demonstrates, NTA PeaVXUePeQWV YeUified WhaW Whe SPIONV 

ZeUe cROORidaOO\ VWabOe WhURXghRXW Whe cRQMXgaWiRQ SURceVV aQd QR aggUegaWiRQ ZaV RbVeUYed 

afWeU diaO\ViV aQd cRQceQWUaWiRQ VWeSV. AVide fURP SURYidiQg iQfRUPaWiRQ RQ Vi]e diVWUibXWiRQ, 

NTA PeaVXUePeQWV aOVR deWeUPiQe Whe SaUWicOe cRQceQWUaWiRQV. 

 

 
 

Figure 3.8 Nanoparticle tracking analysis (NTA) of unconjugated and glycosylated 

SPIONs 

NTA demRQVWUaWed WhaW QR aggUegaWiRQ Rf SPION ZaV fRUmed afWeU Whe gl\cRV\laWiRQ SURceVV. 

 

PK\VLcaO aQd bLRcKePLVWU\ cKaUacWeULVaWLRQ 

AV TabOe 3.1 dePRQVWUaWeV, Whe Vi]e aQd VXUface SRWeQWiaO ZeUe PeaVXUed XViQg d\QaPic OighW 

VcaWWeUiQg befRUe aQd afWeU cRQMXgaWiRQ. The h\dURd\QaPic diaPeWeU iQcUeaVed fURP 48.6 � 

0.2 QP fRU Whe baUe QaQRSaUWicOeV WR 72.3 � 0.9 QP afWeU gO\cRV\OaWiRQ. The iQcUeaVe Rf Whe 

h\dURd\QaPic diaPeWeU b\ abRXW 25 QP caQ be aWWUibXWed WR Whe VWeUic bXONiQeVV Rf Whe heSaUiQ 
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cRURQa. The cRQMXgaWiRQ Rf heSaUiQ PROecXOeV aOVR aOWeUed Whe VXUface SRWeQWiaO Rf Whe 

QaQRSaUWicOeV. The gO\cRV\OaWed SPIONV e[hibiWed a ]eWa SRWeQWiaO Rf -54.4 � 1.7 PV cRPSaUed 

WR -4.7 � 0.6 PV fRU Whe XQcRQMXgaWed QaQRSaUWicOeV. ThiV chaQge iQ ]eWa SRWeQWiaO cRXOd be 

aWWUibXWed WR Whe cRQMXgaWiRQ Rf heSaUiQ, Zhich iV a highO\ aQiRQic SRO\VacchaUide, WR Whe VXUface 

Rf QaQRSaUWicOeV.  

 

Next, magnetic properties of the glycosylated SPIONs were assessed using superconducting 

quantum interference device (SQUID) magnetometry. Magnetic properties were then 

normalised with the iron content, which was derived from nitric acid digested samples together 

with inductively coupled plasma optical emission spectroscopy (ICP-OES). The glycosylated 

SPIONs exhibited a magnetic susceptibility of 5.4 � 0.0 × 10-1 emu g-1 Oe-1 and a saturation 

of 53.6 � 0.5 emu g-1, values that are very similar to the unconjugated nanoparticles which 

exhibited a magnetic susceptibility of 5.2 � 0.0 × 10-1 emu g-1 Oe-1 and a saturation of 54.9 � 

0.3 emu g-1. These results indicate that while the surface properties such as hydrodynamic 

diameter size and surface potential were altered after the addition of heparin molecules, the 

magnetic properties of the core iron oxide nanoparticles remained unchanged (Table 3.1). 

 

Besides physical properties, biochemical properties of modified SPIONs were also 

determined. Firstly, the degree of glycosylation was assessed. The amount of conjugated 

heparin per particle is crucial in this study since limited heparin amounts will restrict protein 

loading and require a higher particle concentration in the system. However, a higher SPIONs 

concentration could bring the undesirable effects in applications involving hMSCs 

differentiation [246, 247]. Using a dimethylmethylene blue (DMMB) assay for heparin 

quantification and nanoparticle tracking analysis (NTA) measurement for the particle 

concentration, the heparin content per modified SPIONs could be quantified. The normalised 

results revealed 4.2 ng of heparin per 109 nanoparticles, a value that corresponds to 

approximately 140 heparin chains (18 kDa) bound to the surface of each nanoparticle.  

 

The high density of carboxylic and sulphate groups on heparin provides an anionic network 

that can be used to sequester many soluble proteins. To assess BMP-2 sequestration 

capability of the glycosylated SPIONs, avidin was used as a model protein due to its similar 

isoelectric point (pI of avidin: 6.5; pI of BMP-2: 8.5), comparable dissociation constant with 
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heparin (KD of BMP-2/heparin: 20 nM; KD of avidn/heparin: 160 nM) and the fact that it is 

commonly used as an analogue for studying the interaction between BMP-2 and heparin [257, 

258]. To test the loading capacity of the glycosylated SPIONs, avidin was first mixed with 

glycosylated or unconjugated SPIONs and non-loaded avidin was removed by centrifugation 

and wash. The final loading was assessed by subtracting the initial loading mass of avidin with 

the mass of unbounded avidin in the supernatant using a bicinchoninic acid assay in which 

the total amount peptide bonds in the sample are quantified. With the standards prepared 

using avidin, the result demonstrates an average loading of 4.7 � 0.2 ng avidin incorporated 

per 109 nanoparticles, approximately three times greater than the value observed for the 

unconjugated SPIONs. This is equivalent to approximately 40 sequestered proteins per 

nanoparticle. This level of loading should offer the opportunity to deliver more than 400 ng of 

growth factor, a quantity sufficient to influence cell fate, using only 1011 nanoparticles [259]. 

 

Table 3.1 Biophysical characterisation of unconjugated and glycosylated SPIONs 

 
 
CRPSaULVRQ beWZeeQ JUadLeQW aQd bLOa\eU VeW-XS 

WhiOe Whe cRQYeQWiRQaO VWacNiQg aSSURach VhRXOd SURdXce cRQVWUXcWV SRVVeVViQg VSaWiaO 

diffeUeQce iQ PRUShRgeQ cRQceQWUaWiRQ, Whe heUeiQ SURSRVed fabUicaWiRQ aSSURach VhRXOd 

cUeaWe a PRUe gUadXaO WUaQViWiRQ WhaQ a VhaUS WUaQViWiRQ. TR dePRQVWUaWe WhiV, FITC OabeOOed 

aYidiQ ZaV XVed aV Whe caUgR aQaORgXe fRU YiVXaOiViQg SURWeiQ diVWUibXWiRQ iQ Whe fiQaO fabUicaWed 

cRQVWUXcW. 

 

IPageV Rf bRWh biOa\eU aQd gUadieQW cRQVWUXcWV ZeUe WaNeQ XViQg a fOXRUeVceQce PicURVcRSe 

VR Whe fOXRUeVceQce chaQQeO aQd bUighW fieOd chaQQeO cRXOd be XVed WR deWeUPiQe Whe 

diVWUibXWiRQ Rf gO\cRV\OaWed SPIONV aQd FITC OabeOOed aYidiQ, UeVSecWiYeO\ (FigXUe 3.9). UViQg 

Whe iQWeQViW\ SORW SURfiOe fXQcWiRQ iQ FIJI, Whe SaWWeUQ Rf SPIONV diVWUibXWiRQ ZaV VhRZQ WR be 



different between the gradient set-up and the stepwise stacking approach. While assuming 

the protein cargo was well co-localised with the glycosylated SPIONs, the magnetic field 

alignment produced a much smoother transition than a stepwise stacking approach, which 

resulted in a much sharper boundary at the layer interface. The aim of this research was to 

create a growth factor gradient in a tissue engineering construct. Based on the result using 

avidin as an analogue for growth factor protein, the fabrication protocol should be able to 

create a morphogenetic gradient rather than a sharp transition in protein distribution.

The distribution of glycosylated SPIONs loaded with fluorescently-tagged avidin (green) in 

agarose was visualised using fluorescence microscopy. Corresponding bright field images 

revealed the distribution of glycosylated SPIONs (dark grey). (A) Stepwise stacking of 

hydrogel layers resulted in a much sharper boundary at the layer interface compared to (B) 

magnetic field alignment, which produced a smooth gradient. The figure is reproduced from

 [93]. SPION/ agarose mixture was slowly injected as the top layer in (A). To form the 

gradient, magnet was placed on top of the set-up after the SPION-free top layer was injected 

in (B). Scale bars = 2 mm.

Cytocompatibility test with cells

While the glycosylation of SPIONs enables protein loading, the cytocompatibility of the carrier 

system needs to be assessed since hMSCs will be incorporated in the system. Here, different 

concentrations of glycosylated SPIONs, based on the calculation estimating to achieve the 

required amount for sufficient BMP-2 loading, were used in both the cell metabolic assay 

(AlamarBlue®) and the LIVE/DEAD™ staining. As Figure  glycosylated 

SPIONs did not significantly affect the metabolic activity of hMSCs after a 72 h exposure to 



glycosylated SPIONs. Subsequently, glycosylated SPIONs were used in the study at the 

concentration of 1012 nanoparticles .

Viability analysis of glycosylated SPIONs. (A) An alamarBlue® assay of the effect of 

glycosylated SPIONs upon hMSCs (3 donors in red, blue, and black), with values representing 

the metabolic activity of hMSCs exposed to 0, 2   or 10   glycosylated SPIONs. 

(mean ± 95% confidence intervals, N = 3, n = 3). (B) LIVE/DEAD™ staining of hMSCs treated 

with glycosylated SPIONs showing a large number of viable cells (green, calcein AM) and 

negligible staining for dead cells (red, ethidium homodimer). The figure is reproduced from

 [93]. Scale bars = 200 μm.
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3.3.2 OSWLPLVDWLRQ IRU OVWHRFKRQGUDO DLIIHUHQWLDWLRQ 

The hMSC OadeQ h\dURgeOV ZeUe cXOWXUed iQ iQdiYidXaO ZeOOV, WheUefRUe, a PediXP cRcNWaiO WhaW 

cRXOd VXSSRUW bRWh chRQdURgeQeViV (iQ WhiV VWXd\, hMSCV WR chRQdURc\WeV) aQd RVWeRgeQeViV 

(iQ WhiV VWXd\, hMSCV WR RVWeRbOaVWV) ZaV cUXciaO. 

 

SeYeUaO eVWabOiVhed SURWRcROV ZeUe cRQVideUed fRU Whe fiQaO cRPSRViWiRQ Rf RVWeRchRQdUaO 

PediXP iQ WhiV VWXd\ [68, 137, 260, 261]. TR eQVXUe Whe RVWeRchRQdUaO PediXP caQ VXSSRUW 

Whe caUWiOage fRUPaWiRQ Rf Whe WiVVXe, TGF-ȕ3, a cRQYeQWiRQaO gURZWh facWRU fRU caUWiOage WiVVXe 

eQgiQeeUiQg ZaV iQcOXded aW Whe cRPPRQO\ XVed cRQceQWUaWiRQ Rf 10 Qg mL-1. AORQgVide TGF-

ȕ3, RWheU VXiWabOe SURWeiQ VXSSOePeQWV ZeUe aOVR iQcOXded, VXch aV iQVXOiQ-WUaQVfeUUiQ-

VeOeQiXP, Zhich iV fRXQd WR eQhaQce chRQdURc\WeV SUROifeUaWiRQ aQd UeWaiQ chRQdURgeQic 

SheQRW\SeV (i.e., ORZeU PRNA OeYeOV Rf CRO X aQd MMP13) [262]) aQd RWheU VPaOO PROecXOe 

VXSSOePeQWV iQcOXdiQg aVcRUbic acid aQd de[aPeWhaVRQe. IW haV beeQ VhRZQ WhaW aVcRUbic 

acid iV cUXciaO iQ Whe geQeUaWiRQ Rf h\dUR[\SUROiQe aQd h\dUR[\O\ViQe, Zhich aUe bRWh aPiQR 

acidV XVed fRU cROOageQ fibUiO fRUPaWiRQ [263], aQd WhaW de[aPeWhaVRQe cRXOd SRWeQWiaWe Whe 

TGF-ȕ iQdXced chRQdURgeQeViV SURceVV [264]. 

 

TR eQVXUe Whe fRUPaWiRQ Rf Whe chaUacWeUiVWic bRQe ECM (i.e., deSRViWiRQ Rf PiQeUaOV) aW Whe 

high BMP-2 cRQWeQW eQd ZiWhiQ Whe cRQVWUXcW, ȕ-gO\ceURShRVShaWe ZaV iQcOXded iQ Whe 

RSWiPiVed RVWeRchRQdUaO diffeUeQWiaWiRQ PediXP. IW VhRXOd be QRWed WhaW, ZiWhiQ Whe VWXd\, Whe 

ȕ-gO\ceURShRVShaWe ZaV XVed aW a cRQceQWUaWiRQ Rf 2 PM, a OeYeO WhaW haV beeQ VhRZQ WR 

SURYide a VRXUce Rf ShRVShaWe ZiWhRXW iQiWiaWiQg RVWeRgeQeViV RU QRQVSecific PiQeUaO 

SUeciSiWaWiRQ [265]. TR YeUif\ Whe diffeUeQWiaWiRQ effecWV Rf Whe SURSRVed PediXP, a 

cRQYeQWiRQaOO\ XVed chRQdURgeQic aQd RVWeRgeQic PediXP ZeUe iQcOXded aV a SRViWiYe 

cRQWURO. 

 

HiVWRORg\ aVVa\V ZeUe SeUfRUPed WR effecWiYeO\ deWeUPiQe Whe diffeUeQWiaWiRQ RXWcRPe. FiUVWO\, 

AOciaQ BOXe ZaV XVed WR iQYeVWigaWe Whe SURdXcWiRQ Rf GAGV, Zhich aUe RQe Rf Whe PaiQ 

iQdicaWRUV fRU chRQdURgeQic diffeUeQWiaWiRQ. AV FigXUe 3.11 dePRQVWUaWeV, afWeU 28 d cXOWXUe, Whe 

SURSRVed RVWeRchRQdUaO PediXP VXSSRUWed Whe chRQdURgeQic diffeUeQWiaWiRQ Rf hMSCV ZiWhiQ 

Whe agaURVe h\dURgeO. IQ addiWiRQ WR Whe AOciaQ BOXe VWaiQiQg, AOi]aUiQ Red S VWaiQiQg ZaV XVed 

WR iQYeVWigaWe Whe SUeVeQce Rf caOciXP deSRViWV. WiWh Whe SUeVeQce Rf BMP-2, aV FigXUe 3.11 



demonstrates, at the commonly used concentration at 30 ng , osteogenic differentiation 

could be observed.

In the study, it was vital that the optimised medium could only support the osteogenic process 

in the presence of BMP-2, to avoid the nonspecific differentiation of cells across the BMP-2 

gradient patterned hydrogel. This requirement was tested by using the same differentiation 

set-up but without the supplement of the BMP-2. Using this set-up, after 28 d of culture, there 

was no calcium deposition observed in the hydrogels. These results suggest that the 

osteogenic differentiation triggered in the system was specific, and only triggered in the 

presence of BMP-2. Indeed, based on these histological observations, the proposed 

osteochondral medium was able to fulfil the requirements of the system.

Effect of medium composition and BMP-2 upon osteochondral tissue engineering. Tissue 

constructs were engineered for 28 d using hMSC-laden agarose hydrogels. Alizarin Red S 

staining showed deposition of calcium mineral (red) when exposed to BMP-2 and cultured in 

osteogenic and osteochondral medium. Alcian Blue staining showed glycosaminoglycan 

(blue) in chondrogenic and osteochondral medium, either in the presence or absence of BMP-

2 (30 ng/mL). The figure is reproduced from  [93]. Scale bars = 500 μm. 



3.3.3 Required Duration of BMP-2 Supplement

While the previous section revealed the optimised osteochondral medium could support both 

osteogenic and chondrogenic differentiation through supplementation of BMP-2 and TGF-β3, 

it was important to identify the minimal duration that the BMP-2 supplement was required to 

achieve osteogenic differentiation. While some literature has suggested the short-term (6 d) 

addition of BMP-2 could sufficiently trigger osteogenic differentiation , the time scale 

required for differentiation using our optimised BMP-2 containing medium was unclear. 

To determine the osteogenic differentiation outcome by varying durations of exposure to BMP-

2, Alizarin Red S staining was used after 21 d of culture. Specifically, monolayer cultures of 

hMSCs were cultured with osteochondral medium supplemented with TGF-β3 and different 

Supported by the positive staining of Alizarin 

Red S, the BMP-2 supplement, 

mineralisation could take place. Based on this simplified 2D screening result, a sustained 

release system exceeding 11 d of culture with BMP-2 could be expected to trigger successful 

osteogenic differentiation.

Effect of duration of BMP-2 supplement (30 ng/mL) upon osteogenic differentiation. Tissue 

constructs were engineered for 21 d using hMSC-laden agarose hydrogels exposed to 

different durations of BMP-2 supplement. Alizarin Red S staining showed deposition of calcium 

mineral (red) when exposed to more than 11 d of BMP-2 when cultured with the osteochondral 

medium. Scale bars = 500 μm. 
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3.3.4 SXVWDLQHG RHOHDVH BMP-2 S\VWHP 

In this study, heparin was used as the carrier for BMP-2. While avidin was used as a model 

protein for estimating the protein loading capacity in section 3.4.1, for a more accurate 

releasing dynamic, the exact release profile was investigated using BMP-2. The release study 

was carried out with a fabrication protocol similar to the tissue engineering set-up: BMP-2 was 

first incubated with glycosylated SPIONs, and the BMP-2 loaded glycosylated SPIONs were 

encapsulated within the agarose hydrogel. To determine the release profile of BMP-2, aQ 

eQ]\Pe-OiQNed iPPXQRVRUbeQW aVVa\ (ELISA) ZaV XVed.  

 

SaPSOeV ZeUe cROOecWed, aQd WheiU BMP-2 cRQceQWUaWiRQ ZeUe PeaVXUed aW diffeUeQW WiPe 

SRiQWV. B\ cRPSaUiQg Whe BMP-2 TXaQWiW\ WR a WRWaO UeOeaVe cRQWURO (a VeSaUaWe YiaO SUeSaUed 

fURP diUecWO\ fUR]eQ 100% ORaded BMP-2), a cXPXOaWiYe UeOeaVe cXUYe cRXOd be eVWabOiVhed. 

AV VhRZQ iQ FigXUe 3.13, a VXVWaiQed UeOeaVe SURfiOe Rf BMP-2 ZaV RbVeUYed aQd Whe TXaQWiW\ 

Rf BMP-2 UePaiQed ZiWhiQ Whe h\dURgeO ZaV eVWiPaWed. IW ZaV UeYeaOed WhaW 65 � 3% Rf 

eQcaSVXOaWed BMP-2 cRXOd be VORZO\ UeOeaVed RYeU a SeUiRd Rf 28 d. HRZeYeU, iW VhRXOd be 

QRWed WhaW aURXQd 20% Rf ORaded BMP-2 ZaV UeOeaVed ZiWhiQ Whe fiUVW 24 h. ThiV UeOeaVe SURfiOe 

ZaV fXUWheU XVed WR iQfRUP Whe WiVVXe eQgiQeeUiQg e[SeUiPeQW, iQ Zhich Whe XQdeViUed 

RVWeRgeQic diffeUeQWiaWiRQ aW Whe caUWiOage eQd Rf Whe cRQVWUXcW Pa\ be WUiggeUed b\ WhiV iQiWiaO 

bXUVW UeOeaVe Rf BMP-2. AccRUdiQgO\, iQ Whe fiQaO cXOWXUe SURWRcRO, Whe cXOWXUe PediXP ZaV 

chaQged aW 2 h aQd 16 h afWeU Whe ceOO VeediQg. IQ Whe SUeVeQW VWXd\, iW ZaV h\SRWheViVed WhaW 

Whe VSaWiaO diffeUeQWiaWiRQ cRXOd be WUiggeUed b\ Whe XQUeOeaVed BMP-2 bRXQd RQ Whe 

gO\cRV\OaWed SPIONV. 
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FLJXUe 3.13 Release profile of BMP-2  

ReleaVe SURfile Rf VeTXeVWeUed BMP-2 RQ gl\cRV\laWed SPIONV ZaV iQYeVWigaWed ZiWhiQ 

agaURVe h\dURgelV. While Whe bXUVW UeleaVe Rf 20% lRaded BMP-2 ZaV VWill RbVeUYed ZiWhiQ 

Whe fiUVW 24 h, Whe UemaiQiQg lRaded BMP-2 cRXld be gUadXall\ UeleaVed fURm Whe gl\cRV\laWed 

SPIONV RYeU 28 d (N=3). The amRXQW Rf XQUeleaVed BMP-2 ZiWhiQ Whe h\dURgel ZaV eVWiamWed 

(SiQk baUV). The UeleaVe cXUYe (black liQe) ZaV fiW XViQg a KRUVme\eU-PeSSaV mRdel, which 

was developed to specifically model the release of molecules from a polymeric matrix [188] 

(R2 = 0.97). The figXUe iV UeSURdXced fURm Li et al. [93]. 

 

3.3.5 SXVWDLQHG RHOHDVH RI BMP-2 SXSSRUWV WKH LRFDO OVWHRJHQLF 

DLIIHUHQWLDWLRQ 

BaVed RQ Whe UeVXOWV deVcUibed iQ Whe SUeYiRXV VecWiRQV, i.e., Whe UeTXiUed dXUaWiRQ Rf BMP-2 

VXSSOePeQW fRU RVWeRgeQic diffeUeQWiaWiRQ aQd VXVWaiQed UeOeaVe SURfiOe Rf BMP-2 iQ Whe 

gO\cRV\OaWed SPIONV caUUieU V\VWeP, iW ZaV h\SRWheViVed WhaW Whe BMP-2 ORaded gO\cRV\OaWed 

SPIONV VhRXOd VXSSRUW Whe RVWeRgeQic diffeUeQWiaWiRQ Rf Whe hMSCV eQcaSVXOaWed iQ Whe 

agaURVe h\dURgeO. IQ VecWiRQ 3.4.2 (OSWiPiVaWiRQ Rf OVWeRchRQdUaO DiffeUeQWiaWiRQ), Whe 

RVWeRchRQdUaO PediXP ZaV VXSSOePeQWed ZiWh bRWh 10 Qg TGF-ȕ3 mL-1 aQd 30 Qg mL-1 BMP-

2. IQ Whe fiQaO gUadieQW WiVVXe eQgiQeeUiQg VeW-XS, hRZeYeU, RQO\ TGF-ȕ3 ZaV VXSSOePeQWed iQ 

Whe PediXP. IQVWead Rf beiQg VXSSOePeQWed iQ Whe PediXP WhURXghRXW Whe cXOWXUe, Whe BMP-

2 ZaV RQO\ deOiYeUed iQiWiaOO\ aV Whe bRXQded caUgR Rf gO\cRV\OaWed SPIONV. TR WeVW if Whe BMP-

2 ORaded gO\cRV\OaWed SPIONV cRXOd VXSSRUW Whe RVWeRgeQic diffeUeQWiaWiRQ, hMSC-OadeQ 
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agaURVe ZiWh gO\cRV\OaWed SPIONV ORaded ZiWh 6 ȝg mL-1 BMP-2 ZaV fiUVW WeVWed.  

 

IQ WhiV e[SeUiPeQW, Whe RVWeRgeQic diffeUeQWiaWiRQ RXWcRPe ZaV PeaVXUed XQdeU WhUee 

cRQdiWiRQV: (1) RVWeRchRQdUaO PediXP VXSSOePeQWed ZiWh 30 Qg mL-1 BMP-2, (2) BMP-2 bRXQd 

gO\cRV\OaWed SPIONV aW a SaUWicOe cRQceQWUaWiRQ Rf 1012 mL-1 aQd a fiQaO BMP-2 cRQceQWUaWiRQ 

Rf 6 ȝg mL-1, aQd (3) gO\cRV\OaWed SPIONV ZiWhRXW BMP-2 ORadiQg aW a SaUWicOe cRQceQWUaWiRQ 

Rf 1012 mL-1. 

 

HeUe, 9 × 106 mL-1 Rf hMSCV ZeUe eQcaSVXOaWed ZiWhiQ Whe agaURVe h\dURgeO. TR eVWiPaWe Whe 

ORadiQg dRVe, Whe WRWaO aPRXQW Rf VXSSOePeQWed BMP-2 WhURXghRXW Whe cXOWXUe SeUiRd iQ gURXS 

(1) ZaV caOcXOaWed. AccRUdiQgO\, 600 Qg Rf BMP-2 ZaV fiUVW iQcXbaWed fRU aW OeaVW 4 h ZiWh 1011 

SPIONV SUiRU WR Whe fabUicaWiRQ Rf cRQVWUXcWV WR eQVXUe efficieQW ORadiQg. AfWeU Whe ORadiQg, 

cRQVWUXcWV ZeUe caVW ZiWh BMP-2 ORaded gO\cRV\OaWed SPIONV aQd cXOWXUed ZiWhiQ Whe 

deVigQed RVWeRchRQdUaO PediXP fRU 28 d. AV FigXUe 3.14 dePRQVWUaWeV, Whe BMP-2 ORaded 

gO\cRV\OaWed SPIONV cRXOd WUiggeU caOciXP deSRViWiRQ (WRS URZ, Whe SRViWiYe VWaiQiQg Rf AOi]aUiQ 

Red S) aV ZheQ Whe BMP-2 ZaV cRQWiQXRXVO\ VXSSOePeQWed (30 Qg mL-1) ZiWh Whe 

RVWeRchRQdUaO PediXP (PiddOe URZ, Whe SRViWiYe VWaiQiQg Rf AOi]aUiQ Red S). The SRViWiYe 

VWaiQiQg Rf AOi]aUiQ Red S VXggeVWV Whe RVWeRgeQic diffeUeQWiaWiRQ Rf hMSCV, ZiWh GAG 

deSRViWiRQ SUeVeQW iQ bRWh caVeV. OQ Whe RWheU haQd, iQ Whe abVeQce Rf BMP-2 VXSSOePeQW bXW 

RQO\ gO\cRV\OaWed SPIONV (bRWWRP URZ, QegaWiYe VWaiQiQg Rf AOi]aUiQ Red S), caOciXP 

deSRViWiRQ ZaV QRW RbVeUYed. TaNeQ WRgeWheU, WheVe UeVXOWV YeUified WhaW BMP-2 UeOeaVed fURP 

gO\cRV\OaWed SPIONV cRXOd iQiWiaWe PiQeUaOiVaWiRQ WR a ViPiOaU OeYeO aV BMP-2 VXSSOePeQWed 

iQ PediXP, aQd Whe XVe Rf gO\cRV\OaWed SPIONV iWVeOf did QRW e[hibiW Whe RVWeRgeQic effecW.  

 

 



Effect of BMP-2 delivery mode upon tissue mineralisation. Tissue constructs were engineered 

for 28 d using hMSC-laden agarose hydrogels. Alizarin Red S staining showed deposition of 

calcium mineral (red) when BMP-2 was delivered in the medium or from glycosylated SPIONs, 

but not when exposed to unloaded SPIONs. Alcian Blue staining showed glycosaminoglycan 

(blue) in all cases. The figure is reproduced from  [93]. Scale bars = 500 μm.

3.3.6 Optimisation of BMP-2 Loading

Osteochondral tissue engineering: preliminary study



experiments. In brief, 30 μL of agarose hydrogel precursor comprising 9 106

1012 SPIONs loaded with 6 μg 

followed by the careful injection of 60 μL of the agarose hydrogel precursor containing 9 106

The preliminary study of gradient osteochondral tissue prepared by 6 μg 
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in mineralisation of the whole construct after 28 d of culture. Scale bar = 1 mm. 

 

OSWLPLVaWLRQ RI BMP-2 ORadLQJ 

WhiOe WheUe iV QR OiWeUaWXUe UeYeaOiQg Whe e[acW BMP-2 cRQceQWUaWiRQ gUadieQWV ZiWhiQ 

RVWeRchRQdUaO WiVVXe iQ YiYR, Whe dRVe Rf BMP-2 XVed iQ Whe VeW-XS Qeed WR be RSWiPiVed 

V\VWePaWicaOO\. BaVed RQ FigXUe 3.15, Whe UeVXOW Rf RYeUaOO PiQeUaOiVaWiRQ VXggeVWed WhaW Whe 

WRWaO OeYeO Rf BMP-2 ORaded iQWR Whe gO\cRV\OaWed SPIONV ZaV WRR high. WiWh a OaUge e[ceVV 

Rf XQcRQVXPed gURZWh facWRU caSabOe Rf diffXViQg RXW Rf Whe h\dURgeO, Whe RVWeRgeQeViV ZaV 

aOVR WUiggeUed iQ adMaceQW, QaQRSaUWicOe-fUee UegiRQ Rf cRQVWUXcWV (FigXUe 3.16 A). TR addUeVV 

WhiV, Whe OeYeO Rf BMP-2 iQ Whe gO\cRV\OaWed SPIONV UeTXiUed RSWiPiVaWiRQ, WheUefRUe a ORadiQg 

e[SeUiPeQW ZaV deVigQed. IQ Whe e[SeUiPeQW, WZR iQdeSeQdeQW agaURVe h\dURgeOV, ZiWh RQe 

cRQWaiQiQg bRWh hMSCV aQd gO\cRV\OaWed SPIONV ORaded ZiWh BMP-2 aQd Whe RWheU cRQWaiQiQg 

RQO\ hMSCV, ZeUe cXOWXUed ZiWhiQ Whe VaPe ZeOO. IPSRUWaQWO\, Whe cXOWXUe cRQdiWiRQV (28 d iQ 

Whe RSWiPiVed RVWeRchRQdUaO PediXP) aQd Whe YROXPe UaWiR Rf Whe WZR h\dURgeOV ZeUe 

cRQViVWeQW ZiWh Whe SUeYiRXV gUadieQW VeW-XS (FigXUe 3.16 B). DiffeUeQW ORadiQg aPRXQWV 

iQcOXdiQg 6 (Whe cRQceQWUaWiRQ XVed iQ Whe SUeOiPiQaU\ WeVW), 3 aQd 0.3 ȝg mL-1 Rf BMP-2 ZeUe 

WeVWed. The aiP Rf WhiV RSWiPiVaWiRQ ZaV WR iQYeVWigaWe aQ ideaO OeYeO Rf BMP-2 ORadiQg WhaW 

RQO\ WUiggeUed Whe PiQeUaOiVaWiRQ SURceVV iQ Whe h\dURgeO ZiWh gO\cRV\OaWed SPIONV, i.e., Whe 

diffXVed BMP-2 VhRXOdQ'W WUiggeU Whe XQdeViUed RVWeRgeQic SURceVV RQ ceOOV ePbedded iQ 

agaURVe ZiWhRXW gO\cRV\OaWed SPIONV. 

 

AfWeU 28 d Rf cXOWXUe, AOi]aUiQ Red S VWaiQiQg ZaV XVed WR ideQWif\ Whe RccXUUeQce Rf 

PiQeUaOiVaWiRQ. AV dePRQVWUaWed iQ FigXUe 3.16 C, ZheQ Whe VaPe ORadiQg OeYeO Rf BMP-2 ZaV 

XVed (6 ȝg mL-1 h\dURgeO) Whe XQdeViUed PiQeUaOiVaWiRQ ZaV RbVeUYed iQ Whe adMaceQW 

gO\cRV\OaWed SPIONV fUee h\dURgeO. HRZeYeU, ZheQ WhiV ZaV UedXced WR 3 ȝg mL-1 Rf BMP-2, 

RQO\ Whe h\dURgeO ZiWh gO\cRV\OaWed SPIONV ZeUe SRViWiYeO\ VWaiQed. IW VhRXOd be QRWed WhaW 

WheUe iV a ORZeU OiPiW Rf BMP-2. FRU iQVWaQce, aW 0.3 ȝg mL-1, PiQeUaOiVaWiRQ cRXOd QRW be 

WUiggeUed iQ eiWheU cRQVWUXcW, ZiWh RU ZiWhRXW ORaded gO\cRV\OaWed SPIONV. HeQcefRUWh, iQ Whe 

fROORZiQg e[SeUiPeQWV, BMP-2 aW a cRQceQWUaWiRQ Rf 3 ȝg mL-1 ZaV XVed. 

 



(A) The excess of BMP-2 released from one end of the construct could trigger the 

osteogenesis in the adjacent, nanoparticle-free region of the construct. (B) To optimise an 

appropriate BMP-2 loading level, 2 independent agarose hydrogels (volume ratio: 2:1) with 

and without BMP-2 loading were cultured in a single well for 28 d using the optimised 

osteochondral medium (C) Optimising BMP-2 loading to confine regions of tissue 

mineralisation. Tissue constructs were engineered for 28 d using hMSC-laden agarose 

hydrogels with BMP-2 loaded glycosylated SPIONs, alongside adjacent hMSC-laden agarose 

hydrogels without any loaded SPIONs. Alizarin Red S staining showed deposition of calcium 

mineral (red) in both the SPION laden and the adjacent construct at the highest BMP-2 loading 

(6 μg  of hydrogel), only in the SPION laden construct at the intermediate BMP-2 loading 

(3 μg  of hydrogel) and in neither of the constructs at the low BMP-2 loading (0.3 μg  

of hydrogel). Alcian Blue staining showed sulphated glycosaminoglycan (blue) in all cases. 

Scale bars = 500 μm. 

3.3.7 Characterisation of Osteochondral Gradient Construct

2 (3 μg 1012

106
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The final set-up should slowly release the active BMP-2 over 28 d and should stimulate hMSC 

osteogenesis and tissue mineralisation predominantly at one end of the tissue. In the following 

sections on characterisation results, the construct end that was initially patterned with a higher 

amount of BMP-2 is referred to as the bone end, and the other end of the construct is referred 

to as the cartilage end. 

 

Using the set-up, the constructs were cultured in the optimised osteochondral medium for 28 

d. After 14 d, the vast majority of the tissue constructs started to develop striking white opacity 

at the bone end (Figure 3.17 A). It should be noted that approximately 10% of the engineered 

constructs failed to produce any visible mineralisation, and these were excluded from further 

study. In all cases, however, the gradient hydrogels produced tissue constructs that were 

structurally robust, with no macroscopic defects observed between the bone and cartilage 

ends of the tissue.  

 

To investigate if the gradient set-up could provide an even distribution of embedded cells, both 

the cell distribution of hydrogels generated from the bilayer stack and magnetically aligned 

gUadieQWV ZeUe e[aPiQed. IQWeUeVWiQgO\, iW ZaV fRXQd WhaW WheUe ZaV a diVWiQcW 200 ȝP PaUgiQ 

between the two ends of the tissue in the stacked, bilayer constructs. This was in stark contrast 

with the gradient set-up. Further investigation revealed that these margins were formed prior 

to tissue culture, with the bilayer interface appearing to exclude hMSCs (Figure 3.17 B). The 

exact mechanism underpinning this observation is unknown, nevertheless, the ability to avoid 

such tissue defects represents a major advantage for the developed gradient biomaterial over 

simple bilayer systems. 

 



(A) The final system was assembled with BMP-2 (3 μg ) loaded glycosylated SPIONs 

(1012 ) magnetically-aligned within a hMSC-laden agarose hydrogel ( 106  hMSCs 

in 1% (w/v) agarose). Strikingly opaque caps were observed after roughly 14 d of culture. 

These caps were located at the end with a higher initial BMP-2 loading. The constructs were 

in 24-well plates. (B) Bright field microscopy images of a magnetically aligned gradient and a 

bilayer stack, both with hMSCs in agarose, captured immediately after gelation. The gradient 

material exhibits an even distribution of hMSCs throughout the construct, whereas a margin 

can be clearly observed between the two phases of a layered stack. The figure is reproduced 

from [93]. Scale bars = 1 mm. 

Gene levels

Alongside these macroscopic observations, the osteochondral tissue gradient constructs were 

characterised after 28 d of culture using gene expression analysis. For both ends of the 

construct, gene expression analysis using quantitative polymerase chain reaction (qPCR) 

revealed significant upregulation in the mRNA of both chondrogenic genes (COL2A1, SOX9, 

ACAN) and osteogenic genes (SP7, RUNX2, COL1A1, ALPL, COL10A1), compared to 

undifferentiated hMSCs at day 0 ( ). The observed upregulation indicated a positive 



140 

effecW Rf bRWh Whe Pedia-VXSSOePeQWed TGF-ȕ3 aQd Whe SPION-ORaded BMP-2.  

 

 
 

Figure 3.18 Gene expression analysis - comparison with expression on day 0 

GeQe e[SUeVViRQ aQal\ViV Rf eQgiQeeUed RVWeRchRQdUal WiVVXe. (A) ǻCW YalXeV fRU Whe bRQe 

UegiRQ (black), Whe caUWilage UegiRQ (gUe\) aQd a da\ 0 cRQWURl (Ued) fRU geQeV aVVRciaWed ZiWh 

caUWilage fRUmaWiRQ aQd (B) bRQe fRUmaWiRQ (meaQ � 95% cRQfideQce iQWeUYalV, N = 3, Q = 3 fRU 

28 d cRQVWUXcWV. N = 3, Q = 1 fRU da\ 0 cRQWURl; Whe COL2A1 geQe ZaV RQl\ deWecWed iQ RQe 

dRQRU RQ da\ 0 bXW ZaV deWecWed fRU all 28 d VamSleV). Welch¶V W-WeVW ZaV XVed. The VWaWiVWical 

aQal\ViV ZaV caUUied RXW ZiWh aVViVWaQce fURm DU. IVaac PeQce. The figXUe iV UeSURdXced fURm 

Li et al. [93]. 

 

MRUe iPSRUWaQWO\, a higheU e[SUeVViRQ Rf RVWeRgeQic geQeV iQ Whe bRQe UegiRQ cRPSaUed WR 

Whe caUWiOage UegiRQ ZeUe RbVeUYed (N = 3, Q = 3) (Figure 3.19 A). SigQificaQWO\ XS-UegXOaWed 

geQeV iQcOXded ALPL aQd COL10A1, Zhich aUe UeVSRQVibOe fRU Whe e[SUeVViRQ Rf aONaOiQe 

ShRVShaWaVe aQd W\Se X cROOageQ, UeVSecWiYeO\. IPSRUWaQWO\, Ze RbVeUYed QR VigQificaQW 

diffeUeQceV beWZeeQ Whe bRQe aQd caUWiOage eQdV Rf Whe cRQVWUXcW fRU aQ\ Rf Whe chRQdURgeQic 

geQeV VcUeeQed (Figure 3.19 B). TheVe geQe e[SUeVViRQ aQaO\VeV VWURQgO\ iQdicaWed WhaW Whe 

VROXbOe TGF-ȕ3 acWed gORbaOO\ acURVV Whe WiVVXe, ZhiOe Whe PagQeWicaOO\-aOigQed gUadieQW Rf 

BMP-2 iQfOXeQced Whe RVWeRgeQic diffeUeQWiaWiRQ Rf hMSCV iQ a VSaWiaOO\-defiQed PaQQeU. 
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Figure 3.19 Gene expression analysis - comparison between both ends 

(A) Gene expression of five osteogenic genes at the bone region of the tissue, compared to 

the cartilage region. Comparisons of differences were made using a one sample t-test after 

heteroscedasticity in the dataset was addressed. (B) The bRQe UegiRQ ZaV QRUmaliVed WR Whe 

caUWilage UegiRQ fRU WhUee caUWilage-aVVRciaWed geQeV, VhRZiQg QR VigQificaQW diffeUeQceV 

beWZeeQ Whe WZR UegiRQV. CRmSaUiVRQ Rf diffeUeQceV ZeUe made XViQg a ViQgle VamSle W-WeVW 

(mean � 95% confidence intervals, N = 3, n = 3) where S < 0.05 (*), S < 0.01 (**), S < 0.001 

(***). AfWeU QRUmaliViQg Whe geQe e[SUeVViRQ leYel aW Whe bRQe UegiRQ WR Whe e[SUeVViRQ leYel aW 

Whe caUWilage UegiRQ, RQe VamSle VWXdeQW W-WeVW ZaV XVed. The VWaWiVWical aQal\ViV ZaV caUUied 

RXW ZiWh aVViVWaQce fURm DU. IVaac PeQce. The figXUe iV UeSURdXced fURm Li et al. [93]. 

 

DLVWULbXWLRQ RI E[WUaceOOXOaU MaWUL[ 

The ECM aQd SURWeiQ e[SUeVViRQ ZeUe Qe[W iQYeVWigaWed XViQg AOciaQ BOXe VWaiQiQg fRU GAGV 

aQd iPPXQRfOXRUeVceQce VWaiQiQg fRU CROOageQ W\Se I, II, X, aQd OVWeRSRQWiQ. FiUVWO\, AOciaQ 

BOXe aQd iPPXQRfOXRUeVceQce VWaiQiQg fRU W\Se I aQd II cROOageQ UeYeaOed e[WeQViYe 

e[WUaceOOXOaU PaWUi[ deSRViWiRQ, ZiWh ceOOV ORcaWed iQ ZeOO-defiQed OacXQae (FigXUe 3.20). The 

SUeVeQce Rf WheVe cRPSRQeQWV ZaV e[SecWed ViQce gO\cRVaPiQRgO\caQV aQd W\Se II cROOageQ 

aUe Whe WZR PaMRU cRPSRQeQWV Rf Sh\ViRORgicaO h\aOiQe caUWiOage, ZhiOe W\Se I cROOageQ iV 

cRPPRQO\ e[SUeVVed iQ eQgiQeeUed caUWiOage cRQVWUXcWV, SaUWicXOaUO\ WhRVe gURZQ XViQg 

hMSCV [266]. IQWeUeVWiQgO\, aOWhRXgh WheUe aUe QR VSaWiaO diffeUeQceV RbVeUYed iQ Whe geQe 

e[SUeVViRQ Rf COL1A1 aQd COL2A1 (FigXUe 3.18), Whe iPPXQRVWaiQiQg aSSeaUed WR 

TXaOiWaWiYeO\ VhRZ a higheU TXaQWiW\ Rf bRWh W\Se I aQd W\Se II cROOageQ aW Whe caUWiOage eQd Rf 

Whe WiVVXe (FigXUe 3.20). The diVcUeSaQc\ beWZeeQ Whe PRNA aQd SURWeiQ OeYeOV caQ be 



attributed to the fact that gene expression and matrix remodelling are dynamic processes that 

are not always correlated in an end-point tissue analysis [267]. A more thorough investigation 

on downstream signaling pathways across 28 d culture periods using technique such as 

spatial transcriptomics could shed light on the spatial and temporal dynamics between mRNA 

expression and ECM production.

–

The ECM and protein expression were investigated using Alcian Blue staining (GAGs) and 

immunofluorescence staining (Collagen type I, and Collagen type II). 

well-defined lacunae

μ  The figure is 

reproduced from  [93].

Secondly, type X collagen was found predominantly at the region between the bone and 

cartilage regions, which indicated a zone of hypertrophic chondrocytes, as those found in the 

deep zone of natural cartilage tissue [268] (Figure A). Finally, osteopontin, a key marker 

of osteogenesis and biomineralisation, was present exclusively in the bone region of the tissue 

(Figure B). In summary, by histology staining and immunofluorescence staining, it is 

shown that the differences in gene expression could spatially influence matrix composition 



and structure in the tissue constructs.

–

The ECM and protein expression were investigated using immunofluorescence staining 

(Collagen type X, and Osteopontin). 

μ  

The figure is reproduced from  [93].

Mineral formation and mineral characterisation

Apart from the ECM distribution, the activity of various enzymes was also expected to be at 

different levels. Among all the enzymes, the alkaline phosphatase, which catalyses the 

hydrolysis of organic phosphates into inorganic phosphate ions during tissue mineralisation 

[269], was expected to be higher at the bone end of the construct. Accordingly, the spatially-

controlled osteogenic response was further corroborated using an alkaline phosphatase (ALP) 

activity assay. Indeed, after normalising the ALP activity with the amount of DNA within each 

sample, the assay revealed a 2.8-fold ALP activity in the bone region compared to the cartilage 

region (Figure ).



Figure 

(A) Alkaline phosphatase measurements showing a significantly higher activity at the bone 

region, compared to the cartilage region. Comparisons of differences were made using a one 

sample t-test after heteroscedasticity in the dataset was addressed (mean ± 95% confidence 

intervals, N = 3, n = 3). After normalising the level of ALP activity at the bone region to the 

activity at the cartilage region, one sample student t-test was used. p < 0.001 (***).

This result suggested that the mineral deposition should predominately concentrate on the 

bone-end of the construct. To this sense, Alizarin Red S staining was used to assess the 

mineral distribution, and the staining revealed that the bone region was comprised of dense 

calcium-rich nodules (Figure ).

Figure 



μ The figure is reproduced from 

[93].

To further investigate the  of the mineral species, Raman microscopy was used. 

Using the Raman microscopy, the presence of two distinct calcium phosphate morphologies: 

hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP) in the mineral cap were identified 

using the reference spectra derived from the mineral standards (Figure A). HAP is a non-

degradable and mechanically-robust mineral, while β-TCP is a bioresorbable salt with 

osteoinductive degradation products. Importantly, the presence of both morphologies is 

desirable during bone formation [270, 271]. Moreover, in both the Alizarin Red S staining and 

the Raman mapping, negligible calcium phosphate could be detected in the cartilage region. 

Indeed, by integrating the Raman contributions from β-TCP and HAP, a sharp transition in 

mineral content from bone to cartilage was able to be detected (Figure B). Importantly, 

this observation was consistent with both the osteopontin immunofluorescence staining and 

the macroscopic images of the engineered tissue. 

Figure 

β

μ
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field microscopy image for reference. The total mineral signal cRUUeVSRQded WR Whe iQWegUaWed 

VigQal fURm HAP (v1 PO4 aW 962 cm-1) aQd ȕíTCP (v1 HPO42- aW 948 cm-1). The VigQalV ZeUe 

RffVeW WR aYRid RYeUlaSSiQg. Scale bars = 500 ȝm. The RamaQ SSecWURVcRS\ ZaV cRQdXcWed 

b\ DU. IVaac PeQce. The figXUe iV UeSURdXced fURm Li et al. [93]. 

 

MecKaQLcaO SURSeUWLeV 

FiQaOO\, Whe PechaQicaO SURSeUWieV Rf Whe RVWeRchRQdUaO cRQVWUXcWV ZeUe aVVeVVed XViQg 

XQcRQfiQed cRPSUeVViRQ (N = 3, Q = 3). ReSUeVeQWaWiYe SORWV fRU Whe PechaQicaO WeVWiQg aUe 

VhRZQ iQ FigXUe 3.25 A. 5% VWUaiQ iQcUePeQWV ZeUe aSSOied WR each VaPSOe fRU 12 VWeSV. The 

UeacWiRQ fRUce aQd diVSOacePeQW ZeUe PeaVXUed. The SeaN VWUeVV YaOXeV fRU each 

cRPSUeVViRQ VWeS ZeUe WheQ XVed WR SORW iQVWaQWaQeRXV VWUeVV YeUVXV VWUaiQ. A biOiQeaU PRdeO 

ZaV fiW WR Whe daWa WR deUiYe Whe iQVWaQWaQeRXV PRdXOXV (FigXUe 3.25 B). OQO\ Whe YaOXeV iQ Whe 

ORZ-VWUaiQ UegiRQ, i.e., beORZ Whe OiQeaU fiW WUaQViWiRQ, aUe UeSRUWed ViQce eQgiQeeUiQg VWUeVV 

UaWheU WhaQ WUXe VWUeVV ZaV PeaVXUed. B\ aVVeVViQg RQO\ Whe ORZ-VWUaiQ UegiRQ, aUWefacWV fURP 

VaPSOe RYeUORad aW Whe high-VWUaiQ UegiRQ ZRXOd QRW biaV Whe daWa. The iQVWaQWaQeRXV VWUeVV-

VWUaiQ UeVSRQVe Rf Whe bRQe aQd caUWiOage UegiRQV UeYeaOed a higheU 1.9-fROd iQVWaQWaQeRXV 

PRdXOXV aW Whe bRQe eQd cRPSaUed WR WhaW Rf Whe caUWiOage eQd Rf Whe cRQVWUXcW. ThiV 

RbVeUYaWiRQ cRXOd be aWWUibXWed WR diffeUeQceV iQ PaWUi[ cRPSRViWiRQ, VXch aV Whe SUeVeQce Rf 

PiQeUaOV iQ Whe bRQe UegiRQ [272]. HRZeYeU, WhiV diffeUeQce iQ VWiffQeVV ZaV QRW VigQificaQW, aQd 

Whe higheU PRdXOXV ZaV RQO\ fRXQd iQ RQe RXW Rf WhUee biRORgicaO UeSOicaWeV (FigXUe 3.25 C).  
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FLJXUe 3.25 Mechanical properties difference between two ends of the engineered 

constructs 

(A) Unconfined compression testing was performed using the engineered osteochondral 

tissue, with 12 steps of 5% strain increments. The reaction force (black trace, x-axis) and 

displacement (blue trace, y-axis) were measured. (B) The peak stress of each compression 

cycle was used to plot instantaneous stress versus strain for the bone end (black square 

markers) and the cartilage end (red triangle markers). A bilinear model was then fit to the data. 

The instantaneous modulus was calculated as the slope of the linear regression prior to the 

transition point. (C) The instantaneous modulus calculated in (B) were used for pairwise 

comparisons between tissue constructs engineered from three different hMSC donors 

(denoted by red, black and blue markers). Comparisons of differences were made using a one 

sample t-test after heteroscedasticity in the dataset was addressed (mean � 95% confidence 

intervals, N = 3, n = 3) where p < 0.05 (*). The mechanical property measurements were 

assisted by Dr. Jennfier Puetzer and Dr. Worrapong Kit-Anan. The data analyses were 

conducted with the assistance from Dr. Axel Moore. The figXUe iV UeSURdXced fURm Li et al. 

[93]. 



3.3.8 Uptake of glycosylated SPIONs

As a system utilising inorganic nanoparticles, the uptake of glycosylated SPIONs was 

assessed. To this end, transmission electron microscopy (TEM) was used to investigate the 

distribution of SPIONs within the construct. Hydrogels embedded with hMSCs and 

glycosylated SPIONs were collected after 10 d of the tissue engineering culture. After fixing 

the constructs with glutaraldehyde and osmium tetroxide, samples were embedded within 

resin for ultramicrotome sectioning and 85 nm sections were used for TEM. Cells within 

agarose hydrogel have a rounded morphology without protrusions required for cell movement. 

Nevertheless, SPIONs were found within encapsulated cells, which raises the concern for in 

vivo applications. Investigation on nanoparticles metabolism is essential for further 

translational studies.
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3.4 CRQFOXVLRQV DQG FXWXUH PHUVSHFWLYH 
 

CRQcOXVLRQV 

TheUe aUe feZ gUadieQW-caVWiQg VWUaWegieV WhaW haYe beeQ e[SORiWed WR cUeaWe heWeURgeQeRXV 

WiVVXe. SWUaWegieV VXch aV cRPbiQg VeSaUaWe biRPaWeUiaOV Oa\eUV b\ VXWXUe RU VROYeQW haYe 

beeQ aSSOied iQ cOiQicaO aSSOicaWiRQV [57, 109], hRZeYeU, diVcRQWiQXiWieV aW Whe iQWeUface aUe 

fRXQd iQ WheVe ViPSOe biOa\eU VcaffROdV, PaNiQg WheP highO\ VXVceSWibOe WR deOaPiQaWiRQ [79]. 

WhiOe VPRRWheU WUaQViWiRQV caQ be achieYed XViQg VWUaWegieV VXch aV a gUadieQW PaNeU, Whe 

fabUicaWiRQ SURceVV iV XVXaOO\ VORZ aQd cRPSOicaWed. AV VXPPaUiVed iQ VecWiRQ 1.4, aQ ideaO 

PeWhRd fRU gUadieQW caVWiQg VhRXOd be UaSid, YeUVaWiOe aQd dReVQ¶W UeTXiUe aQ\ VSeciaO 

eTXiSPeQW. 

 

IQ WhiV chaSWeU, iW ZaV dePRQVWUaWed WhaW a UeadiO\ aYaiOabOe VWURQg PagQeW caQ cUeaWe SPIONV 

gUadieQWV ZiWh RQO\ a feZ OiPiWaWiRQV VXch aV Vi]e Rf SPIONV, Whe YiVcRViW\ Rf VXbVWUaWe, aQd 

VXiWabOe h\dURgeO VeOecWiRQ. B\ WaiORUiQg VXUface chePiVWU\ Rf SPIONV, Whe SURSRVed SOaWfRUP 

VhRXOd aOORZ Whe fRUPaWiRQ Rf biRORgicaO caUgR gUadieQWV, Zhich aUe QeceVVaU\ fRU 

heWeURgeQeRXV WiVVXe eQgiQeeUiQg aSSOicaWiRQV. SSecificaOO\, RVWeRchRQdUaO WiVVXe ZaV 

eQgiQeeUed, dePRQVWUaWiQg WhaW Whe aSSURach cRXOd be XVed WR UeVROYe Whe cRPSOe[ aQd 

cOiQicaOO\-UeOeYaQW chaOOeQge. TR eQgiQeeU aQ RVWeRchRQdUaO WiVVXe fURP PeVeQch\PaO VWeP 

ceOOV, bRWh RVWeRgeQic aQd chRQdURgeQic gURZWh facWRUV aUe UeTXiUed [273]. AOWhRXgh WheVe 

VigQaOOiQg PROecXOeV cRXOd WUiggeU Whe diffeUeQWiaWiRQ SURceVV, Whe\ caQQRW, hRZeYeU, SURYide 

Whe QeceVVaU\ VSaWiaO iQfRUPaWiRQ WR eQgiQeeU a heWeURgeQeRXV WiVVXe. TR adaSW Whe V\VWeP fRU 

aQ RVWeRchRQdUaO WiVVXe eQgiQeeUiQg aSSOicaWiRQ, SPIONV ZeUe PRdified ZiWh heSaUiQ WR 

VeTXeVWeU BMP-2 aQd cUeaWe Whe BMP-2 gUadieQW ZiWhiQ ceOO-OadeQ h\dURgeOV. AfWeU aOO Whe 

QeceVVaU\ RSWiPiVaWiRQ, Whe fiQaO V\VWeP ZaV abOe WR VXSSRUW bRWh RVWeRgeQic aQd 

chRQdURgeQic diffeUeQWiaWiRQ. Moreover, the proposed fabrication strategy can create the BMP-

2 distribution in a gradient manner, which more resembles growth factor distribution in nature. 

 

The WiVVXe eQgiQeeUiQg UeVXOWV dePRQVWUaWe WhaW BMP-2 VigQaOOiQg gUadieQWV caQ VSaWiaOO\ 

iQfOXeQce RVWeRgeQic geQe e[SUeVViRQ WR geQeUaWe URbXVW RVWeRchRQdUaO cRQVWUXcWV e[hibiWiQg 

bRWh ORZ-VWiffQeVV caUWiOage aQd higheU VWiffQeVV PiQeUaOiVed bRQe. MRUeRYeU, hiVWRORg\, 
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iPPXQRfOXRUeVceQce VWaiQiQg aQd RaPaQ PicURVcRS\ SURYide a deWaiOed SicWXUe Rf Whe 

eQgiQeeUed RVWeRchRQdUaO WiVVXe. IQ SaUWicXOaU, WhUee PaMRU ]RQeV caQ be defiQed; a 

PiQeUaOiVed bRQe UegiRQ WhaW VhaUSO\ VZiWcheV iQWR aQ iQWeUPediaWe UegiRQ Rf h\SeUWURShic 

chRQdURc\WeV, Zhich WheQ VPRRWhO\ WUaQViWiRQV iQWR a cROOageQ-Uich caUWiOage UegiRQ. 

 

OYeUaOO, Whe UeVeaUch SURYideV a UaWheU YeUVaWiOe aQd UaSid fabUicaWiRQ VWUaWeg\ WhaW caQ be 

aSSOied WR a Zide UaQge Rf h\dURgeO V\VWePV. B\ PRdif\iQg Whe VXUface chePiVWU\ Rf Whe 

QaQRSaUWicOeV, PRUShRgeQ gUadieQWV caQ be fRUPed, aQd heWeURgeQeRXV WiVVXe caQ be 

eQgiQeeUed. TaNeQ WRgeWheU, WhiV SURSRVed SOaWfRUP VhRXOd RffeU QeZ RSSRUWXQiWieV fRU a UaQge 

Rf iQWeUfaciaO WiVVXe eQgiQeeUiQg chaOOeQgeV.  

 

FXWXUe PeUVSecWLYe 

 

A. PRVVible imSURYemeQWV fRU Whe V\VWem 

WhiOe UeVXOWV fURP WhiV chaSWeU dePRQVWUaWe WhaW Whe SURSRVed WechQRORg\ iV a SURPiViQg 

SOaWfRUP fRU geQeUaWiQg heWeURgeQeRXV RVWeRchRQdUaO cRQVWUXcWV. TheUe aUe a feZ 

iPSURYePeQWV cRXOd be Pade WR eQgiQeeU cRQVWUXcWV ZiWh PRUe URbXVW SURSeUWieV. FiUVW Rf aOO, 

a PRUe biRacWiYe h\dURgeO PaWeUiaO cRXOd be XVed iQ Whe V\VWeP. WhiOe Whe UaWheU biR-iQeUW 

agaURVe h\dURgeO ZaV XVed iQ Whe VWXd\, RWheU h\dURgeO V\VWePV VXch aV PeWhacU\OaWed 

geOaWiQ RU PeWhacU\OaWed h\aOXURQic acid cRXOd SURYide biRacWiYe cXeV fRU ceOO adheViRQ aQd 

diffeUeQWiaWiRQ [274, 275]. AccRUdiQgO\, Whe diffeUeQWiaWiRQ RXWcRPe Rf hMSCV iQ WheVe h\dURgeO 

PaWeUiaOV cRXOd be WeVWed.  

 

SecRQdO\, Whe PechaQicaO SURSeUW\ Rf Whe cRQVWUXcWV cRXOd be iPSURYed. CXUUeQWO\, iQ YiWUR 

fabUicaWed cRQVWUXcWV dRQ'W SRVVeVV Whe PechaQicaO SURSeUWieV Rf QaWXUaO caUWiOage. TR SURdXce 

cRQVWUXcWV WhaW aUe PRUe URbXVW, a ORQgeU iQ YiWUR cXOWXUe SURWRcRO cRXOd be WeVWed. AOWeUQaWiYeO\, 

iW iV aOVR SRVVibOe WR iQfiOWUaWe Whe gUadieQW h\dURgeOV ZiWh a VecRQd SRO\PeU QeWZRUN WR cUeaWe 

a dRXbOe QeWZRUN h\dURgeO XViQg Whe cXUUeQW VeW-XS [276]. WiWh WheVe aSSURacheV, Whe 

diffeUeQce iQ PechaQicaO SURSeUWieV beWZeeQ Whe bRQe eQd aQd caUWiOage eQd Rf Whe cRQVWUXcWV 

afWeU Whe eQgiQeeUiQg SURceVV caQ aOVR be iQYeVWigaWed.  

FiQaOO\, Whe V\VWeP cRXOd fXUWheU be iPSURYed b\ addiQg aQRWheU gUadieQW WR fRUP a dXaO 
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gUadieQW V\VWeP. FRU e[aPSOe, iQ Whe cXUUeQW deVigQ, TGF-ȕ ZaV VXSSOePeQWed iQ Whe 

RVWeRchRQdUaO PediXP dXUiQg Whe cRXUVe Rf iQ YiWUR eQgiQeeUiQg. HRZeYeU, iW iV SRVVibOe WR 

iQcRUSRUaWe TGF-ȕ ZheQ Whe cRQVWUXcWV aUe caVW. TR achieYe WhiV, aQRWheU QaQRSaUWicOe caUUieU 

fRU TGF-ȕ RU a VXbVWUaWe PRdified ZiWh TGF-ȕ caQ be XVed [277, 278]. IdeaOO\, Whe ORadiQg 

aSSURach VhRXOd aOVR VXSSRUW a VXVWaiQed UeOeaVe SURfiOe Rf TGF-ȕ.  

 

B. SWXd\ iQ feUURflXid mRYemeQW 

Although the research has demonstrated the capability of SPIONs gradients in future tissue 

engineering applications, the gradient formation mechanism of the initially two-phase system 

is still elusive. A magnetic-fluid simulation could propose a better hypothesis for gradient 

formation and could better predict the gradient pattern under different parameters. For 

instance, the gradient pattern generated from different sizes of SPIONs, magnetic field 

strength and the viscosity of hydrogel precursor. 

 

C. BiRlRgical effecWV Rf SPIONV 

IQ Whe SURSRVed VeW-XS, iQiWiaOO\ eQcaSVXOaWed gO\cRV\OaWed SPIONV ZeUe fRXQd ZiWhiQ Whe ceOOV 

XViQg Whe XOWUaPicURWRPe aQd TEM. Although the use of magnetic field gradient and SPIONs 

enable the gradient formation in several hydrogels and cargo gradients, the main concern of 

the present study is the use of metallic nanoparticles. SeYeUaO reports have suggested that 

SPIONs could have effect in altering the cell's viability and differentiation fates [230, 232, 245, 

247], therefore fRU aQ\ fXUWheU cOiQicaO aSSOicaWiRQ, Whe SUeVeQce Rf gO\cRV\OaWed SPIONV iQ Whe 

V\VWeP, aQd Whe effecW Rf gO\cRV\OaWed SPIONV iQ YiYR VhRXOd be WeVWed. 

 

D. ASSlicable alWeUQaWiYe VigQalV fRU Whe SURSRVed V\VWem 

IQ WhiV chaSWeU, Whe SOaWfRUP ZaV XVed WR VeTXeVWeU a caWiRQic SURWeiQ, hRZeYeU, Whe SOaWfRUP 

VhRXOd aOVR VXSSRUW Whe fRUPaWiRQ Rf RWheU caUgR gUadieQWV. WiWh aSSURSUiaWe PRdificaWiRQ RQ 

VXUface chePiVWU\ Rf SPIONV, Sh\VicaO adVRUSWiRQ RU chePicaO cRQMXgaWiRQ cRXOd be XVed WR 

ORad a Zide VSecWUXP Rf caUgRV iQcOXdiQg SeSWideV, VPaOO PROecXOeV ZiWh chaUgeV, QXcOeRWideV, 

aQd gURZWh facWRUV. TheVe caUgR gUadieQWV caQ WheQ ePXOaWe Whe gUadieQW RbVeUYed dXUiQg Whe 

deYeORSPeQW SURceVV iQ YiYR. FRU iQVWaQce, XViQg Whe gO\cRV\OaWed SPIONV, beVideV gURZWh 
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facWRU, c\WRNiQe gUadieQW caQ aOVR be VeTXeVWeUed aQd SaWWeUQed. ThiV cRXOd be XVed iQ 

UeVeaUch UegaUdiQg ceOO PigUaWiRQ, VXch aV Whe cOaVVic ceOO hRPiQg gRYeUQed b\ Whe SDF-1Į, 

Zhich aOVR SRVVeVVeV GAGV biQdiQg affiQiW\ [279-281]. BeVideV SURWeiQV caUU\iQg SRViWiYe 

chaUge, caUgR ZiWh QegaWiYe chaUge iQcOXdiQg gURZWh facWRUV RU QXcOeRWideV VXch aV VPaOO 

iQWeUfeUiQg RNA (ViRNA) cRXOd aOVR be bRXQd ZheQ a SRViWiYe cRURQa iV cUeaWed RQ Whe SPIONV 

VXUface. IQ addiWiRQ WR VPaOO PROecXOeV, biRORgicaO QaQRSaUWicOeV cRXOd aOVR be ORaded XViQg 

Whe V\VWeP. FRU iQVWaQce, e[WUaceOOXOaU YeVicOe (EVV), Zhich aUe ceOO VecUeWed OiSid PePbUaQe 

YeVicOeV cRQWaiQiQg ceOO UegXOaWiQg fXQcWiRQ, cRXOd be XVed. IQ a UeceQW VWXd\, Whe biQdiQg affiQiW\ 

beWZeeQ heSaUiQ aQd EVV ZaV dePRQVWUaWed [282]. ThiV VXggeVWV WhaW Whe gO\cRV\OaWed 

SPIONV cRXOd SURYide a SOaWfRUP fRU EVV gUadieQW decRUaWiRQ.  

 

MRUeRYeU, iW ZRXOd aOVR be SRVVibOe WR iQYeVWigaWe if Whe VXgaU PRdified RQ SPIONV cRXOd iWVeOf 

be a biRacWiYe VigQaO. IQ a UeceQW VWXd\, hXPaQ aUWicXOaU chRQdURc\WeV ZeUe VWXdied WR YeUif\ 

Whe iQfOXeQce Rf caUWiOage ]RQe VSecific ECM iQ bRWh 2D aQd 3D eQYiURQPeQW. WheQ 

chRQdURc\WeV ZeUe diUecWO\ e[SRVed WR h\aOXURQic acid iQ 3D aOgiQaWe cXOWXUe, Whe QeRcaUWiOage 

fRUPaWiRQ ZaV effecWiYeO\ iQdXced ZiWh iQcUeaVed SURdXcWiRQ Rf cROOageQ W\Se II aQd aggUecaQ 

[283]. BeVideV h\aOXURQic acid, RWheU NiQdV Rf GAGV VXch aV heSaUiQ ZeUe aOVR iQYeVWigaWed 

fRU WheiU diffeUeQWiaWiRQ effecW. ReceQWO\, Whe effecW Rf heSaUiQ RQ hMSCV ZaV dePRQVWUaWed WR 

eQhaQce RVWeRgeQic geQe VXch aV BMP-4 aQd ALP eQ]\Pe acWiYiW\ aV ZeOO aV PiQeUaOiVaWiRQ 

iQ YiWUR [284]. HeSaUaQ VXOShaWe SURWeRgO\caQV (HSPGV) aUe aQRWheU cUXciaO cRPSRQeQW iQ 

ECM. HeSaUaQ VXOShaWe UegXOaWeV Ne\ deYeORSPeQWaO VigQaOOiQg SaWhZa\V, VXch aV Whe WQW, 

HedgehRg, WUaQVfRUPiQg gURZWh facWRU-ȕ, aQd fibURbOaVW gURZWh facWRU SaWhZa\V [285]. EiWheU 

acWiYeO\ VecUeWed (SeUOecaQ, agUiQ) RU cOeaYed fURP Whe ceOO VXUface (V\QdecaQV aQd gO\SicaQV), 

Whe HSPGV biQdV WR a Zide YaUieW\ Rf SURWeiQV b\ SURWeiQ-SURWeiQ iQWeUacWiRQ, aQd b\ 

eOecWURVWaWic iQWeUacWiRQ ZiWh QegaWiYeO\ chaUged haSaUaQ VXOShaWe (HS) chaiQV, Zhich 

cRYaOeQWO\ cRXSOe WR Whe cRUe SURWeiQ [286]. HS YaUiaQWV SRVVeVV XQiTXe dRPaiQ VWUXcWXUeV WhaW 

WaUgeW VSecific SURWeiQ-OigaQd iQWeUacWiRQV aQd cRQWURO Whe SheQRW\Se Rf hMSCV. B\ cUeaWiQg a 

gUadieQW Rf WheVe SaUWicXOaU GAGV, Whe biRacWiYe iQdXcWiYe fXQcWiRQ caQ be e[SORiWed, aQd 

heWeURgeQeRXV cRQVWUXcWV caQ be fabUicaWed.  
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CKDSWHU I9: BXR\DQF\-GULYHQ GUDGLHQW FDEULFDWLRQ 
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Abstract 
 

IQ Whe SUeYiRXV chaSWeU, a gUadieQW fabUicaWiRQ SOaWfRUP XWiOiViQg gO\cRV\OaWed SPIONV aQd 

PagQeWic fieOd ZaV deYeORSed aQd aSSOied iQ Whe cRQWe[W Rf WiVVXe eQgiQeeUiQg. AOWhRXgh Whe 

gO\cRV\OaWed SPIONV cRXOd efficieQWO\ VeTXeVWeU Whe biRacWiYe caUgR Rf iQWeUeVW (BMP-2), Whe 

ceOO XSWaNe Rf gO\cRV\OaWed SPIONV iV a SRWeQWiaO cRQceUQ fRU Whe fXWXUe WUaQVOaWiRQaO 

aSSOicaWiRQV. MRUeRYeU, Whe V\VWeP cRXOd RQO\ geQeUaWe QaQRSaUWicOe aQd biRchePicaO 

gUadieQWV. The cRQWUROOed fabUicaWiRQ Rf gUadieQW PaWeUiaOV iV becRPiQg iQcUeaViQgO\ iPSRUWaQW 

aV Whe Qe[W geQeUaWiRQ Rf WiVVXe eQgiQeeUiQg VeeNV WR SURdXce heWeURgeQeRXV cRQVWUXcWV ZiWh 

Sh\ViRORgicaO cRPSOe[iW\. The cXUUeQW VWUaWegieV fRU fabUicaWiQg gUadieQW PaWeUiaOV UeTXiUe 

highO\ VSeciaOiVed PaWeUiaOV RU eTXiSPeQW. A PRUe geQeUaOiVed aSSURach iV Qeeded, Zhich caQ 

be aSSOied WR Whe Zide UaQge Rf diffeUeQW PaWeUiaO V\VWePV iQ WiVVXe eQgiQeeUiQg.  

 

IQ WhiV chaSWeU, Whe Sh\VicaO SUiQciSOe Rf bXR\aQc\ ZiOO be XVed iQ gUadieQW fabUicaWiRQ. IQ Whe 

fiUVW SaUW Rf WhiV chaSWeU, bXR\aQc\ fRUce ZiOO be XVed WR cUeaWe gUadieQW PaWeUiaOV beaUiQg ZeOO-

defiQed cRPSRViWiRQaO, PechaQicaO RU biRchePicaO gUadieQWV. AV ZeOO aV YeUVaWiOiW\, Whe 

bXR\aQc\-dUiYeQ gUadieQW aSSURach iV aOVR UaSid (< 1 PiQ) aQd faciOe (a ViQgOe iQMecWiRQ).I ZiOO 

dePRQVWUaWe gUadieQW fRUPaWiRQ acURVV a UaQge Rf diffeUeQW PaWeUiaOV (e.g., SRO\PeUV, 

h\dURgeOV) aQd caUgRV (e.g., OiSRVRPeV, iQRUgaQic QaQRSaUWicOeV, e[WUaceOOXOaU YeVicOeV, aQd 

PacURPROecXOeV).  

 

IQ Whe VecRQd SaUW Rf WhiV chaSWeU, Whe QRYeO bXR\aQc\-dUiYeQ gUadieQW caVWiQg SOaWfRUP ZiOO be 

aSSOied WR RVWeRchRQdUaO WiVVXe eQgiQeeUiQg. B\ cUeaWiQg BMP-2 gUadieQWV acURVV a geOaWiQ 

PeWhacU\OR\O h\dURgeO OadeQ ZiWh hMSCV, Whe decRUaWed BMP-2 ZaV abOe WR ORcaOO\ VWiPXOaWe 

RVWeRgeQeViV aQd PiQeUaOiVaWiRQ WR SURdXce iQWegUaWed RVWeRchRQdUaO WiVVXe cRQVWUXcWV. The 

YeUVaWiOiW\ aQd acceVVibiOiW\ Rf WhiV fabUicaWiRQ SOaWfRUP VhRXOd eQabOe Whe SOaWfRUP WR be aSSOied 

WR RWheU gUadieQW PaWeUiaOV RU iQ eQgiQeeUiQg RWheU iQWeUfaciaO WiVVXeV. 
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4.1 IQWURGXFWLRQ DQG OEMHFWLYHV 

 

4.1.1 8VLQJ PK\VLFDO FRUFH LQ GUDGLHQW FDEULFDWLRQ 

GUadieQW iQfRUPaWiRQ caQ be eQcRded ZiWhiQ gUadieQW cRQVWUXcWV XViQg aSSURacheV VXch aV a 

PXOWi-chaQQeO PicURfOXidic-baVed gUadieQW PaNeU RU a 3D biR-SUiQWeU. HRZeYeU, WheVe 

aSSURacheV RfWeQ UeTXiUe cXVWRPiVed aSSaUaWXV aQd aUe XVXaOO\ UeVWUicWed WR ceUWaiQ PaWeUiaO 

SURSeUWieV becaXVe Rf Whe WechQRORg\ XVed. FRU iQVWaQce, "SUiQWabiOiW\", Zhich iV deWeUPiQed b\ 

SaUaPeWeUV VXch aV Whe YiVcRViW\ aQd geOaWiRQ NiQeWicV Rf a PaWeUiaO, iV cUXciaO fRU a VXcceVVfXO 

3D SUiQWiQg aSSOicaWiRQ. OWheU aSSURacheV VXch aV ShRWRSaWWeUQiQg haYe aOVR beeQ XVed WR 

geQeUaWe gUadieQWV. HRZeYeU, WhiV VRUW Rf UePRWe fieOd VWUaWeg\ aOVR UeTXiUeV a PaWeUiaO WR be 

ShRWRUeVSRQViYe, i.e., WR RQO\ XQdeUgR bRQd cOeaYage, UeaUUaQgePeQW RU fRUPaWiRQ XSRQ UV 

OighW e[SRVXUe [89]. 

 

As introduced in section 1.4 (Engineering Gradients), gradient casting strategies based on 

different physical or thermodynamic principles usually don't require a specialised device and 

can be more universally applied across different materials. For instance, the phenomenon of 

diffusion, a thermodynamically favourable process, has been used to create protein gradients 

within 3D-printed microporous scaffolds [76]. Aside from diffusion, centrifugal force has been 

used to create polymer fibril gradients within a supporting hydrogel [86], while temperature 

gradients have also been used to create constructs with stiffness gradients [287]. In addition, 

principles of fluid dynamics, such as the convection between two fluid substrates, has been 

used to create colloidal particle gradients [82]. 

 

TR deVigQ a PRUe YeUVaWiOe aQd geQeUaOiVed gUadieQW caVWiQg SOaWfRUP, iW ZaV h\SRWheVi]ed WhaW 

Sh\VicaO fRUceV WhaW caQ be geQeUaOO\ aSSOied WR diffeUeQW PaWeUiaOV caQ be XVed. ThiV cRQceSW 

ZaV fiUVW dePRQVWUaWed iQ Whe SUeYiRXV chaSWeU: a UePRWe Sh\VicaO fRUce, PagQeWic fRUce, ZaV 

XVed WR VXSSRUW Whe fRUPaWiRQ Rf Whe SPIONV gUadieQWV. WhiOe Whe SPIONV-aVViVWed gUadieQW 

fabUicaWiRQ SOaWfRUP fXOfiOOV VeYeUaO cUiWeUia VWaWed iQ 1.4 (e.g., UaSid fabUicaWiRQ, ZiWhRXW Whe Qeed 

Rf VSeciaO aSSaUaWXV, aSSOicabOe fRU diffeUeQW PaWeUiaOV) aQd haV VhRZQ iWV SRWeQWiaO iQ 

RVWeRchRQdUaO WiVVXe eQgiQeeUiQg, iW VWiOO VXffeUV fURP a feZ diVadYaQWageV. FRU iQVWaQce, ViQce 

Whe V\VWeP UeTXiUeV SPIONV WR acW aV SURWeiQ caUUieUV, PRdificaWiRQ Rf Whe VXUface chePiVWU\ 
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Rf SPIONV iV UeTXiUed. MRUeRYeU, aV a ceOO-OadeQ h\dURgeO V\VWeP, Whe XSWaNe Rf SPIONV 

UaiVeV RWheU SRWeQWiaO cRQceUQV VXch aV c\WRWR[iciW\ aQd DNA daPage. WiWh WheVe 

diVadYaQWageV aQd UeVWUicWiRQV, in this chapter, an alternative physical principle, buoyancy 

force, was sought to controllably fabricate gradients in different materials. As QaQRSaUWicOe 

caUUieUV VXch aV SPIONV aUe QRW UeTXiUed iQ Whe V\VWeP, iW VhRXOd be PRUe faYRXUabOe fRU 

fXUWheU WUaQVOaWiRQaO aSSOicaWiRQV. 

 

4.1.2 BXR\DQF\ DQG GUDGLHQW CDVWLQJ 

BXR\aQc\ fRUce iV aQ XSZaUd fRUce geQeUaWed ZheQ PaWeUiaOV aUe iPPeUVed iQ a deQVeU fOXid 

ShaVe [288]. BXR\aQc\ iV eYeU\ZheUe iQ RXU daiO\ Oife, fRU iQVWaQce, iW VXSSRUWV Whe fRUPaWiRQ 

Rf PiON gUadieQW ZiWhiQ a gOaVV Rf cRffee [289]. IQ Whe cRQWe[W Rf biRPedicaO UeVeaUch, bXR\aQc\ 

fRUce iV aOVR cRPPRQO\ aSSOied. FRU iQVWaQce, iQ RUdeU WR VeSaUaWe ceOOV RU RUgaQeOOeV, 

bXR\aQc\ fRUce iV XVed WR VWabiOiVe Whe fRUPaWiRQ Rf VXcURVe gUadieQWV [290, 291]. UQdeU Whe 

VaPe UaWiRQaOe, bXR\aQc\ fRUce haV aOVR beeQ aSSOied WR QaQRSaUWicOe VeSaUaWiRQ XViQg 

deQViW\-gUaded RUgaQic VROYeQWV [292]. 

 

IQ Whe cRQWe[W Rf gUadieQWV iQ eQgiQeeUiQg, hRZeYeU, WheUe aUe RQO\ OiPiWed e[aPSOeV iQ Zhich 

bXR\aQc\ haV beeQ XVed WR fabUicaWe gUadieQW PaWeUiaOV. FRU e[aPSOe, PaUaPeVZaUaQ aQd 

ShXNOa deVcUibed a V\VWeP iQ Zhich ceQRVSheUeV (hROORZ ViOica-aOXPiQa PicURSaUWicOeV) ZeUe 

aOORZed WR UiVe WR Whe WRS Rf SRO\eVWeU UeViQ aQd WheQ iPPRbiOi]ed iQ a VROid PaWUi[ XViQg a 48 

h cXUiQg SURceVV. ThiV \ieOded a SRO\PeUic PaWeUiaO ZiWh a gUaded YROXPe fUacWiRQ Rf 

ceQRVSheUeV, aQd a cRUUeVSRQdiQg gUadieQW Rf cRPSUeVViYe aQd WeQViOe SURSeUWieV [293]. 

SiPiOaUO\, BeaOV aQd ThRPSVRQ VhRZed WhaW a gaV iQMecWed iQWR a PROWeQ aOXPiQiXP aOOR\ cRXOd 

be diVSeUVed iQWR VPaOO SaUWicXOaWe-VWabiOiVed bXbbOeV XSRQ Pi[iQg. TheVe bXbbOeV fRUPed a 

OiTXid fRaP aW Whe WRS Rf Whe PeOW, Zhich ZaV VXbVeTXeQWO\ cRROed WR fRUP a PeWaOOic VWUXcWXUe 

ZiWh a SRURViW\ gUadieQW [294]. The abRYe-PeQWiRQed e[aPSOeV aUe highO\-VSecific ZiWh a fRcXV 

RQ haUd PaWeUiaOV fRU iQdXVWUiaO aSSOicaWiRQV. TR Whe beVW Rf RXU NQRZOedge, WheUe haV beeQ QR 

UeSRUW Rf aQ\ YeUVaWiOe PeWhRdRORg\ XViQg bXR\aQc\ iQ gUadieQW PaWeUiaO fabUicaWiRQ, QRU aQ\ 

e[aPSOeV iQ Zhich bXR\aQc\-dUiYeQ gUadieQWV haYe beeQ aSSOied WR Whe fieOd Rf cRPSOe[ WiVVXe 

eQgiQeeUiQg. 
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4.1.3 RHVHDUFK SFKHPH I: A SODWIRUP IRU FDVWLQJ JUDGLHQWV 

IQ WhiV chaSWeU, Whe aSSOicaWiRQ Rf a bXR\aQc\ fRUce-baVed SaWWeUQiQg V\VWeP fRU gUadieQW 

fabUicaWiRQ aQd WiVVXe eQgiQeeUiQg aSSOicaWiRQV ZiOO be iQYeVWigaWed. IW iV h\SRWheViVed WhaW 

diffeUeQW gUadieQW SaWWeUQV caQ be fabUicaWed b\ cRQWUROOiQg VRO-geO WUaQViWiRQ Rf a h\dURgeO, i.e., 

fRUPiQg Whe gUadieQW aW WheiU OiTXid VWaWe aQd WUiggeU Whe geOaWiRQ WR SUeVeUYe gUadieQW. IQ 

addiWiRQ, aV ORQg aV VXbVWUaWeV SRVVeVViQg a diffeUeQW deQViW\, Whe SURSRVed aSSURach VhRXOd 

VXSSRUW Whe fRUPaWiRQ Rf gUadieQWV. 

 

IQ RUdeU WR UaSidO\ caVW diffeUeQW PaWeUiaO gUadieQWV, iQ WhiV chaSWeU, a cRQWUROOed WZR-cRPSRQeQW 

Pi[iQg V\VWeP fRU gUadieQW fabUicaWiRQ iV SURSRVed. IQ Whe SURSRVed aSSURach, RQe PaWeUiaO 

ZiOO be iQWURdXced aW a defiQed UaWe iQWR aQRWheU VWaWic baVe PaWeUiaO, aQd Whe WZR Pi[ed ShaVeV 

ZiOO be aOORZed VXfficieQW WiPe WR eVWabOiVh a gUadieQW, Zhich cRXOd WheQ be SUeVeUYed b\ 

WUiggeUiQg a SRO\PeUiVaWiRQ RU geOaWiRQ SURceVV. IQ WhiV chaSWeU, Whe SRWeQWiaO Rf Whe SOaWfRUP iQ 

fabUicaWiQg bRWh Sh\VicaO aQd biRchePicaO gUadieQWV ZiOO be WeVWed (FigXUe 4.1).  

 

 
 

Figure 4.1 Research Scheme: the platform 

BXR\aQc\-dUiYeQ gUadieQW caVWiQg. (A) SchemaWic VhRZiQg Whe VWeSV Rf gUadieQW fRUmaWiRQ: (i) 

a baVe la\eU (\ellRZ) iV added WR a mRXld, (ii) Whe iQjecWiRQ ShaVe (SXUSle) iV iQWURdXced dXUiQg 

a ViQgle iQjecWiRQ aW a cRQWURlled UaWe, (iii) Whe V\VWem iV allRZed WR eTXilibUaWe aQd fRUm a 

maWeUial gUadieQW, (iY) Whe gUadieQW iV SUeVeUYed b\ gelaWiRQ RU SRl\meUi]aWiRQ Rf Whe maWeUial. 

 

  



4.1.4 Research Scheme II: Osteochondral tissue engineering

In addition to the capability to create different gradients, an ideal fabrication platform should 

possess potential in engineering complex tissue. A major challenge of regenerative medicine 

is the engineering of the osteochondral interface that exists between cartilage and bone. In 

the second part of this chapter, the buoyancy platform will be used to decorate BMP-2 gradient 

within the hMSCs-laden gelatin methacryloyl (GelMA) hydrogel. To sequester BMP-2, it is 

hypothesised that heparin methacryloyl (HepMA) could be used. Using the osteochondral 

medium developed in the previous chapter, osteochondral constructs with distinct cartilage 

and bone properties are expected to form after a 4-week culture period. 

Growth factor gradients for osteochondral tissue engineering. Here, BMP-2 loaded HepMA 

will be co-injected with GelMA and hMSCs into a base layer comprised of GelMA hydrogel 

and hMSCs. It is hypothesised that the BMP-2 gradient could be preserved after GelMA and 

HepMA photocrosslinking. The crosslinked hydrogel could then be cultured for 28 d in 

osteochondral differentiation medium.
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4.2 RHVXOWV DQG DLVFXVVLRQ I: 8VLQJ BXR\DQF\ WR FDEULFDWH 

GUDGLHQWV 

The eVVeQce Rf WhiV aSSURach iV WR cUeaWe a gUadieQW fURP Whe VeTXeQWiaO iQMecWiRQ Rf WZR 

PaWeUiaOV ZiWh diffeUeQW deQViWieV. WiWh bXR\aQc\ fRUce, Whe OighWeU PaWeUiaO iV WheQ UediVWUibXWed 

iQWR a gUadieQW SaWWeUQ. FRU Whe PaMRUiW\ Rf Whe VWXd\, a UecWaQgXOaU cXVWRPiVed PRXOd ZaV 

XVed. The UecWaQgXOaU PRXOd ZaV aVVePbOed ZiWh a SaiU Rf WUaQVSaUeQW gOaVV VOideV cOaPSiQg 

a 3 PP WhicN ViOicRQe VheeW ZiWh aQ RSeQ UecWaQgXOaU cXW-RXW (5 PP × 15 PP). TR caVW Whe 

gUadieQW, Whe baVe Oa\eU Rf PaWeUiaOV ZaV fiUVW iQMecWed iQWR Whe bRWWRP Rf Whe PRXOd SUiRU WR 

iQMecWiRQ Rf Whe OighWeU ShaVe. TR cRQWURO Whe iQMecWiRQ UaWe Rf Whe OighWeU ShaVe, a cRPPeUciaOO\-

aYaiOabOe eOecWURQic aXWRSiSeWWe ZaV XVed. 

 

4.2.1 DHVLJQ RI BXR\DQF\ FDEULFDWLRQ PODWIRUP 

 

BXR\aQc\-dULYeQ JUadLeQW LQ PaWeULaOV ZLWK dLIIeUeQW deQVLW\ 

The cRQceSW Rf caVWiQg gUadieQWV ZiWh bXR\aQc\ fRUce ZaV fiUVW WeVWed XViQg a UeOaWiYeO\ ViPSOe 

PRdeO V\VWeP cRPSUiVed Rf WZR agaURVe h\dURgeOV aW diffeUeQW agaURVe cRQceQWUaWiRQV. TR 

YiVXaOiVe Whe iQMecWiRQ ShaVe, UhRdaPiQe, a fOXRUeVceQW d\e, ZaV cRYaOeQWO\ bRXQd WR Whe 

agaURVe h\dURgeO XVed iQ Whe iQMecWiRQ ShaVe. MRUe VSecificaOO\, h\dUR[\O gURXSV Rf agaURVe 

ZeUe UeacWed ZiWh UhRdaPiQe B iVRWhiRc\aQaWe, aQd Whe XQcRQMXgaWed UhRdaPiQe B 

iVRWhiRc\aQaWe ZaV UePRYed Yia eWhaQRO SUeciSiWaWiRQ. UViQg Whe SUeYiRXVO\ deVcUibed 

gOaVV/ViOicRQe VheeW VeW-XS, 0.2% (Z/Y) agaURVe OabeOOed ZiWh UhRdaPiQe B ZaV iQMecWed iQWR a 

1.0% (Z/Y) agaURVe h\dURgeO baVe aW Whe UaWe Rf 17 �L V-1. AfWeU iQMecWiRQ, a gUadieQW Rf 

UhRdaPiQe B-OabeOOed agaURVe fRUPed UaSidO\. IPPediaWeO\ afWeU gUadieQW fRUPaWiRQ, Whe ZhROe 

VeW-XS ZaV WheQ WUaQVfeUUed iQWR a 4°C fUidge fRU geOaWiRQ Rf Whe agaURVe aQd SUeVeUYaWiRQ Rf 

Whe gUadieQW SaWWeUQ. The gUadieQW Rf UhRdaPiQe B-OabeOOed agaURVe h\dURgeO ZaV WheQ iPaged 

XViQg a ShRWR-VcaQQeU. AfWeU iPagiQg, Whe iQWeQViW\ Rf Whe gUadieQW ZiWhiQ Whe VeOecWed ROI ZaV 

aQaO\Ved XViQg Whe SORW-SURfiOe fXQcWiRQ ZiWhiQ FIJI (FigXUe 4.3). IW ZaV fRXQd WhaW Whe UeOaWiYe 

iQWeQViW\ Rf Whe UhRdaPiQe-OabeOOed agaURVe ZaV diVWUibXWed aORQg a gUadieQW acURVV Whe 

ORQgiWXdiQaO cRRUdiQaWe. IQdeed, WhiV SUeOiPiQaU\ aWWePSW dePRQVWUaWed WhaW Whe gUadieQW cRXOd 



be attributed to the difference in density between two hydrogels. 

0.2% (w/v) agarose labelled with rhodamine B and 1% (w/v) agarose were used for the 

injection phase and base layer respectively, with an injection rate of 17 μL s-1. (A) Scan of a 

hydrogel showing a clear gradient of agarose labelled with rhodamine B (pink). Scale bar = 1 

mm. (B) The relative intensity of rhodamine B signal along the hydrogel confirmed that a 

smooth gradient was formed under this condition. The figure is reproduced from [92].

Using a density modifier in materials with a similar density

Because this platform is reliant on buoyancy force, a gradient can only be formed when the 

density of the two phases are different. In cases where the density difference between the two 

phases is too small to create sufficient buoyancy force, a gradient cannot be formed using the 

proposed approach. To circumvent this restriction, an alternative approach was developed in 

which a "density modifier" was introduced in the base material to support gradient formation. 

The agarose/rhodamine-labelled agarose system was used to test the proposed strategy. In 

this set-up, instead of using agarose hydrogels of different concentration (i.e., different 

densities), 1% (w/v) of agarose hydrogel and 1% (w/v) rhodamine-tagged agarose hydrogel 

were used. To increase the density of the base layer relative to the injection phase, 5% (w/v) 

sucrose was supplemented to the agarose base layer of 1% (w/v) agarose prior to injection. 

The same injection set-up used in the previous section was again used to test gradient 



formation. After injection of the rhodamine-tagged agarose into the sucrose supplemented 

base, a smooth gradient distribution of 1% (w/v) fluorescently-tagged agarose was rapidly 

formed together with the sucrose supplemented 1% (w/v) agarose hydrogel under 10 s (Figure 

.

Figure 

The gradient formation process was demonstrated using 1% (w/v) agarose supplemented with 

5% (w/v) sucrose as the static phase and 1% (w/v) agarose labelled with Rhodamine B as the 

injected phase. At the injection rate at 20 μL s-1,

 The figure is reproduced from [92].

Indeed, it was demonstrated that introducing sucrose as a density modifier could support 

gradient formation. Moreover, it was hypothesized that by selecting a density modifier without 

affinity to the materials used for a given system, the density modifier could be removed after 

the gradient formation. For instance, small molecular weight sucrose should be removed from 

the agarose hydrogel after washing. To test this hypothesis, sucrose doped agarose hydrogels 

were cast and incubated with PBS on a shaker for 72 h. After incubation, the sucrose released 

into PBS could then be quantified using an enzyme-based assay. In the assay, the sucrose 

was first converted into glucose and then oxidised for a subsequent reaction with a probe for 

colourimetric development. Using the assay, it was found that the sucrose could be readily 

removed from the hydrogel after 72 h of incubation with PBS (Figure 4.5). In this example, 

sucrose can be considered a temporary density modifier that can template the gradient 

formation process and be removed after fabrication. This sort of temporary density modifier 

could be favourable for applications where a simple material composition is required or for the 

creation of density gradients in materials bearing no final density difference.
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FLJXUe 4.5 Diffuse of sucrose from gradient hydrogels 

The amRXQW Rf VXcURVe UeleaVed fURm Whe agaURVe h\dURgel ZaV aVVeVVed afWeU 72 h Rf PBS 

iQcXbaWiRQ. The VXcURVe cRQceQWUaWiRQ iQ Whe VXSeUQaWaQW ZaV aVVeVVed XViQg aQ eQ]\me-

baVed aVVa\. The UeleaVed VXcURVe ZaV aW Whe Vame leYel aV Whe 100% UeleaVed cRQWURl, iQ 

Zhich Whe Vame amRXQW Rf VXcURVe ZaV diUecWl\ added aQd meaVXUed. The figXUe iV 

UeSURdXced fURm Li et al. [92]. 

 

SWabLOLW\ RI WKe IRUPed JUadLeQW 

TR SUeVeUYe Whe caVW gUadieQWV, VWabiOiW\ Rf Whe gUadieQW SaWWeUQ SUiRU WR Whe geOaWiRQ iV eVVeQWiaO. 

TR iQYeVWigaWe Whe VWabiOiW\ Rf Whe gUadieQW iQ Whe OiTXid VWaWe agaURVe, Whe UhRdaPiQe-OabeOOed 

agaURVe gUadieQW ZiWhiQ Whe VXcURVe-VXSSOePeQWed agaURVe h\dURgeO ZaV RbVeUYed afWeU Whe 

gUadieQW fRUPaWiRQ aW 37°C fRU 30 PiQ. AV iQdicaWed iQ FigXUe 4.6 Whe bXR\aQc\-dUiYeQ gUadieQW 

ZaV VWabO\ PaiQWaiQed fRU aW OeaVW 30 PiQ SRVW-iQMecWiRQ iQ Whe OiTXid VWaWe. The VWabiOiW\ Rf Whe 

V\VWeP heQce SURYided aQ aPSOe ZiQdRZ fRU VROidificaWiRQ Rf Whe PaWeUiaO aQd SUeVeUYaWiRQ Rf 

Whe gUadieQW, iQ WhiV caVe, b\ cRROiQg Whe V\VWeP beORZ Whe geOaWiRQ WePSeUaWXUe Rf agaURVe.  

  



Stability of the gradient formation process was demonstrated using 1% (w/v) agarose 

supplemented with 5% (w/v) sucrose as the static phase and 1% (w/v) agarose labelled with 

Rhodamine B as the injected phase, with an injection rate of 20 μL s-1 at 37 . The gradient 

formation process in liquid agarose was completed within 1 min, with the gradient retained for 

30 min post injection without gelation. Scale bars = 1 mm. The figure is reproduced from

[92].

Mechanism of gradient formation

Next, further characterisation of this sucrose-supplemented system was performed in order to 

elucidate the mechanism behind the gradient formation process. To investigate this, the 

composition of the hydrogel along the longitudinal axis was analysed. Specifically, the gradient 

hydrogel fabricated from 1% (w/v) rhodamine B-labelled agarose injected into 5% (w/v) 

sucrose-supplemented 1% (w/v) agarose was used as the model system. After gelation, the 

gradient agarose hydrogel was divided into four transverse sections, and their content of 

sucrose and rhodamine-tagged agarose were analysed (Figure 4.7 A). To determine the 

content of rhodamine-tagged agarose, the transverse sections of the hydrogel were first 

heated to 95  (above the melting temperature of the agarose) and diluted with 1 mL 

deionised water to inhibit the re-gelation of agarose network. The relative content of 

rhodamine-tagged agarose of different transections was then determined by the sample's 

fluorescent intensity. Similarly, to determine the amount of sucrose within each section, the 

sections were melted prior to an invertase-based sucrose assay.

The fluorescent intensity of rhodamine-tagged agarose and the sucrose contents revealed a 

sucrose gradient within the hydrogel that was inversely associated to the injected dye-labelled 

agarose (Figure 4.7 B). These results suggested that sucrose must retain attractive 
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iQWeUPROecXOaU iQWeUacWiRQV (e.g., h\dURgeQ bRQdiQg, VaQ deU WaaO fRUceV) ZiWh Whe baVe Oa\eU 

agaURVe dXUiQg Whe fOXid-Pi[iQg SURceVV. TheVe iQWeUacWiRQV SUeYeQW Whe baVe Oa\eU fURP 

cRPSOeWeO\ eTXiOibUaWiQg ZiWh Whe iQMecWiRQ ShaVe, WhXV UeWaiQiQg ORQgiWXdiQaO deQViW\ 

diffeUeQceV, Zhich aUe caSabOe Rf VXSSRUWiQg bXR\aQc\-dUiYeQ gUadieQW fRUPaWiRQ.  

 

 
 

Figure 4.7 The mechanism behind the gradient formation process 

(A) AfWeU gelaWiRQ, a gUadieQW h\dURgel ZaV eTXall\ diYided iQWR fRXU WUaQVYeUVe VecWiRQV fURm 

Whe WRS WR Whe bRWWRm Rf Whe h\dURgel (1 WR 4). (B) TheVe VecWiRQV ZeUe aVVa\ed fRU VXcURVe 

(\ellRZ baUV) aQd agaURVe Wagged ZiWh UhRdamiQe (RhRB, SiQk baUV), Zhich VhRZed a cleaU 

iQYeUVe cRUUelaWiRQ. DaWa aUe VhRZQ aV meaQ � S.D., Q = 3. The figXUe iV UeSURdXced fURm Li 

et al. [92]. 

 

S\VWePaWLc YaULaWLRQ RI SaUaPeWeU VSace 

IQdeed, b\ iQWURdXciQg a deQViW\ PRdifieU, Whe SURSRVed V\VWeP becRPe PRUe YeUVaWiOe iQ Whe 

VeQVe WhaW a gUadieQW cRXOd be fRUPed beWZeeQ WZR PaWeUiaOV ZiWh a ViPiOaU deQViW\. Ne[W, Whe 

caSabiOiW\ Rf Whe V\VWeP WR cUeaWe PXOWiSOe gUadieQW SaWWeUQV ZaV iQYeVWigaWed. IW ZaV 

h\SRWheViVed WhaW ZhiOe deQViW\ SOa\V aQ eVVeQWiaO UROe iQ gUadieQW fRUPaWiRQ, aQRWheU V\VWeP 

SaUaPeWeU, Whe iQMecWiRQ UaWe, cRXOd SURYide addiWiRQaO cRQWURO RYeU Whe gUadieQW SaWWeUQ. HeUe, 

b\ YaU\iQg Whe aPRXQW Rf dRSed VXcURVe aQd Whe iQMecWiRQ VSeed, iW ZaV iQYeVWigaWed ZheWheU 

V\VWePaWic YaUiaWiRQV Rf WheVe SaUaPeWeUV cRXOd be XVed WR cRQWURO Whe fiQaO gUadieQW SURfiOe Rf 

Whe PaWeUiaOV.  

 



Using the same agarose-sucrose system, it was shown that different combinations of injection 

rate and density difference could be used to fabricate a range of transitions (Figure 4.8 A). 

These formed gradient patterns could be illustrated in two examples. First, it was found that 

at the same amount of doped density modifier, a sharper transition could be formed when a 

slower injection rate was used. For example, in the base layer doped with 5% (w/v) sucrose, 

a sharp transition was formed when the injection rates were between 3 and 8 μL s-1 (Figure 

4.8 B). In other words, a slower injection rate could result in less mixing between phases, and 

hence achieve a sharper transition. Second, it was found that at a fixed injection rate, a 

sharper transition could be formed when more density modifier was used. For example, when 

the injection rate was 8 μL s-1, a sharp transition was formed when the base layer was doped 

with 20% (w/v) sucrose) (Figure 4.8 C). In other words, a greater difference in density could 

support a stronger buoyancy force and hence prevent the mixing of phases. In this sense, with 

this matrix of injection rate and density modifier content, it was also found that while there was 

no supplement of sucrose in the agarose base layer, no clear structural transitions could be 

formed at every tested injection rate (pink curve in Figure 4.8 C).

Figure 

(A) The gradient pattern could be tuned by varying the injection rate and concentration of 
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VXcURVe iQ Whe baVe la\eU. HeUe, 1% (Z/Y) Rf UhRdamiQe B-labelled agaURVe ZaV iQjecWed iQWR 

1% (Z/Y) agaURVe VRlXWiRQ dRSed ZiWh diffeUeQW cRQceQWUaWiRQV Rf VXcURVe (0, 1, 5, RU 20%) aW 

diffeUeQW VSeedV (3, 8, 20 RU 33 ȝL V-1). (B) WiWh baVe la\eUV dRSed ZiWh Whe Vame VXcURVe 

cRQceQWUaWiRQ (e.g., Ued dRW bR[), a higheU iQjecWiRQ VSeed Zill UeVXlW iQ a mRUe gUadXal 

WUaQViWiRQ. (C) AW Whe Vame iQjecWiRQ VSeed (e.g., gUeeQ dRW bR[), a deQVeU baVe la\eU Zill UeVXlW 

iQ a VhaUSeU WUaQViWiRQ. The cXUYeV iQ (B) aQd (C) ZeUe RffVeWWed WR fRU claUiW\. Scale baUV = 1 

mm.  

 

Ne[W, XViQg Whe cXUUeQW V\VWeP, Whe PiQiPaO deQViW\ diffeUeQce UeTXiUed WR VXSSRUW gUadieQW 

fRUPaWiRQ ZaV iQYeVWigaWed. B\ PeaVXUiQg Whe PaVV Rf VaPSOeV ZiWh a fi[ed YROXPe, Whe 

deQViW\ Rf 1% (Z/Y) agaURVe aQd YaUiRXV VXcURVe cRQceQWUaWiRQ dRSed 1% (Z/Y) agaURVe cRXOd 

be deUiYed. AV dePRQVWUaWed iQ FigXUe 4.9 Whe deQViWieV Rf diffeUeQW Pi[WXUeV XVed iQ FigXUe 

4.8 ZeUe aVVeVVed. HeUe, iW iV QRWeZRUWh\ WhaW a VPaOO diffeUeQce iQ deQViW\ fURP Whe dRSed 

VXcURVe, e.g., ¨ȡ Rf 0.02 g mL-1 beWZeeQ 0% VXcURVe aQd 5% VXcURVe dRSed agaURVe ZaV 

eQRXgh WR dUiYe gUadieQW fRUPaWiRQ. 

 

 
 

FLJXUe 4.9 Densities of agarose doped with different sucrose concentrations 

DeQViW\ meaVXUemeQWV. The deQViW\ Rf 1% (Z/Y) agaURVe dRSed ZiWh diffeUeQW VXcURVe 

cRQceQWUaWiRQV ZaV meaVXUed. The mi[WXUeV ZeUe eTXilibUaWed aW 37°C aQd WheQ Whe maVV Rf 

a kQRZQ YRlXme ZaV meaVXUed. ¨ȡ Rf 0.02 g mL-1 beWZeeQ 0% VXcURVe aQd 5% VXcURVe 

dRSed agaURVe ZaV eQRXgh WR dUiYe gUadieQW fRUmaWiRQ (Q = 3, meaQ � S.D.). The figXUe iV 

UeSURdXced fURm Li et al. [92]. 
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4.2.2 PRWHQWLDO ASSOLFDWLRQV LQ GUDGLHQW CDVWLQJ 

AV dePRQVWUaWed iQ Whe SUeYiRXV VecWiRQV, WheUe aUe feZ UeTXiUePeQWV fRU Whe bXR\aQc\-baVed 

caVWiQg. The V\VWeP RQO\ UeTXiUed WZR OiTXid ShaVeV WhaW aUe PiVcibOe, cXUabOe, aQd e[hibiW a 

VXfficieQW deQViW\ diffeUeQce WR eQabOe bXR\aQc\-dUiYeQ gUadieQW fRUPaWiRQ. MRUeRYeU, b\ 

YaU\iQg Whe aPRXQW Rf dRSed deQViW\ PRdifieU aQd Whe iQMecWiRQ VSeed, diffeUeQW gUadieQW 

SaWWeUQV, fURP VhaUS Oa\eUV WR VPRRWh gUadieQWV, cRXOd be caVWed XViQg Whe SURSRVed SOaWfRUP. 

 

UQOiNe Whe PaMRUiW\ Rf gUadieQW fabUicaWiRQ VWUaWegieV, Zhich aUe XVXaOO\ RQO\ aSSOicabOe WR 

ceUWaiQ PaWeUiaOV RU caUgRV, Whe bXR\aQc\ caVWiQg SOaWfRUP cRXOd adaSW WR diffeUeQW V\VWePV. 

TR iOOXVWUaWe WhiV YeUVaWiOiW\, VeYeQ diVWiQcW e[aPSOeV Rf bXR\aQc\-dUiYeQ gUadieQW fRUPaWiRQ 

ZeUe WeVWed. TheVe e[aPSOeV cRPSUiVe VXbVWUaWe gUadieQWV (cRPSRViWiRQ aQd VWiffQeVV 

gUadieQWV), QaQRSaUWicOe (iQRUgaQic, RUgaQic, aQd biRORgicaO) gUadieQWV, aQd PacURPROecXOe 

(QaWXUaO SRO\VacchaUideV aQd SURWeiQV) gUadieQWV. 

 

SXbVWUaWe JUadLeQWV: cRPSRVLWLRQ aQd VWLIIQeVV 

IW iV h\SRWheViVed WhaW Whe bXR\aQc\-dUiYeQ gUadieQW fabUicaWiRQ SOaWfRUP cRXOd cUeaWe bRWh 

biRchePicaO aQd Sh\VicaO gUadieQWV iQ a VXbVWUaWe PaWeUiaO. IQ WhiV VecWiRQ bRWh Whe cRPSRViWiRQ 

aQd VWiffQeVV gUadieQW caVWiQg caSabiOiW\ Rf Whe SOaWfRUP ZaV WeVWed. 

 

(A) CRmSRViWiRQ gUadieQWV 

AV dePRQVWUaWed iQ Whe SUeYiRXV e[aPSOe (agaURVe/UhRdaPiQe B-OabeOOed agaURVe gUadieQWV), 

Whe cRPSRViWiRQ gUadieQW VhRXOd be fabUicaWed ZheQ Whe iQMecWiQg PaWeUiaO iV PiVcibOe ZiWh Whe 

baVe PaWeUiaOV. SiQce Whe bXR\aQc\ fRUce cRXOd e[iVW iQ aQ\ OiTXid PaWeUiaOV, iW ZaV 

h\SRWheViVed WhaW Whe SOaWfRUP cRXOd aSSO\ WR RWheU V\VWePV iQcOXdiQg RUgaQic SRO\PeUV. TR 

WeVW WhiV h\SRWheViV, a ZaWeU-fUee SRO\PeU-baVed gUadieQW ZaV fabUicaWed. IQ WhiV e[aPSOe, N,N-

diPeWh\OacU\OaPide (ȡ = 0.96 g mL-1) ZaV XVed aV Whe baVe, aQd OaXU\O PeWhacU\OaWe (ȡ = 

0.87 g mL-1) ZaV XVed fRU Whe iQMecWed ShaVe. TR faciOiWaWe Whe fRUPaWiRQ Rf VROid SRO\PeU SOaVWic, 

SRO\(eWh\OeQe gO\cRO) diPeWhacU\OaWe ZaV added aV a cURVVOiQNeU iQ bRWh ShaVeV. IQ addiWiRQ WR 

WheVe cRPSRQeQWV, a ShRWR-iQiWiaWRU (IUgacXUe 2959 iQ N,N-diPeWh\OacU\OaPide, 2,2-diPeWhR[\-

2-SheQ\OaceWRSheQRQe iQ OaXU\O PeWhacU\OaWe) ZaV aOVR iQcOXded WR aOORZ Whe 

ShRWRSRO\PeUi]aWiRQ WR be WUiggeUed XViQg 365 QP UV e[SRVXUe afWeU Whe eVWabOiVhPeQW Rf Whe 



monomer gradient. 

By varying the injection speed, both a sharp and gradual transition of the material composites 

could be fabricated. Specifically, the sharp transition was generated with an injection rate at 3 

μL s-1, and a gradient transition was generated with an injection rate at 20 μL s-1. To visualise 

material transitions, rhodamine B dye was added to the N,N-dimethylacrylamide monomer 

solution prior to fabrication. This dye is soluble in N,N-dimethylacrylamide but not in lauryl 

methacrylate. After the injection of lauryl methacrylate into N,N-dimethylacrylamide, the 

materials gradient could be visually observed via the colour of rhodamine (Figure 4.10 A). The 

materials transition was then further investigated via Raman spectroscopic mapping using the 

sample set without the addition of rhodamine dye. Based on the reference signature derived 

from the pure polymer controls, the material distributions were mapped using the Raman 

scattering signal intensity for . The composition ratio between two materials 

is plot across the longitudinal coordinate in Figure 4.10 B-C. 

(A) Polymer gradients were formed with two monomers bearing a difference in density: N,N-

dimethylacrylamide (0.96 g ) and lauryl methacrylate (0.87 g ). The transition could 

be visualised using Rhodamine B dye (red), which was soluble only in N,N-

dimethylacrylamide. (B) Raman spectroscopy was used to show differences in the intrinsic 

chemical composition profile along the longitudinal coordinate of an undyed system. (C) 

Confocal Raman imaging was used to detect the ratio of CH2 and CH3 stretching features, 

demonstrating the differential profiles for polymers cast with a gradient or sharp transition. The 

Raman spectroscopy mapping was conducted by Dr. Isaac Pence, who also assisted with 

data analysis. The figure is reproduced from [92].
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(B) SWiffQeVV gUadieQWV 

SWiffQeVV gUadieQW h\dURgeOV haYe beeQ a cRPPRQ WRRO iQ PechaQRbiRORg\ UeVeaUch. IW ZaV 

h\SRWheVi]ed WhaW Whe bXR\aQc\ gUadieQW SOaWfRUP cRXOd aOVR SURdXce VWiffQeVV gUadieQWV iQ a 

h\dURgeO VXbVWUaWe. TR dePRQVWUaWe WhiV, a geOOaP gXP h\dURgeO ZaV XVed. GeOOaQ gXP iV a 

biRcRPSaWibOe h\dURgeO cRPPRQO\ XVed iQ Whe WiVVXe eQgiQeeUiQg UeVeaUch [295]. The geOOaQ 

gXP VROXWiRQ geOV XSRQ cRROiQg aQd iQ Whe SUeVeQce Rf a SRViWiYe iRQ VXch aV caOciXP. IQ WhiV 

VWXd\, a geOOaQ gXP VROXWiRQ ZaV heaWed WR 80°C, SUe-Pi[ed ZiWh 0.01% (Z/Y) CaCO2 fRU 

geOaWiRQ, aQd SUe-Pi[ed ZiWh PeWh\OeQe d\e WR YiVXaOiVe Whe gUadieQW fRUPaWiRQ SURceVV. 

 

The bXR\aQc\ SOaWfRUP ZaV WheQ XVed WR SaWWeUQ defiQed VWiffQeVV WUaQViWiRQV XViQg a SURWRcRO 

PRdified fURP Whe SUeYiRXV VecWiRQV. SSecificaOO\, Whe VWiffQeVV gUadieQW ZaV fRUPed b\ iQMecWiQg 

1.0% (Z/Y) geOOaQ gXP h\dURgeO SUecXUVRU iQWR 1.5% (Z/Y) geOOaQ gXP h\dURgeO SUecXUVRU 

dRSed ZiWh 5% (Z/Y) VXcURVe. The VhaUS aQd gUadXaO WUaQViWiRQ Rf VWiffQeVV gUadieQW ZaV 

cRQWUROOed b\ Whe iQMecWiRQ UaWe. The VhaUS WUaQViWiRQ ZaV SURdXced ZiWh aQ iQMecWiRQ UaWe Rf 5 

�L V-1 aQd gUadieQW WUaQViWiRQ Rf VWiffQeVV ZaV fabUicaWed aW aQ iQMecWiRQ UaWe Rf 20 �L V-1. TR 

SUeYeQW aQ\ geOaWiRQ SUiRU WR Whe cRPSOeWiRQ Rf PaWeUiaOV UediVWUibXWiRQ, Whe ZhROe gUadieQW 

fRUPaWiRQ SURceVV ZaV caUUied RXW aW 80°C. B\ aVVeVViQg Whe Ue-diVWUibXWiRQ Rf d\e Pi[ed 

PaWeUiaOV, iW ZaV fRXQd WhaW Whe gUadieQW fRUPaWiRQ SURceVV ZaV fiQiVhed ZiWhiQ 10 V. AfWeU Whe 

gUadieQW fRUPaWiRQ, Whe geOaWiRQ ZaV WheQ WUiggeUed b\ PRYiQg Whe VeW-XS iQWR 4°C fRU 10 PiQ.  

 

The cRQWacW PRdXOXV ZaV WheQ PeaVXUed aORQg Whe ORQgiWXdiQaO a[iV XViQg a 3 PP diaPeWeU 

VSheUicaO iQdeQWeU ZiWh a fi[ed iQdeQWiQg UaWe aW 1.4 PP V-1. B\ aSSO\iQg Whe HeUW]iaQ 

iQdeQWaWiRQ PRdeO, Whe cRQWacW PRdXOXV ZaV caOcXOaWed aORQg Whe ORQgiWXdiQaO cRRUdiQaWe aW a 

VSaciQg Rf 0.5 PP. The caOcXOaWed PRdXOXV UeYeaOed WhaW cRQWUROOed VWiffQeVV WUaQViWiRQV cRXOd 

be achieYed b\ YaU\iQg Whe iQMecWiRQ UaWe (FigXUe 4.11). 

  



(A) Stiffness gradients were formed by injecting 1.0% (w/v) gellan gum solution into a 1.5% 

(w/v) gellan gum base doped with 5% (w/v) sucrose. Gradients could be visualised by the 

addition of methylene blue dye in the base. (B) Spherical indentions along the longitudinal 

coordinate were used to quantify the local contact modulus for the gradient and sharp 

transition hydrogels. The contact modulus measurements were conducted by Dr. Axel Moore, 

who also assisted with data analysis. The figure is reproduced from [92].

Nanoparticles gradients: inorganic, organic and biological 

After demonstrating the ability to create material transitions (e.g., composition, stiffness 

gradient), the proposed buoyancy platform was investigated for its ability to fabricate materials 

bearing nanoparticle gradients.

For this purpose, a wide range of nanoparticles including organic nanoparticles (1-palmitoyl-

2-oleoyl-glycero-3-phosphocholine (POPC) liposomes), inorganic nanoparticles (gold 

nanoparticles) and biological nanoparticles (cell-derived extracellular vesicles, EVs) were 

prepared. Due to the surface plasmon resonance phenomenon, citrate-capped gold 

nanoparticles with a diameter smaller than 50 nm reflect the red light and are visible in the 

gradient constructs. To visualise nanoparticle gradients of liposomes, POPC liposomes were 

prepared with the inclusion of ™



Using the established agarose-sucrose system with the controlled injection rates, both sharp 

and gradient transitions were successfully generated and visualised with brightfield and 

fluorescence imaging ( ). These three examples encompassed a broad range of 

nanoparticles, and importantly, each of these nanoparticles are commonly used as hosts for 

cargo delivery or as functional entities in their own right, for instance, as bioactive signal, or 

as small molecule drug carrier [296-298].

The capability of the fabrication in these nanoparticle gradients further broadens the possible 

applications for gradient construct fabrication. It should also be noted that while the 

SPIONs/magnetic field approach elaborated in the previous chapters are also able to pattern 

the nanoparticles gradient, the buoyancy approach doesn't rely on the specific physical 

features of the desired nanoparticles (e.g., magnetic susceptibility of SPIONs). 

Sucrose was used to create density differences between the base layer and injection phase 

of agarose hydrogel in order to create transitions of (A) gold nanoparticles (pink), (B) RFP-

extracellular vesicles (orange), and (C) liposomes labelled with Rhodamine B (red). Scale bars 

= 1 mm. The RFP-labelled EVs were prepared by Charles Winter. The gold nanoparticles were 

prepared by Dr. Yiyang Lin. The extracellular vesicles were prepared by Charles Winter. The 

figure is reproduced from  [92].



173 

MacURPROecXOe JUadLeQWV: SRO\VaccKaULdeV aQd SURWeLQ 

AfWeU dePRQVWUaWiQg Whe SURSRVed SOaWfRUP cRXOd VXSSRUW Whe fRUPaWiRQ Rf QaQRSaUWicOe 

gUadieQWV, I Qe[W VRXghW WR iQYeVWigaWe if Whe SOaWfRUP cRXOd cUeaWe gUadieQWV Rf RWheU cRPPRQO\ 

XVed biRacWiYe caUgRV iQ UegeQeUaWiYe PediciQe UeVeaUch. FRU WhiV SXUSRVe, QaWXUaO SRO\PeUV 

VXch aV SRO\VacchaUideV aQd SURWeiQV, Zhich WRgeWheU eQcRPSaVV a Zide UaQge Rf 

aSSOicaWiRQV, ZeUe WeVWed. 

 

HeUe, FITC-OabeOOed de[WUaQ (200 NDa) aQd Te[aV Red OabeOOed aYidiQ (66 NDa) ZeUe VeOecWed 

aV Whe PRdeO caUgR fRU SRO\VacchaUideV aQd SURWeiQV UeVSecWiYeO\. WiWh Whe fOXRUeVceQW Wag, 

WheVe caUgRV cRXOd WheQ be YiVXaOiVed XViQg a fOXRUeVceQce PicURVcRSe. TR fabUicaWe bXR\aQc\ 

dUiYeQ gUadieQWV, Whe agaURVe-VXcURVe V\VWeP ZaV agaiQ XVed. SSecificaOO\, Whe caUgR, 1 Pg 

mL-1 FITC-OabeOOed de[WUaQ RU 50 �g mL-1 Te[aV Red OabeOOed aYidiQ, ZeUe ORaded ZiWhiQ Whe 

iQMecWiRQ ShaVe Rf 1% (Z/Y) SUiRU WR Whe UaWe-cRQWUROOed iQMecWiRQ. SiPiOaU WR Whe SUeYiRXV 

aSSOicaWiRQV, Whe baVe ShaVe cRQViVWed Rf 1% (Z/Y) agaURVe dRSed ZiWh 5% (Z/Y) VXcURVe. B\ 

PaSSiQg Whe fabUicaWed cRQVWUXcWV XViQg a Zide-fieOd fOXRUeVceQce PicURVcRSe, Whe gUadieQW Rf 

bRWh caUgRV cRXOd be YiVXaOiVed ZiWhiQ Whe agaURVe h\dURgeO. HRZeYeU, dXe WR Whe abVeQce Rf 

aQ\ VWURQg aWWUacWiYe iQWeUacWiRQV beWZeeQ caUgRV aQd Whe agaURVe QeWZRUN, Whe ORaded caUgRV 

ZeUe e[SecWed WR be UeOeaVed iQ a VhRUW SeUiRd. IQdeed, b\ iQcXbaWiQg Whe caVWed h\dURgeOV 

ZiWhiQ PBS, iW ZaV fRXQd WhaW Whe aYidiQ aQd de[WUaQ ZeUe RQO\ WePSRUaUiO\ eQWUaSSed ZiWhiQ 

Whe h\dURgeO. MRUeRYeU, Whe VPaOOeU Vi]e gORbXOaU aYidiQ ZaV UeOeaVed fURP Whe agaURVe 

h\dURgeO iQ a PXch VhRUWeU WiPe SeUiRd WhaQ Whe 200 NDa OiQeaU de[WUaQ (FigXUe 4.13). 
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Figure 4.13 Stability of dextran and avidin gradients 

WiWh a baVe la\eU dRSed ZiWh VXcURVe, agaURVe h\dURgelV ZeUe caVW ZiWh gUadieQWV Rf (A) 200 

kDa de[WUaQ labelled ZiWh FITC (gUeeQ) aQd (B) aYidiQ labelled ZiWh Te[aV Red (\ellRZ). The 

h\dURgelV ZeUe iQcXbaWed ZiWh PBS iQ Whe daUk aW URRm WemSeUaWXUe. Wide-field flXRUeVceQce 

micURgUaShV VhRZiQg lRVV Rf flXRUeVceQce RYeU Wime, Zhich ZaV aWWUibXWed WR Whe leachiQg Rf 

Whe caUgR fURm Whe h\dURgel. Scale baUV = 1 mm. The figXUe iV UeSURdXced fURm Li et al. [92]. 
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4.3 RHVXOWV DQG DLVFXVVLRQ II: OVWHRFKRQGUDO 7LVVXH 

EQJLQHHULQJ 

 

4.3.1 SWUDWHJ\ IRU D PURORQJHG GUDGLHQW 

IQ Whe SUeYiRXV VecWiRQ, WZR PacURPROecXOe gUadieQWV cRXOd be caVW XViQg Whe bXR\aQc\ 

SOaWfRUP, hRZeYeU, RQO\ WePSRUaUiO\ gUadieQWV cRXOd be cUeaWed. WhiOe WZR PacURPROecXOeV 

ZiWh diffeUeQW PROecXOaU ZeighWV aQd VWUXcWXUe (gORbXOaU aQd OiQeaU) haYe beeQ WeVWed, iW VhRXOd 

be QRWed WhaW aVide fURP VWeUic hiQdUaQce, RWheU facWRUV VXch aV eOecWURVWaWic iQWeUacWiRQ aQd 

h\dURgeQ bRQdiQg beWZeeQ Whe caUgR aQd h\dURgeO QeWZRUN aUe aOVR affecWiQg UeOeaVe NiQeWicV.  

 

IQ Whe cRQWe[W Rf WiVVXe eQgiQeeUiQg aSSOicaWiRQV, a V\VWeP ZiWh SURORQged gUadieQWV iV PRUe 

deViUabOe. TR deVigQ a V\VWeP ZiWh SURORQged gUadieQWV UeTXiUeV fXUWheU adaSWiRQ aQd WaiORUiQg 

Rf Whe bXR\aQc\ PeWhRd SUeYiRXVO\ deVcUibed. TR WhiV eQd, iW ZaV h\SRWheViVed WhaW a PXch 

SURORQged UeOeaViQg SURfiOe cRXOd be achieYed b\ iQWURdXciQg a PacURPROecXOaU hRVW WhaW cRXOd 

be cRYaOeQWO\ cURVVOiQNed WR Whe VXUURXQdiQg h\dURgeO QeWZRUN. The VWUaWeg\ ZaV iQYeVWigaWed 

heUe b\ XViQg heSaUiQ PeWhacU\OR\O (HeSMA) aV a PacURPROecXOaU hRVW. WhiOe heSaUiQ haV 

beeQ ZideO\ XVed WR VeTXeVWeU caWiRQic SURWeiQV [258, 299], Whe addiWiRQ Rf PeWhacU\OaWe 

gURXSV SURYided a PeaQV WR cRYaOeQWO\ cURVVOiQN HeSMA ZiWh iWVeOf aQd Whe VXUURXQdiQg 

PeWhacU\OaWe VXbVWUaWe. FRU Whe VXUURXQdiQg PeWhacU\OaWe VXbVWUaWe, geOaWiQ PeWhacU\OR\O 

(GeOMA), a ShRWR-cURVVOiQNabOe aQd biRcRPSaWibOe h\dURgeO, ZaV XVed aV Whe bXON VXbVWUaWe. 

AVide fURP SURYidiQg biQdiQg ViWeV, GeOMA h\dURgeO iV aOVR faYRXUabOe iQ WhiV UeVeaUch becaXVe 

iW haV beeQ VhRZQ WR VXSSRUW Whe hMSCV diffeUeQWiaWiRQ fRU bRWh caUWiOage aQd bRQe baVed RQ 

VeYeUaO SUeYiRXV VWXdieV [300].  

 

SiQce RUWhRgRQaO PeWhacU\OaWe chePiVWU\ cRXOd cRYaOeQWO\ cURVV-OiQN Whe HeSMA aQd GeOMA 

ZiWhRXW fRUPiQg cRYaOeQW OiQNageV ZiWh Whe SURWeiQ caUgR, WhiV aSSURach VhRXOd aOVR UedXce Whe 

chaQce Rf deQaWXUaWiRQ ZhiOe UeWaiQiQg Whe SRVVibiOiW\ fRU VORZ caUgR UeOeaVe. MRUeRYeU, ViQce 

Whe geOaWiRQ Rf GeOMA aQd cURVVOiQNiQg Rf HeSMA aUe bRWh WUiggeUed b\ ShRWR-SRO\PeUiVaWiRQ 

XViQg UV OighW, bRWh Whe SURceVVeV cRXOd be cRQWUROOabO\ acWiYaWed afWeU Whe gUadieQW fRUPaWiRQ 
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SURceVV ZaV cRPSOeWe.  

 

HeSMA aQd GeOMA ZeUe SUeSaUed b\ Whe UeacWiRQ Rf PeWhacU\Oic aQh\dUide ZiWh heSaUiQ aQd 

geOaWiQ UeVSecWiYeO\. SSecificaOO\, XQdeU Whe baVic cRQdiWiRQV, Whe PeWhacU\Oic aQh\dUide cRXOd 

UeacW ZiWh aPiQe gURXSV RQ geOaWiQ aQd h\dUR[\O gURXSV RQ heSaUiQ. AfWeU UeacWiRQ, Whe 

b\SURdXcWV ZeUe UePRYed WhURXgh e[WeQViYe diaO\ViV, aQd Whe fiQaO SURdXcW ZaV O\RShiOiVed 

aQd NeSW aW -20°C befRUe XVe. TR deWeUPiQe if Whe cRQMXgaWiRQ ZaV VXcceVVfXO, 1H NMR ZaV 

XVed WR YeUif\ Whe SURWRQ VigQaO fURP Whe h\dURgeQV Rf PeWhacU\OaWe YiQ\O gURXSV. AV 

dePRQVWUaWed iQ FigXUe 4.14, bRWh GeOMA aQd HeSMA ZeUe VXcceVVfXOO\ SUeSaUed. IW VhRXOd 

be QRWed WhaW Whe diffeUeQce iQ chePicaO VhifW cRXOd be aWWUibXWed WR Whe eOecWURQegaWiYiW\ Rf Whe 

eOePeQW bRQdiQg ZiWh PeWhacU\OaWe gURXS: PeWhacU\OaWe aQh\dUide UeacWed ZiWh h\dUR[\O 

gURXS Rf Whe heSaUiQ, accRUdiQgO\, Whe PeWhacU\OaWe gURXS iV bRQd ZiWh aQ R[\geQ; 

PeWhacU\OaWe aQh\dUide UeacWed ZiWh aPiQe gURXS Rf Whe geOaWiQ, accRUdiQgO\, Whe PeWhacU\OaWe 

gURXS iV bRQd ZiWh a QiWURgeQ. 

 

 
 

Figure 4.14 Characterisation of HepMA and GelMA 

(A) The representative 1H NMR spectrum of HepMA, showing conjugation of the methacrylate 

group (H1 and H2; 6.1 ppm and 5.7 ppm) on heparin. The chemical shifts of the protons of 

methacrylate group were identical to the locations reported in Nilasaroya et al., [301] (B) 

Representative NMR spectrum of GelMA, showing conjugation of the methacrylate groups. 

(H1 and H2; 5.4 ppm and 5.7 ppm). The chemical shifts were identical as locations reported 

in Sarem et al., [302]. NMR spectrums were generated with the assistance of Dr. Liliang 

Ouyang. 
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To test if the HepMA could be retained longer within the GelMA hydrogel, an equal amount of 

HepMA and heparin was separately mixed with GelMA to form two kinds of hydrogels: 

heparin/GelMA and HepMA/GelMA. Both heparin/GelMA and HepMA/GelMA hydrogels were 

then incubated with PBS over a period of 28 d. At different time points, the supernatant solution 

was collected, and the amount of heparin or HepMA in the solution was quantified using a 

DMMB assay based on standards prepared from heparin and HepMA respectively. As Figure 

4.15 demonstrates, the cumulative release of HepMA from GelMA was greatly limited 

compared to unmodified heparin. While the HepMA could support the retention of more than 

70% of initial loading after 28 d, majority of unmodified heparin (> 75% of initial loading) was 

released from the GelMA network after just 1 day of incubation. 

 

 
 

Figure 4.15 Characterisation of heparin methacryloyl release 

HeSaUiQ RU HeSMA ZaV mi[ed ZiWh GelMA WR fRUm eiWheU heSaUiQ/GelMA RU HeSMA/GelMA 

h\dURgelV. ReleaVe SURfileV Rf heSaUiQ (blXe maUkeUV) aQd HeSMA (Ued maUkeUV) fURm GelMA 

h\dURgelV ZeUe iQYeVWigaWed b\ cRllecWiQg VamSle aW diffeUeQW Wime SRiQWV aQd DMMB aVVa\V. 

The UeleaViQg SURfile iQdicaWe WhaW HeSMA cRXld be UeWaiQed WR a gUeaWeU degUee WhaQ 

XQmRdified heSaUiQ (Q = 3, meaQ � S.D.). The figXUe iV UeSURdXced fURm Li et al. [92]. 

 

AfWeU dePRQVWUaWiQg WhaW Whe PaMRUiW\ SURSRUWiRQ Rf HeSMA cRXOd be UeWaiQed ZiWhiQ Whe GeOMA 

h\dURgeO, Whe caSabiOiW\ Rf HeSMA WR ORad SURWeiQ caUgR ZaV iQYeVWigaWed. TR WeVW Whe caUgR-

ORadiQg caSabiOiW\, 66 NDa Te[aV Red-Wagged aYidiQ ZaV agaiQ XVed aV a PRdeO SURWeiQ dXe WR 

iWV biQdiQg affiQiW\ ZiWh heSaUiQ (SI = 6.5, heSaUiQ KD = 160 QM) [257]. PUiRU WR Whe fabUicaWiRQ 

SURceVV, Whe Te[aV Red-Wagged aYidiQ ZaV aOORZed WR iQcXbaWe ZiWh HeSMA fRU VeTXeVWUaWiRQ. 



To fabricate the avidin gradient, a mixture comprised of 10% (w/v) GelMA, 50 μg  avidin 

and 1 mg  HepMA was injected into a base layer of 10% (w/v) GelMA doped with 5% (w/v) 

sucrose. A protein gradient with a sharp transition was fabricated using a rate of 3 μL s-1, and 

a gradient transition was fabricated at a rate of 17 μL s-1. By verifying the fabricated constructs 

with fluorescent imaging and image analysis, both sharp and gradual transition of protein 

gradients were successfully generated ( ). 

avidin labelled with Texas Red® 

HepMA was used to sequester protein and form protein gradients within GelMA hydrogel. Both 

sharp and gradient transition of protein could be fabricated by varying injection speed. Using 

a fluorescence microscope and FIJI, intensity profiles along the longitudinal coordinate were 

used to characterise the hydrogels bearing Texas Red labelled avidin. A gradient or a sharp 

transition were revealed. Scale bars = 1 mm. The figure is reproduced from [92].

4.3.2 Sustained BMP-2 Releasing System

After demonstrating that HepMA could sequester protein and cast gradients within GelMA 

hydrogels, the release profile of HepMA sequestered protein was investigated. In this 

research, BMP-2 gradients will be patterned to generate osteochondral tissue. Given that 

BMP-2 is also a low molecular weight cationic protein with affinity to heparin (M.W. = 13 kDa, 

pI = 8.5, = 20 nM), instead of using avidin as the model protein, here, release profile of 

BMP-2 was directly investigated.

It was hypothesised that due to the covalent crosslinking between HepMA and GelMA, HepMA 

could support a more sustained release of BMP-2 than unmodified heparin. To test this, the 

unmodified heparin or HepMA (10 μg ) was first mixed with BMP-2 (3 μg ) to ensure 
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Whe ORadiQg Rf BMP-2. The Pi[WXUe ZaV WheQ added WR Whe 10% (Z/Y) GeOMA VXbVWUaWe 

VXSSOePeQWed ZiWh Whe ShRWR-iQiWiaWRU. ThiV fiQaO Pi[WXUe ZaV WheQ e[SRVed WR 5 PiQ Rf UV (365 

QP) WR ShRWR-cURVVOiQN Whe HeSMA aQd GeOMA. IW VhRXOd aOVR be QRWed WhaW iQ Whe SURSRVed 

aSSURach, Whe RUWhRgRQaO cURVVOiQNiQg PechaQiVP beWZeeQ PeWhacU\OaWe gURXSV VhRXOd aYRid 

Whe cRYaOeQW bRQd fRUPaWiRQ beWZeeQ Whe BMP-2 aQd Whe h\dURgeOV, Zhich VhRXOd SUeYeQW Whe 

deQaWXUiQg Rf Whe ORaded BMP-2 aQd aOORZ VORZ UeOeaVe. The fRUPed h\dURgeOV ZeUe WheQ 

iQcXbaWed ZiWh PBS fRU 28 d, aQd Whe VaPSOeV ZeUe cROOecWed aW a diffeUeQW WiPe iQWeUYaO WR 

aVVeVV Whe UeOeaViQg SURfiOe Rf BMP-2 fURP hRPRgeQeRXV HeSMA-GeOMA aQd HeSaUiQ-GeOMA 

h\dURgeOV. TR WeVW Whe aPRXQW Rf UeOeaVed BMP-2, aQ ELISA ZaV XVed WR PeaVXUe Whe 

cXPXOaWiYe UeOeaVe Rf BMP-2. AV FigXUe 4.17 dePRQVWUaWeV, a VORZ UeOeaVe WhaW Ueached 

cRPSOeWiRQ aW 28 d Rf iQcXbaWiRQ ZaV RbVeUYed ZiWhiQ Whe GeOMA-HeSMA V\VWeP. OQ Whe RWheU 

haQd, a PXch PRUe UaSid UeOeaViQg SURfiOe ZaV RbVeUYed iQ Whe GeOMA-HeSaUiQ V\VWeP. BaVed 

RQ Whe UeVXOW fURP chaSWeU 2, Whe UeOeaViQg SURfiOe Rf Whe GeOMA-HeSMA V\VWeP VhRXOd VXSSRUW 

Whe RVWeRchRQdUaO WiVVXe eQgiQeeUiQg aSSOicaWiRQ, iQ Zhich Whe BMP-2 eOeYaWed aW RQe eQd Rf 

Whe h\dURgeO WhURXghRXW Whe cXOWXUe SeUiRd. 

 

 
 

Figure 4.17 BMP-2 release profile 

BMP-2 ZaV mi[ed ZiWh eiWheU heSaUiQ (blXe maUkeUV) RU HeSMA (Ued maUkeUV) aQd WheQ mi[ed 

ZiWh 10% (Z/Y) GelMA WR fRUm Whe h\dURgel. The h\dURgelV ZeUe immeUVed iQ PBS ZiWh 

aliTXRWV cRllecWed aW YaUiRXV Wime SRiQWV aQd aQal\Ved XViQg aQ eQ]\me-liQked immXQRVRUbeQW 

aVVa\ (ELISA) fRU BMP-2. ThiV VWXd\ VhRZed a SURlRQged UeleaVe Rf BMP-2 fURm Whe HeSMA-

GelMA cRQVWUXcWV (Q = 3, meaQ � S.D.). The figXUe iV UeSURdXced fURm Li et al. [92]. 
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4.3.3 A BLRFRPSDWLEOH DHQVLW\ MRGLILHU 

IQ Whe fiUVW SaUW Rf Whe chaSWeU, VXcURVe ZaV XVed aV Whe deQViW\ PRdifieU ZhiOe Whe baVe Oa\eU 

aQd iQMecWiQg Oa\eU haYe ViPiOaU deQViWieV. AOWhRXgh VXcURVe iV ideaO fRU fabUicaWiQg gUadieQWV iQ 

ceOO-fUee V\VWePV, iW iV NQRZQ WR e[eUW aQ RVPRWic SUeVVXUe WhaW caQ be highO\ c\WRWR[ic. TR 

WaiORU Whe V\VWeP iQWR a ceOO-OadeQ RQe, RWheU deQViW\ PRdifieUV Qeed WR be VeOecWed. 

AccRUdiQgO\, iW iV iQYeVWigaWed ZheWheU Whe VXcURVe cRXOd be VXbVWiWXWed ZiWh Whe PRUe 

c\WRcRPSaWibOe SRO\VacchaUide FicROO� iQ RUdeU WR UaiVe Whe deQViW\ Rf GeOMA iQ Whe baVe Oa\eU 

ZhiOe PaiQWaiQiQg ceOO YiabiOiW\. FicROO� iV a QeXWUaO h\dURShiOic SRO\VacchaUide WhaW iV highO\ 

bUaQched, high PaVV (M.W. = 400 NDa) aQd cRPPRQO\ XVed UeageQW iQ ]RQaO ceQWUifXgaWiRQ 

VWXdieV [303]. WiWh Whe ORZ PePbUaQe SeUPeabiOiW\ aQd ORZ RVPRWic SUeVVXUe, iW ZaV 

h\SRWheViVed WhaW XViQg FicROO� UaWheU WhaQ VXcURVe VhRXOd SURYide a ORZeU c\WRWR[iciW\ SURfiOe 

iQ ORQg-WeUP cXOWXUe cRQdiWiRQV.  

 

TR YeUif\ Whe biRcRPSaWibiOiW\ Rf FicROO� iQ Whe V\VWeP, hMSCV ZeUe eQcaSVXOaWed aW 5 × 105 

ceOOV mL-1 iQ 7.5% (Z/Y) GeOMA h\dURgeOV cRQWaiQiQg 0, 2.5 RU 5% (Z/Y) FicROO� aQd cXOWXUed fRU 

72 h. The eQcaSVXOaWed hMSCV cXOWXUed ZiWhiQ FicROO� dRSed GeOMA h\dURgeOV ZeUe fiUVW 

aVVeVVed XViQg CaOceiQ AM VWaiQiQg, Zhich UeYeaOed WhaW Whe hMSCV cXOWXUed iQ aOO cRQdiWiRQV 

SUeVeQWed ViPiOaU ceOO deQViW\ aQd PRUShRORg\ (FigXUe 4.18 A). AVide fURP Whe ceOO PRUShRORg\, 

Whe PeWabROic acWiYiW\ Rf hMSCV ZaV aOVR aVVeVVed XViQg aQ aOaPaUBOXe� aVVa\. AV e[SecWed, 

Whe UeVXOW cRQfiUPed WhaW ZheQ FicROO� ZaV dRSed aW 5% (Z/Y) iQ GeOMA h\dURgeOV, QR 

VigQificaQW c\WRWR[iciW\ ZaV SUeVeQWed WR Whe eQcaSVXOaWed hMSCV (FigXUe 4.18 B). 

 



Ficoll® was tested to be non-cytotoxic in the present study. (A) Calcein AM staining was 

performed to assess hMSC density and morphology after 72 h of culture. The hMSCs were 

initially seeded within GelMA, GelMA + 2.5% (w/v) Ficoll® or GelMA + 5% (w/v) Ficoll® at the 

same cell density (5  105 cells ). Scale bar = 1 mm (B) An alamarBlue® assay performed 

on hMSCs in GelMA supplemented with different concentrations of Ficoll®. No significant 

difference in metabolic activity was measured between samples (n = 3, mean ± S.D.). 

Statistical comparison was made using a Wilcoxon matched-pairs signed rank test. 

4.3.4 Ficoll in Gradient Casting

Next, replacing sucrose as the density modifier, the gradient casting protocol using Ficoll® was 

tested with GelMA. In the gradient casting set-up, 10% (w/v) GelMA solution was injected in 

to a base comprised of 10% (w/v) GelMA and 5% (w/v) Ficoll®. While the base was doped with 

5% Ficoll®, the distribution of the initial base materials after gradient fabrication process could 

be visualised by the opaque Ficoll®-doped GelMA. As Figure 

, more crucially, Ficoll® can be used in the same way as 

sucrose to produce gradients in GelMA that was dependent upon injection rate. 



Ficoll® was used to increase the density of the GelMA base layer. With different injection rates, 

different gradient patterns could be fabricated. After the injection, gelation was triggered by 

exposing the set-up to UV light for 5 min. Distinct gradient patterns can be visualised due to 

the opacity developed after the gelation of Ficoll® infiltrated GelMA. Scale bar = 1 mm. The 

figure is reproduced from  [92].

4.3.5 Osteochondral Tissue Engineering

The optimised final set-up

While there is no literature revealing the exact BMP-2 concentration within osteochondral 

tissue in vivo, in the final set-up, adequate BMP-2 loading was estimated by the optimised 

parameters in the previous chapter. The final optimised system for osteochondral tissue 

engineering comprised the injection phase of 3.1 μg  BMP-2, 2.5 μg  HepMA, and 

10% (w/v) GelMA and a base layer of 10% (w/v) GelMA thickened with 5% (w/v) Ficoll®, with 

both phases containing 9  106  hMSCs and 2.5 mg  photoinitiator. To create a smooth 

gradient, the injection rate of 17 μL s-1, derived from the avidin-HepMA-GelMA system (section 

4.4.1) was used.

With these conditions, smooth gradients of BMP-2 loaded HepMA could be established. 

Moreover, the gradient distribution of BMP-2 loaded HepMA could be immobilised in GelMA 

using UV light irradiation (5 min, 365 nm, 6 mW cm-2). These constructs were then subjected 

to a 28 d course of osteochondral tissue engineering using a defined osteochondral 



differentiation medium that has been optimised and described in Chapter 3.

Extracellular matrix characterisation

Using the optimised osteochondral medium, after approximately 15 d of tissue engineering 

culture, the emergence of a strikingly opaque cap on the cultured constructs was observed. 

By the end of the culture period (28 d), this cap was present on all tissue constructs, a strong 

indication that the BMP-2 gradient had guided a localised mineralisation process. Indeed, 

when sections of osteochondral tissue were examined using Alizarin Red S staining, a 

mineralised cap exclusively at one end of the tissue was observed (Figure A). On the 

other hand, Alcian Blue staining revealed the entire tissue to contain sulphated 

glycosaminoglycans, a key extracellular matrix component naturally presents in both cartilage 

and bone (Figure B) [304]. These findings were corroborated using immunofluorescent 

staining for key proteins associated with chondrogenesis and osteogenesis (Figure C-

D). While osteopontin, a key marker of osteogenesis, was observed only in the mineralised 

cap [305], type II collagen, a key component of hyaline cartilage ECM [306], was present 

throughout the tissue construct.

Figure 

(A) Alizarin Red S staining revealed localised mineral deposition at one end of the tissue; (B) 

Alcian Blue staining revealed tissue-wide staining for glycosaminoglycans, a component of 

both cartilage and bone; (C) The bone-specific marker osteopontin was also localised 

exclusively at the mineralised cap; (D) type II collagen, a component of hyaline cartilage, was 

present throughout the tissue. Scale bars = 1 mm in low magnification images, 100 μm in high 

magnification images. The figure is reproduced from  [92].



Mineral characterisation

The composition and distribution of minerals were further investigated using Raman 

spectroscopy imaging. The presence of both hydroxyapatite (HAP) and β-tricalcium 

phosphate (β-TCP) were found exclusively at the bone end of the construct (Figure 

). While the signal of HAP was stronger than that of TCP throughout the mineral cap region, 

spectral unmixing of Raman features indicated a heterogeneous presentation of mineral 

species that formed co-locally within the cultured construct. 

Figure 

(A) Raman spectroscopic imaging was used to reveal the spatial distribution of mineral and 

(B) identify the presence and heterogenous presentation of both hydroxyapatite and tri-

calcium phosphate in the mineralised cap. Scale bar = 1 mm in low magnification images, 100 

μm in high magnification images. The colour scales in (A) and (B) show the relative intensity 

of the signal, with brighter colour representing higher intensity. The Raman Spectroscopy 

mapping was conducted by Dr. Isaac Pence, who also assisted with data analysis. (C) Cell 

distribution. DAPI staining (nuclei, blue) performed on the osteochondral tissue constructs 

showed an even distribution of hMSCs throughout the tissue construct, with no visible margin 

or interface. Scale bar = 1 mm. The figure is reproduced from  [92].
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TaNeQ WRgeWheU, Whe hiVWRORg\, iPPXQRfOXRUeVceQce VWaiQiQg aQd RaPaQ VSecWURVcRSic 

PaSSiQg VWURQgO\ VXggeVWed WhaW Whe VROXbOe TGF-ȕ3 had VWiPXOaWed WiVVXe-Zide 

chRQdURgeQeViV Rf Whe hMSCV, ZhiOe BMP-2 gUadieQWV had iQiWiaWed a ORcaOiVed RVWeRgeQic 

UeVSRQVe. IQWeUeVWiQgO\, Whe UeVXOWV dePRQVWUaWed heUe aUe ViPiOaU WR WhaW Rf chaSWeU 2: Whe 

PiQeUaOiVaWiRQ WRRN Whe fRUP Rf aQ abUXSW WUaQViWiRQ beWZeeQ bRQe aQd caUWiOage, deVSiWe Whe 

iQiWiaOO\ VPRRWh BMP-2 gUadieQW aQd Whe hRPRgeQRXV diVWUibXWiRQ Rf ceOOV (FigXUe 4.21 C). 

TheVe UeVXOWV VXggeVW WhaW Whe SOaWfRUP cRXOd PiPic Whe QaWXUaO SURceVV Rf eQdRchRQdUaO 

RVVificaWiRQ, iQ Zhich cRQceQWUaWiRQ gUadieQWV Rf RVWeRiQdXcWiYe facWRUV (e.g., BMP-2, BMP-6) 

SURdXce a VhaUS PiQeUaO WUaQViWiRQ aW Whe deYeORSed RVWeRchRQdUaO iQWeUface. 

 
 



186 

4.4 CRQFOXVLRQV DQG FXWXUH PHUVSHFWLYH 

 

CRQcOXVLRQV 

IQ WhiV chaSWeU, a bXR\aQc\-dUiYeQ gUadieQW caVWiQg WechQRORg\ XViQg baVic Sh\VicaO fRUce ZaV 

dePRQVWUaWed. AV iQ Whe gUadieQW WechQRORg\ XWiOiViQg PagQeWic fieOd aQd SPIONV diVcXVVed iQ 

ChaSWeU 3, Whe bXR\aQc\-dUiYeQ gUadieQW caVWiQg agUeeV ZiWh Whe cUiWeUia VXPPaUi]ed iQ 

VecWiRQ 1.4 (cUiWeUia fRU URbXVW gUadieQW caVWiQg) aQd ZaV XVed WR fabUicaWe VeYeUaO gUadieQWV 

acURVV diffeUeQW h\dURgeOV V\VWePV. SSecificaOO\, iQ WhiV chaSWeU, iW ZaV VhRZQ WhaW a ViQgOe 

iQMecWiRQ eYeQW Rf RQe fOXid PaWeUiaO iQWR aQRWheU iV VXfficieQW WR geQeUaWe PaWeUiaO WUaQViWiRQV 

WhaW caQ be SUeVeUYed b\ VXbVeTXeQW geOaWiRQ RU SRO\PeUiVaWiRQ. MRUeRYeU, PaWeUiaOV 

e[hibiWiQg eiWheU a VhaUS WUaQViWiRQ RU a VPRRWh gUadieQW cRXOd be fabUicaWed b\ V\VWePaWicaOO\ 

YaU\iQg Whe PaWeUiaO chaUacWeUiVWicV aQd iQMecWiRQ SaUaPeWeUV.  

 

The SURSRVed SOaWfRUP ZaV XVed WR caVW gUadieQWV iQ VeYeUaO diffeUeQW PaWeUiaOV (geOaWiQ 

PeWhacU\OR\O, geOOaQ gXP, agaURVe, acU\OaWe SRO\PeUV) aQd geQeUaWed WXQabOe WUaQViWiRQV iQ 

cRPSRViWiRQ, biRchePicaO SURfiOe aQd cRPSUeVViYe VWiffQeVV. MRUeRYeU, iW ZaV aOVR 

dePRQVWUaWed WhaW VeYeUaO caUgR VSecieV cRXOd be iQcRUSRUaWed iQ gUadieQW fRUP, iQcOXdiQg 

iQRUgaQic QaQRSaUWicOeV, OiSRVRPeV, ceOO-deUiYed e[WUaceOOXOaU YeVicOeV, PacURPROecXOeV aQd 

SURWeiQV. The SURSRVed bXR\aQc\-dUiYe gUadieQW caVWiQg SURYideV a SOaWfRUP fRU fXUWheU 

UeVeaUch aQd iQ diYeUVe aSSOicaWiRQV. FRU iQVWaQce, VWiffQeVV gUadieQW h\dURgeO cRXOd be XVed 

aV SOaWfRUP fRU VWXd\iQg hMSCV deYeORSPeQW biRORg\ [23], Whe e[WUaceOOXOaU YeVicOeV aQd 

OiSRVRPe gUadieQW, ZheQ ORaded ZiWh fXQcWiRQaO PRWifV, cRXOd be XVed WR gUadieQW-SaWWeUQ 

biRacWiYe VigQaOV ZiWhiQ Whe WiVVXe eQgiQeeUiQg VcaffROd [296-298].  

 

AV PeQWiRQed aW Whe begiQQiQg Rf WhiV chaSWeU, QaWiYe RVWeRchRQdUaO WiVVXe, Zhich haV a 

VWUXcWXUaO WUaQViWiRQ fURP h\aOiQe caUWiOage WR Whe XQdeUO\iQg VXbchRQdUaO bRQe, SURYideV 

diVWiQcW Sh\ViRORgicaO fXQcWiRQ aQd deYeORSed fURP aQ iQiWiaO gURZWh facWRU gUadieQW. IQ WhiV 

chaSWeU, iQ addiWiRQ WR YaUiRXV gUadieQWV geQeUaWed ZiWh Whe bXR\aQc\-dUiYeQ gUadieQW caVWiQg 

SOaWfRUP, Whe QeZ PeWhRd ZaV aOVR XVed WR UeVROYe Whe cRPSOe[ aQd cOiQicaOO\-UeOeYaQW 

chaOOeQge Rf RVWeRchRQdUaO WiVVXe eQgiQeeUiQg. IQ WhiV aSSOicaWiRQ, bXR\aQc\ ZaV XVed WR 

SaWWeUQ BMP-2 gUadieQWV XViQg RQe ViPSOe iQMecWiRQ eYeQW. MRUeRYeU, Whe SUeVeQWaWiRQ Rf BMP-
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2 gUadieQWV haV VXcceVVfXOO\ SURdXced RVWeRchRQdUaO WiVVXe. The UeVXOWiQg WiVVXe cRQVWUXcWV 

SRVVeVVed diVWiQcW UegiRQV Rf bRQe aQd caUWiOage, aORQg ZiWh a VWUXcWXUaO WUaQViWiRQ WhaW 

UeVePbOed Whe WidePaUN RbVeUYed aW Whe QaWiYe RVWeRchRQdUaO iQWeUface.  

 

IW VhRXOd be QRWed WhaW aOWeUaWiRQV aUe VWiOO Qeeded WR adaSW Whe SURSRVed SOaWfRUP WR RWheU 

aSSOicaWiRQV. FRU iQVWaQce, aQ iQWeUPediaWe hRVW Pa\ be UeTXiUed (iQ WhiV chaSWeU: HeSMA) WR 

VeTXeVWeU RWheU caUgR Rf iQWeUeVW. IQ addiWiRQ, Whe SURSRVed V\VWeP PighW QRW be VXiWabOe fRU 

cUeaWiQg a SUeciVe aUchiWecWXUe gUadieQW WhaW cRXOd be PRUe eaViO\ fabUicaWed XViQg a WechQiTXe 

VXch aV 3D SUiQWiQg. NeYeUWheOeVV, fRU a h\dURgeO-baVed V\VWeP, Whe YeUVaWiOiW\, VSeed aQd 

eaVe Rf XVe Rf Whe bXR\aQc\-baVed SOaWfRUP SURYide Whe RSSRUWXQiW\ fRU PaQ\ diffeUeQW 

aSSOicaWiRQV iQ gUadieQW PaWeUiaO fabUicaWiRQ aQd iQWeUfaciaO WiVVXe eQgiQeeUiQg.  

 

FXWXUe PeUVSecWLYe 

 

A. PURdXciQg mRUe URbXVW cRQVWUXcWV 

The SURSRVed bXR\aQc\-baVed WechQRORg\ SURYideV PRUe adYaQWageV ZheQ cRPSaUed WR Whe 

SPIONV-baVed V\VWeP, aQd iW SURYideV RSSRUWXQiWieV fRU fXUWheU VWXd\. HRZeYeU, addiWiRQaO 

ZRUN iV VWiOO UeTXiUed fRU WUaQVOaWiRQ Rf WhiV WechQRORg\; iQ SaUWicXOaU, Whe RYeUaOO PechaQicaO 

SURSeUWieV Rf Whe eQgiQeeUed WiVVXe cRQVWUXcW PXVW beWWeU PaWch WR QaWiYe WiVVXe WR be 

cRPSaWibOe ZiWh iQ YiYR WUaQVSOaQWaWiRQ. WhiOe GeOMA ZaV XVed aV Whe geO PaWeUiaO iQ Whe 

SUeVeQW VWXd\, RWheU h\dURgeOV RU dRXbOe QeWZRUN h\dURgeO, Zhich SURYideV beWWeU PechaQicaO 

SURSeUWieV cRXOd be WeVWed [307]. IQ addiWiRQ WR XViQg a ceOO-OadeQ h\dURgeO, biR-iQeUW SRO\PeUV 

cRXOd aOVR be cRQVideUed, ViQce Whe SURSRVed WechQRORg\ cRXOd aOVR VXSSRUW Whe PaWeUiaOV 

gUadieQW Rf ZaWeU-fUee SRO\PeUV. FRU iQVWaQce, h\bUid SRO\PeUV Rf 

ViOica/SRO\(WeWUah\dURfXUaQ)/SRO\(İ-caSUROacWRQe), Zhich haYe VXSeUiRU PechaQicaO SURSeUW\ 

cRPSaUiQg WR QaWXUaO deUiYed h\dURgeO, cRXOd be XVed [308]. 
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B. PlaWfRUm fRU VWXd\iQg RVWeRchRQdUal deYelRSmeQW 

IQ bRWh chaSWeU 2 (PagQeWicaOO\ aOigQed BMP-2 gUadieQW) aQd WhiV chaSWeU (bXR\aQc\-dUiYeQ 

BMP-2 gUadieQW), Whe VWUXcWXUaO cRPSOe[iW\ Rf Whe eQgiQeeUed RVWeRchRQdUaO WiVVXe, PRVW 

QRWabO\ Whe VhaUS WUaQViWiRQ beWZeeQ bRQe aQd caUWiOage, ZaV geQeUaWed fURP aQ iQiWiaOO\ 

VPRRWh cRQceQWUaWiRQ gUadieQW Rf BMP-2. ThiV ePeUgeQW VWUXcWXUaO feaWXUe iV faVciQaWiQg 

cRQVideUiQg Whe deYeORSPeQWaO biRORg\ Rf Whe RVWeRchRQdUaO iQWeUface, iQ Zhich cRQceQWUaWiRQ 

gUadieQWV Rf RVWeRiQdXcWiYe facWRUV SURdXce a VhaUS WUaQViWiRQ (WidePaUN) WhaW VeSaUaWeV Whe 

VXbchRQdUaO bRQe/caOcified caUWiOage fURP h\aOiQe caUWiOage. 

 

UViQg WhiV QaQRSaUWicOe-fUee SOaWfRUP aV a PRdeO V\VWeP, fXUWheU VWXdieV UeOaWed WR 

RVWeRchRQdUaO WiVVXe deYeORSPeQW biRORg\ cRXOd be cRQdXcWed. FRU iQVWaQce, Whe 

diffeUeQWiaWiRQ d\QaPicV dXUiQg Whe Wide-PaUN fRUPaWiRQ caQ be iQYeVWigaWed. IQ Whe iQ YiWUR 

eQgiQeeUed cRQVWUXcWV, iW iV h\SRWheViVed WhaW Whe Wide PaUN ePeUged fURP Whe iQiWiaO BMP-2 

gUadieQW iQ Whe V\VWeP. IW iV WhRXghW WhaW a WhUeVhROd OeYeO Rf BMP-2 iV UeTXiUed WR iQiWiaWe aQd 

VXVWaiQ PiQeUaOiVaWiRQ Rf Whe RVWeRchRQdUaO WiVVXe, Zhich Pa\, iQ WXUQ, SURdXce a SRViWiYe 

feedbacN ORRS ZheUeb\ Whe deSRViWed PiQeUaO (HAP RU UeVRUbed ȕ-TCP) acW WR fXUWheU VWiPXOaWe 

RVWeRgeQeViV. UViQg Whe deYeORSed SOaWfRUP aV a PRdeO V\VWeP, PROecXOaU cURVV-WaONV (e.g., 

UegXOaWiRQV Rf diffeUeQW geQeV, VecUeWiRQ Rf dRZQVWUeaP gURZWh facWRUV) cRXOd be e[WUacWed 

XViQg a WechQiTXe OiNe ViQgOe ceOO VeTXeQciQg aQd Pa\ SURYide a VRXQd PechaQiVWic baViV fRU 

eQgiQeeUiQg Rf RVWeRchRQdUaO cRQVWUXcWV aQd RWheU VWUXcWXUaOO\ cRPSOe[ WiVVXeV. FXUWheU ZRUN 

iV UeTXiUed WR WeVW WhiV WheRU\, Zhich cRXOd Vhed OighW RQ VRPe Rf Whe Ne\ deYeORSPeQWaO 

SURceVVeV WhaW RccXU dXUiQg eQdRchRQdUaO RVVificaWiRQ.  
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CKDSWHU 9: CRQFOXVLRQ 
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5.1 7RZDUG D MRUH CRPSOH[ 7LVVXH EQJLQHHULQJ 

SiQce Whe 90V, Whe fieOd Rf WiVVXe eQgiQeeUiQg haV e[WeQViYeO\ SURgUeVVed fURP caVWiQg ViPSOe 

cRQVWUXcWV WR V\VWePV ZiWh a PRUe cRPSOe[ VWUXcWXUe. NXPeURXV VWXdieV haYe RSWiPiVed Whe 

cRPbiQaWiRQ Rf biRPaWeUiaO, VigQaOV aQd cXOWXUe SURWRcRO fRU diffeUeQW eQgiQeeUed WiVVXeV, 

hRZeYeU, PaQ\ Rf WheVe SURWRcROV XVe a hRPRgeQeRXV diVWUibXWiRQ Rf cRPSRQeQWV WhaW 

SURdXceV cRQVWUXcWV ZiWh a XQifRUP VWUXcWXUe. TR eQgiQeeU cRPSOe[ WiVVXeV, Whe heWeURgeQeRXV 

chaUacWeU Rf Whe WaUgeW WiVVXe PXVW be cRQVideUed. ThiV iV eVSeciaOO\ cUXciaO fRU Whe eQgiQeeUiQg 

Rf gUadieQW cRQVWUXcWV, VXch aV RVWeRchRQdUaO WiVVXe, fURP a ViQgOe ceOO SRSXOaWiRQ, VXch aV 

PeVeQch\PaO VWeP ceOOV. IQ WhiV caVe, RQe WiVVXe eQgiQeeUiQg aSSURach iV WR VSaWiaOO\ aQd 

WePSRUaOO\ decRUaWe a biRPaWeUiaO ZiWh a PRUShRgeQ VigQaO gUadieQW. 

 

PK\VLcaO FRUceV IRU GUadLeQW TLVVXe EQJLQeeULQJ 

IQ WhiV WheViV, Whe OiWeUaWXUe VXUURXQdiQg gUadieQW WiVVXe eQgiQeeUiQg ZaV UeYieZed iQ chaSWeU 

1. B\ cRQVideUiQg Whe gUadieQWV SUeVeQW iQ QaWXUe, Whe ORgic Rf gUadieQW iQWeUSUeWaWiRQ, aQd Whe 

cXUUeQW gUadieQW caVWiQg aSSURacheV, iW iV cOeaU WhaW a geQeUaOiVed gUadieQW fabUicaWiRQ 

WechQRORg\ fRU heWeURgeQRXV WiVVXe eQgiQeeUiQg iV VWiOO PiVViQg. AQ ideaO gUadieQW fabUicaWiRQ 

WechQRORg\ VhRXOd SURYide a V\VWeP ZiWh diVWiQcW VSaWiaO iQfRUPaWiRQ WhaW VXSSRUWV Whe 

geQeUaWiRQ Rf Whe fiQaO heWeURgeQeRXV WiVVXe. HRZeYeU, ZhiOe VeYeUaO gUadieQW fabUicaWiRQ 

WechQRORgieV haYe beeQ UeSRUWed, PRVW Rf WheP UeTXiUe VSeciaOiVW RU cXVWRPiVed eTXiSPeQW 

(e.g., gUadieQW PaNeU, PicURfOXidicV, 3D biRSUiQWeU) aQd RfWeQ haYe UeOaWiYeO\ cRPSOicaWed RU 

OeQgWh\ fabUicaWiRQ SURWRcROV. TR eQabOe ZideVSUead XVe aQd VXSSRUW fXWXUe WUaQVOaWiRQaO 

aSSOicaWiRQV, aQ ideaO gUadieQW caVWiQg WechQRORg\ VhRXOd be ViPSOe, UaSid aQd aSSOicabOe WR 

diffeUeQW VceQaUiRV. UQdeU WhiV UaWiRQaOe, WZR fRUceV (PagQeWiVP aQd bXR\aQc\) ZeUe e[SORiWed 

fRU gUadieQW caVWiQg aQd heWeURgeQeRXV WiVVXe eQgiQeeUiQg. 

 

IQ chaSWeU 3, a PagQeWic gUadieQW caVWiQg SOaWfRUP ZaV iQWURdXced. IW ZaV dePRQVWUaWed WhaW 

aSSOicaWiRQ Rf a PagQeWic fieOd gUadieQW cRXOd be XVed WR cUeaWe gUadieQWV Rf SPIONV iQ a VhRUW 

SeUiRd Rf WiPe (< 1 PiQ) acURVV VeYeUaO cRPPRQ h\dURgeOV (e.g., geOaWiQ, agaURVe, geOOaQ gXP 

aQd PaWUigeO). ThiV WechQRORg\ iV YeUVaWiOe aQd cRXOd be XVed fRU a QXPbeU Rf aSSOicaWiRQV. FRU 

iQVWaQce, Whe SPIONV cRXOd be PRdified WR VeTXeVWeU aOWeUQaWiYe caUgRV, iQcOXdiQg SURWeiQV, 
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VPaOO PROecXOeV, ROigRQXcOeRWideV, RU PacURPROecXOeV. AOWhRXgh WhiV VWUaWeg\ SURYideV VeYeUaO 

adYaQWageV, Whe XVe Rf PeWaOOic QaQRSaUWicOeV SUeVeQWV a cRQceUQ fRU iQ YiYR aSSOicaWiRQV, 

Zhich Oed Pe WR iQYeVWigaWe aOWeUQaWiYe, QaQRSaUWicOe-fUee V\VWePV.  

 

IQ chaSWeU 4, a bXR\aQc\ gUadieQW caVWiQg SOaWfRUP ZaV deYeORSed. OQe OiTXid ZaV iQMecWed 

iQWR aQRWheU OiTXid aW a defiQed UaWe, aQd Whe ZhROe V\VWeP ZaV caVW afWeU Whe fRUPaWiRQ Rf a 

bXR\aQc\-dUiYeQ gUadieQW. BXR\aQc\ caQ be aSSOied PRUe bURadO\ WhaQ PagQeWiVP, aQd aV a 

UeVXOW, a ZideU UaQge Rf aSSOicaWiRQV cRXOd be iQYeVWigaWed. The V\VWeP ZaV VWiOO caSabOe Rf 

fRUPiQg QaQRSaUWicOe gUadieQWV, bXW WhiV ZaV QRW UeVWUicWed WR SPIONV: XViQg WhiV fabUicaWiRQ 

VWUaWeg\ Whe SOaWfRUP ZaV abOe WR SaWWeUQ gUadieQWV Rf QRQ-PagQeWic iQRUgaQic QaQRSaUWicOeV, 

V\QWheWic OiSRVRPeV, aQd biRORgicaO e[WUaceOOXOaU YeVicOeV. ThiV V\VWeP aOVR VXSSRUWed Whe 

fRUPaWiRQ Rf bXON PaWeUiaO gUadieQWV, PacURPROecXOe gUadieQWV aQd, ZiWh Whe heOS Rf a VXiWabOe 

SRO\PeU iQWeUPediaWe, VPaOO PROecXOe gUadieQWV. WheQ Whe deQViW\ Rf Whe WZR PaWeUiaOV ZeUe 

iQVXfficieQW WR cUeaWe a bXR\aQc\ gUadieQW, a WePSRUaU\ deQViW\ PRdifieU cRXOd be XVed WR 

WePSOaWe a gUadieQW. OYeUaOO, WhiV bXR\aQc\-dUiYeQ caVWiQg SOaWfRUP iV YeUVaWiOe ZiWh a UeOaWiYeO\ 

VWUaighW-fRUZaUd aQd UaSid fabUicaWiRQ SURWRcRO. 

 
EQJLQeeULQJ OVWeRcKRQdUaO TLVVXe  

AV iQWURdXced iQ chaSWeU 1, Sh\ViRORgicaO RVWeRchRQdUaO WiVVXe SRVVeVVeV a cRPSOe[ 

aUchiWecWXUe aQd VeYeUaO diffeUeQW QaWXUaO gUadieQWV. The fRUPaWiRQ Rf WheVe gUadieQWV iV OaUgeO\ 

dicWaWed b\ a heWeURgeQeRXV diVWUibXWiRQ Rf gURZWh facWRUV SUeVeQW dXUiQg ePbU\RORgicaO 

deYeORSPeQW aQd SUe-adROeVceQW gURZWh. FRU iQVWaQce, Whe fRUPaWiRQ Rf Whe caUWiOage-bRQe 

iQWeUface iQ RVWeRchRQdUaO WiVVXe iV heaYiO\ iQfOXeQced b\ a SROaUiVed diVWUibXWiRQ Rf SUR-

RVWeRgeQic gURZWh facWRUV, VXch aV BMP-2. The ORcaO diffeUeQce Rf gURZWh facWRU cRQceQWUaWiRQ 

SURdXceV a VSaWiaO YaUiaQce iQ ceOO VigQaOOiQg, Zhich caQ, iQ WXUQ, Oead WR diVWiQcW ceOO SheQRW\SeV 

acURVV Whe WiVVXe (e.g., RVWeRbOaVWV aQd chRQdURc\WeV). IQ a VWUXcWXUaO V\VWeP VXch aV 

RVWeRchRQdUaO WiVVXe, Whe diffeUeQW ceOO W\SeV VcXOSW Whe fiQaO WiVVXe cRPSRViWiRQ Yia Whe 

SURdXcWiRQ aQd UePRdeOOiQg Rf diffeUeQW e[WUaceOOXOaU PaWUi[ cRPSRQeQWV. TheVe VWUXcWXUaO 

feaWXUeV SOa\ a cUiWicaOO\ iPSRUWaQW UROe iQ Whe fXQcWiRQaO SeUfRUPaQce Rf Whe WiVVXe. 

 

The Ne\ WR cUeaWe RVWeRchRQdUaO WiVVXe fURP hMSCV iV WR SURYide bRWh RVWeRgeQic aQd 

chRQdURgeQic diffeUeQWiaWiRQ VigQaOV. CRPSOe[ V\VWePV, VXch aV cRPSaUWPeQWaOi]ed cXOWXUe 
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chaPbeUV, cRXOd VXSSO\ diffeUeQW UegiRQV Rf Whe WiVVXe ZiWh diffeUeQW Pedia, hRZeYeU, a V\VWeP 

XViQg VcaffROdV SUe-decRUaWed ZiWh PRUShRgeQ gUadieQWV iV PRUe faYRXUabOe becaXVe iW caQ 

be VXSSRUWed b\ cRQYeQWiRQaO cXOWXUe cRQdiWiRQV. TR WhiV eQd, bRWh Whe PagQeWic aQd bXR\aQc\-

dUiYeQ gUadieQW caVWiQg fRU RVWeRchRQdUaO WiVVXe eQgiQeeUiQg ZeUe WaiORUed XViQg aQ RSWiPiVed 

RVWeRchRQdUaO cXOWXUe PediXP. IQ Whe PagQeWic SOaWfRUP, Whe SPION VXUface ZaV fiUVW PRdified 

ZiWh heSaUiQ, Zhich acWed aV aQ iQWeUPediaWe hRVW fRU BMP-2. ThiV ZaV XVed WR cUeaWe a 

QaQRSaUWicOe/BMP-2 gUadieQW XViQg aQ aSSOied PagQeWic fieOd. IQdeed, WhiV VeW-XS geQeUaWed 

RVWeRchRQdUaO WiVVXe ZiWh VeYeUaO feaWXUeV ViPiOaU WR Sh\ViRORgicaO WiVVXe (e.g., geQe 

e[SUeVViRQ, RVWeRgeQic aQd chRQdURgeQic ECM diVWUibXWiRQ, aONaOiQe ShRVShaWaVe acWiYiW\ aQd 

PiQeUaO fRUPaWiRQ). IQ bXR\aQc\-dUiYeQ gUadieQW caVWiQg, heSaUiQ-VeTXeVWeUed BMP-2 ZaV 

RQce agaiQ XVed WR ORcaOO\ VWiPXOaWe RVWeRgeQeViV. A gUadieQW Rf heSaUiQ PeWhacU\OR\O, Pi[ed 

ZiWh BMP-2, ZaV caVW iQ a geOaWiQ PeWhacU\OR\O h\dURgeO aQd Whe WZR PeWhacU\OaWed 

biRSRO\PeUV ZeUe ShRWRcURVVOiQNed WR fRUP a biRPaWeUiaO ZiWh a gUadieQW Rf BMP-2. ThiV VeW-

XS aOVR geQeUaWed RVWeRchRQdUaO WiVVXe ZiWh QaWXUaO feaWXUeV. 

 

IW ZaV iQWeUeVWiQg WR RbVeUYe WhaW deVSiWe SUeVeQWiQg a PRUShRgeQ gUadieQW, bRWh WechQRORgieV 

geQeUaWed RVWeRchRQdUaO WiVVXe ZiWh a VhaUS WUaQViWiRQ beWZeeQ Whe PiQeUaOi]ed aQd QRQ-

PiQeUaOi]ed WiVVXe. ThiV ³Wide PaUN´ iV RbVeUYed iQ QaWiYe RVWeRchRQdUaO WiVVXe aQd fXWXUe ZRUN 

iV Qeeded WR XQdeUVWaQd WhiV ePeUgeQW VWUXcWXUaO behaYiRXU. B\ cRPbiQiQg WechQiTXeV VXch aV 

ViQgOe ceOO WUaQVcUiSWRPicV aQd fOXRUeVceQce iQ-ViWX h\bUidi]aWiRQ, Whe eVWabOiVhed 

RVWeRchRQdUaO WiVVXe eQgiQeeUiQg SOaWfRUPV cRXOd fXUWheU Vhed OighW XSRQ Whe PechaQiVP Rf 

RVWeRchRQdUaO WiVVXe deYeORSPeQW SURceVV. 

 

OYeUaOO, bRWh Whe SURSRVed WechQRORgieV haYe dePRQVWUaWed WheiU SRWeQWiaO fRU RVWeRchRQdUaO 

WiVVXe eQgiQeeUiQg, hRZeYeU, a ORW Rf fXUWheU RSWiPiVaWiRQ iV UeTXiUed fRU aQ\ fXWXUe cOiQicaO 

WUaQVOaWiRQ. MRUe geQeUaOO\, cOiQicaO WUaQVOaWiRQ Rf WheVe gUadieQW biRPaWeUiaOV ZRXOd UeTXiUe Whe 

XVe Rf PaWeUiaOV, ceOOV aQd Pedia aSSURYed b\ Whe FRRd aQd DUXg AdPiQiVWUaWiRQ (FDA) aQd 

RWheU UeOeYaQW iQWeUQaWiRQaO ageQcieV, aQd WiVVXe fabUicaWiRQ SURcedXUeV WR be bURXghW iQ OiQe 

ZiWh gRRd PaQXfacWXUiQg SUacWice (GMP) gXideOiQeV. 
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Ne[W CKaSWeU RI HeWeURJeQeRXV TLVVXe EQJLQeeULQJ 

DecadeV Rf UeVeaUch SURgUeVV iQ WiVVXe eQgiQeeUiQg haV geQeUaWed VeYeUaO cOiQicaO SURdXcWV 

WhaW haYe iPSURYed Whe TXaOiW\ Rf Oife Rf SaWieQWV. IQ WhiV WheViV, WZR gUadieQW-caVWiQg 

WechQRORgieV XViQg PagQeWic aQd bXR\aQc\ fRUceV aUe iQWURdXced aQd aSSOied WR Whe 

eQgiQeeUiQg Rf heWeURgeQeRXV WiVVXe. SiQce WheVe WechQRORgieV XVe bURad Sh\VicaO SUiQciSOeV, 

UaWheU WhaQ cRPSOe[ fabUicaWiRQ SURcedXUeV, WheVe WechQRORgieV RffeU a PRUe XQiYeUVaO SOaWfRUP 

fRU bXiOdiQg gUadieQW PaWeUiaOV aQd WiVVXeV. The WechQRORgieV iQWURdXced iQ WhiV WheViV aUe 

UeOaWiYeO\ VWUaighW-fRUZaUd, cRVW-effecWiYe aQd ZideO\ aSSOicabOe. TheVe SURWRcROV VhRXOd RffeU 

geQeUaO beQefiW WR Whe fieOd, aQd WheVe WechQRORgieV cRXOd be adRSWed iQ fXUWheU UeVeaUch iQ 

RUdeU WR ePXOaWe RWheU PeVPeUiViQg gUadieQWV VeeQ iQ QaWXUe.  

 

"SLPSOLcLW\ LV WKe UOWLPaWe SRSKLVWLcaWLRQ". 
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a b s t r a c t

In developmental biology, gradients of bioactive signals direct the formation of structural transitions in
tissue that are key to physiological function. Failure to reproduce these native features in an in vitro
setting can severely limit the success of bioengineered tissue constructs. In this report, we introduce a
facile and rapid platform that uses magnetic field alignment of glycosylated superparamagnetic iron
oxide nanoparticles, pre-loaded with growth factors, to pattern biochemical gradients into a range of
biomaterial systems. Gradients of bone morphogenetic protein 2 in agarose hydrogels were used to
spatially direct the osteogenesis of human mesenchymal stem cells and generate robust osteochondral
tissue constructs exhibiting a clear mineral transition from bone to cartilage. Interestingly, the smooth
gradients in growth factor concentration gave rise to biologically-relevant, emergent structural features,
including a tidemark transition demarcating mineralized and non-mineralized tissue and an osteo-
chondral interface rich in hypertrophic chondrocytes. This platform technology offers great versatility
and provides an exciting new opportunity for overcoming a range of interfacial tissue engineering
challenges.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Biological gradients play an essential role in defining the func-
tional role of a wide range of tissues, including tendon, cartilage
and the central nervous system [1e3]. These gradients are largely
dictated by an anisotropic distribution of growth factors present
during embryological development and pre-adolescent growth. For
instance, the formation of the cartilage-bone interface in osteo-
chondral tissue is heavily influenced by a polarized distribution of
pro-osteogenic growth factors, such as bone morphogenetic pro-
tein 2 (BMP-2) [3,4]. These local differences in growth factor con-
centration produce spatial variance in cell signaling, which can, in
turn, lead to distinct cell phenotypes across the tissue (e.g. osteo-
blasts and chondrocytes). In a structural system such as osteo-
chondral tissue, the different cell types sculpt the final tissue
composition via the production and remodeling of different
extracellular matrix components. These structural features play a

critically important role in the functional performance of the tissue;
for instance, the gradual transition between bone and cartilage
enables the smooth transmission and distribution of compressive
loads through the osteochondral tissue [5,6].

Despite these well-known considerations, the overwhelming
majority of in vitro engineering strategies use uniform scaffolds and
homogeneous growth factor delivery to produce isotropic tissue
constructs. It is clear that more sophisticated fabrication processes
are required to replicate the native complexity and fulfill the
functional requirements of tissue grafts. A few material strategies
have been developed that can heterogeneously deliver biological or
mechanical cues [7e11]. A simplistic strategy, which has found
clinical application, is to laminate separate biomaterials by suture
or other approaches such as using a small amount of solvent after
preparation [4,12]. This approach uses the material composition
and structure of the different scaffold layers to direct cell fate and
tissue formation, however, discontinuities at the interface make
these biphasic materials highly susceptible to delamination [8]. A
smoother transition can be achieved using a gradient maker, in
which microspheres laden with growth factors are distributed in* Corresponding author.
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graded fashion throughout a hydrogel [13], or through specialist
techniques, such as photo-patterning [14] and microfluidics [14].
These systems can produce excellent gradients, but can often be
limited by complex micro-fabrication procedures or compatibility
with different material systems. It is clear that there is an urgent
and unmet need for a simple and versatile gradient casting method
that can be universally applied to different biomaterial and tissue
engineering protocols.

To this end, we present a new strategy in which externally-
applied magnetic fields are used to decorate different bio-
materials with continuous gradients of growth factor loaded gly-
cosylated superparamagnetic iron oxide nanoparticles (SPIONs)
(Fig. 1). SPIONs have previously been used to generate polarization
of the signaling protein RanGTP within Xenopus egg extracts to
spatially modify the assembly of microtubule networks [15]. To the
best of our knowledge, however, SPIONs have not yet been inves-
tigated as amethod for patterning biochemical gradients for in vitro
tissue engineering. Here, we report the use of magnetically-aligned
gradients of BMP-2 to spatially direct mineralization during
osteochondral tissue engineering. Specifically, we used an external
magnetic field to pattern glycosylated SPIONs into an agarose
hydrogel, pre-laden with human mesenchymal stem cells (hMSCs).
Thermal gelation of the hydrogel enabled us to stably encapsulate a
BMP-2 gradient, which was used to spatially stimulate osteogenic
gene expression and tissue mineralization over a 28-day culture.
The resulting tissues exhibited a cartilage region, rich in type II
collagen and glycosaminoglycan, with a transition into a mineral-
ized, bone region exhibiting extensive distribution of b-tricalcium
phosphate (b-TCP) and hydroxyapatite (HAP). In certain cases,
these differences in extracellular matrix provided an increased
compressive instantaneous modulus at the bone region compared
to the cartilage region. This approach required no specialized
equipment, other than a magnet, and offered great versatility in
patterning different hydrogel or scaffold systems. The ability to
produce tissue-scale biochemical gradients in under a minute

across different biomaterials should afford this platform technology
wide applicability across a range of complex tissue engineering
systems.

2. Materials and methods

2.1. Glycosylated SPION synthesis and characterization

A 0.9mL solution of 1.5mgmL!1 of heparin (Sigma Aldrich, UK)
was prepared in pH 5.4 4-morpholineethanesulfonic acid buffer
(MES, Thermo Fisher, USA), and mixed for 15min with 5mg of N-
(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC, Sigma Aldrich, UK) and 1mg of N-hydroxysuccinimide (NHS,
Sigma Aldrich, UK). 0.1mL of 5mgmL!1 amine-functionalized
20 nm SPIONs (SHA-20, Ocean NanoTech, USA) were then added
and mixed for 24 h at room temperature. After the conjugation, the
product was dialyzed against 5 L of phosphate-buffered saline (PBS,
Thermo Fisher, USA) for 3 days with two daily buffer changes to
ensure complete removal of unconjugated heparin. The conjugated
SPIONs were then concentrated to 2mgmL!1 using 100 kDa cut-off
Amicon ultra-centrifugal filter unit (Merck Millipore, USA).

Zeta potential and hydrodynamic diameter measurements were
performed using a Zetasizer Zen 3600 (Malvern Instruments, UK),
with samples in pH 7 deionized water at a concentration of
40 mgmL!1. Heparin quantification was performed using dime-
thylmethylene blue (DMMB, Sigma Aldrich, UK), with standards
ranging between 0 and 25 mgmL!1 and an unconjugated SPION
reference. The absorbance was measured at 525 nm using a Spec-
traMax M5 microplate reader (Molecular Devices, USA). The
sulfated glycosaminoglycan content was normalized to the nano-
particle number, which was measured using a Nanosight (Ns300,
Malvern Instruments, UK) equipped with Nanoparticle Tracking
Analysis 3.0 software. Magnetic analysis was performed using a
SQUID magnetometer (MPMS-7, Quantum Design, UK) on
1.5mgmL!1 samples. These values were normalized by iron con-
tent, which was measured by digesting the nanoparticles in 2 N
nitric acid (Sigma Aldrich, UK) at 40 "C for 24 h to ensure complete
digestion and analyzing samples using inductively coupled plasma
optical emission spectrometry (ICAP 6300 Duo, Thermo Fisher,
USA).

The protein loading capacity of the glycosylated SPIONs was
assessed by mixing avidin (Thermo Fisher, USA) with glycosylated
and unconjugated SPIONs at room temperature for 10min, and
then centrifuging the sample at 20,817 g for 100min. The concen-
tration of avidinwas detected using aMicro BCA™ Protein Assay Kit
(Thermo Fisher, USA) following the manufacturer's protocol, using
avidin standards between 0 and 20 mgmL!1. The loading capacity
was determined by subtracting the initial loading mass of avidin
with the mass of avidin detected in the supernatant.

2.2. Magnetic field alignment and simulation

Finite element magnetic modeling (FEMM, D. C. Meeker, Finite
Element Method Magnetics, Version 4.2.) was used to characterize
the magnetic field based on the dimensions and physical properties
of the cylindrical N42 magnet (eMagnets, UK) used throughout the
study (ø¼ 20mm, height¼ 20mm, HcB¼ 915 kA/m). All gradients
were formed in a customized mold composed of two glass slides
and a cut 2mm silicone spacer (final well di-
mensions¼ 13$ 5$ 2mm). 30 mL of solution or hydrogel precursor
containing SPIONs were dispensed into the mold, followed by 60 mL
of the same components minus the SPIONs. The magnetic field was
subsequently applied from approximately 2mm above the mold to
redistribute the SPIONs into a gradient. To image the gradient for-
mation process, gradients were formed in deionized water using a

Fig. 1. Engineering osteochondral tissue using magnetically-aligned glycosylated
SPIONs. (A) SPIONs are conjugated with heparin to produce a glycosylated corona that
can efficiently sequester and release growth factors. (B) An external magnetic field is
used to field-align glycosylated SPIONs in a hMSC-laden agarose hydrogel, which is
thermally gelled and cultured for 28 days to generate robust osteochondral constructs
comprising both bone and cartilage tissue.
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layer of 0.5mgmL!1 SPIONs.
To examine the gradient forming capability in different hydro-

gels, a layer of 0.5mgmL!1 SPIONs was used. After the formation of
the gradient, the hydrogel precursor was gelled and the constructs
were imaged using an Axio Observer invertedwidefieldmicroscope
(Zeiss, Germany). Type VII-A Agarose (Sigma Aldrich, UK) was used
at 1wt% and gelled at room temperature. Geltrex (Thermo Fisher,
USA) was used undiluted and gelled at 37 "C. Gellum gum (Sigma
Aldrich, UK) was used at 0.75wt% and crosslinked by the addition
of a 0.06 wt% solution of calcium chloride. Gelatin (Sigma Aldrich,
UK) was used at 5wt% and gelled at 4 "C. To visualize the distri-
bution of loaded protein, 1011 SPIONs were first loaded with 300 ng
of fluorescein-labelled avidin (Thermo Fisher, USA) prior to
gradient formation. Intensity plots were produced using the plot
profile function on FIJI software using images acquiredwith an Axio
Observer inverted widefield microscope (Zeiss, Germany). 1 wt%
agarose was used to test the influence of viscosity on pattern for-
mation, with the gradient forming process carried out in a
temperature-controlled water bath (27, 30, 37 "C) and the resulting
gels imaged using a desktop scanner. The viscosity of the agarose
solutions at these temperatures was measured by rheological creep
tests performed at 2 Pa stress over 5min using an AR2000ex
rheometer (TA Instruments, USA).

2.3. BMP-2 release kinetics

1011 glycosylated SPIONs loaded with 300 ng of BMP-2 (R&D
System, USA) were cast into a 100 mL 1wt% agarose hydrogel, to
mimic the conditions used for osteochondral tissue engineering.
The hydrogel was incubated in PBS with 0.02% of sodium azide (pH
7.4) (Sigma Aldrich, UK) at 37 "C for 28 days. 500 mL of PBS was
removed at intervals and frozen at !20 "C, with 500 mL of fresh PBS
added to the hydrogel to ensure that sink conditions were
respected at all times. The concentration of released BMP-2 was
then quantified using a BMP-2 specific ELISA kit (R&D System,
USA), following the manufacturer's protocol. The absorbance was
measured at 450 nm using a SpectraMax M5 plate reader. After the
accumulated release was determined for each time point, the
release profile was fitted by a Korsmeyer-Peppas model using
KinetDs (version 3.0) [16]. The Korsmeyer-Peppas Model was
developed to specifically model the release of molecules from a
polymeric matrix, such as hydrogel network [17].

2.4. Stem cell culture and differentiation

hMSCs from three donors (Lonza, Switzerland) were expanded
using Mesenchymal Stem Cell Growth Medium (MSCGM™, Lonza,
Switzerland) in sterile culture at 37 "C/5% CO2. The culture medium
was changed every 2e3 days, and hMSCs cultured up to passage 5.
Differentiation was induced after encapsulating the hMSCs into
agarose hydrogels at a cell density of 9$ 106 hMSCs per mL.
Osteogenic differentiation was triggered using high glucose Dul-
becco's Modified Eagles Medium with pyruvate supplement (HG-
DMEM 31966021, Thermo Fisher, UK) together with 10% (v/v) fetal
bovine serum (FBS, Thermo Fisher, USA), 100 nM dexamethasone
(Sigma Aldrich, UK), 50 mgmL!1 L-ascorbic acid 2-phosphate ses-
quimagnesium salt (L-ascorbic acid, Sigma Aldrich, UK) and 10 mM
b-glycerophosphate (Sigma Aldrich, UK). Chondrogenic differenti-
ation was triggered using HG-DMEM supplemented with 1X ITSþ

(BD, USA), 100 nM dexamethasone, 50 mg mL!1 L-ascorbic acid,
50 mgmL!1 L-proline (Sigma Aldrich, UK) and 10 ngmL!1 trans-
forming growth factor b3 (TGF-b3) (R&D System, USA). Osteo-
chondral differentiation was triggered using HG-DMEM
supplemented with 1X ITSþ, 100 nM dexamethasone, 50 mgmL!1 L-
ascorbic acid, 50 mgmL!1 L-proline, 2mM b-glycerophosphate and

10 ngmL!1 TGF-b3. Where stated, BMP-2 was supplemented either
in the medium (30 ngmL!1) or loaded together with glycosylated
SPIONs. Unless otherwise specified, the BMP-2 concentration in the
glycosylated SPIONs was 3 mg per mL of hydrogel.

2.5. Tissue engineering osteochondral gradients

1011 glycosylated SPIONs were incubated with 300 ng of BMP-2
at 4 "C for at least 5 h and then used to create a gradient in agarose,
as described previously. hMSCs were included in both layers during
the fabrication process, at a concentration of 9$ 106 hMSCs per mL,
and the final concentration of BMP-2 was 3 mgmL!1. The gradient
hydrogel was transferred into a 24-well plate and cultured in 1mL
of osteochondral differentiation medium. The medium was
changed after 2 h and the next day after seeding to remove the
excess initial burst release BMP-2, and then three times a week for
the remaining 27 days.

2.6. Gene expression analysis

Osteochondral tissue constructs engineered from three donors
(N¼ 3, n¼ 3) were harvested and dissected into three equal pieces.
The cartilage and bone ends were rinsed with PBS, homogenized
using a TissueLyser II (Qiagen, Germany), and then stored at!80 "C.
Total RNA was isolated using Trizol with Direct-zol™ RNA Kits,
according to the manufacturer's protocol, and quantified using a
NanoDrop 2000c (Thermo Fisher, UK). RNA was used to generate
cDNA using a QuantiTect® Reverse Transcription Kit (Qiagen, Ger-
many), assuming a 1:1 conversion. Quantitative PCRwas performed
using 3 ng of cDNA, Taqman® probes (Thermo Fisher, USA) and a
StepOnePlus™ (Thermo Fisher, USA). The following probes were
used: RPL13A (Hs04194366_g1), ACAN (Hs00153936_m1), ALPL
(Hs01029144_m1), COL1A1 (Hs00164004_m1), COL2A1
(Hs00264051_m1), COL10A1 (Hs00166657_m1), RUNX2
(Hs01047973_m1), SOX9 (Hs00165814_m1), SP7 (Hs01866874_s1).
The DDCt method was used to compare expression at the bone
region normalized to the cartilage region.

2.7. ALP and DNA assays

Osteochondral tissue constructs (N¼ 3, n¼ 3) were harvested
and dissected, as previously described. The ALP activity and quan-
tity of DNA was determined using a protocol modified from the
literature [18]. The bone and cartilage ends of the tissue were ho-
mogenized separately using a TissueLyser II with ALP lysis buffer,
consisting of 1mM MgCl2 (Sigma Aldrich, UK), 20 mM ZnCl2 (Sigma
Aldrich, UK) and 0.1% (w/v) octyl-b-glucopyranoside (Sigma
Aldrich, UK) in 10mM tris(hydroxymethyl)aminomethane buffer
(pH 7.4) (Sigma Aldrich, UK) with the sample lysate immediately
stored at!80 "C. To perform the assay, the samples were thawed on
ice and then each sample was incubated with p-nitrophenol
phosphate (Sigma Aldrich, UK) at 37 "C for 30min. The reactionwas
terminated using 1 N NaOH and the absorbance measured at
405 nm using a SpectraMax M5 plate reader. A standard curve
between 0 and 800 mM of p-nitrophenol phosphate was used to
calculate the sample activity. An equivalent volume from the
remainder of the sample was then used for DNA quantification
using a PicoGreen™ assay (Thermo Fisher, UK), according to the
manufacturer's protocol. The fluorescence was measured at 485/
535 nm using a SpectraMax M5 plate reader. The ALP activity
normalized to DNA quantity was compared between the bone and
cartilage regions.
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2.8. Histology and immunofluorescence staining

Osteochondral tissue constructs were harvested and washed
three times in PBS, fixed with 4% (v/v) paraformaldehyde for 2 h at
room temperature, washed a further three times in PBS and then
paraffin embedded. 5 mm thick sections on Superfrost Plus slides
(Thermo Scientific, UK) were deparaffinized using a 4min incuba-
tion in Histo-Clear (National Diagnostics, USA) and hydrated using
2min incubations in 100% ethanol, 70% ethanol and then deionized
water. These sectionswere then stained using various protocols. For
sulfated glycosaminoglycans, the sections were stained with Alcian
Blue (pH 2.5) (Sigma Aldrich, UK) for 30min, with a hematoxylin
nuclear counterstain (Sigma Aldrich, UK). For calcium, Alizarin Red
S (Abcam, UK) was used at a concentration of 2% (w/v) at pH 4.3.
Alcian Blue and Alizarin Red S were performed on consecutive
sections. The slides were mounted in Histomount (National Di-
agnostics, USA) and then imaged using a Zeiss Axio Observer
Inverted Widefield Microscope. Images were superimposed after
tiling.

For immunofluorescence staining, the sections were treated
with proteinase K (Dako, USA) for antigen retrieval, and then
blocked with 10% (v/v) donkey or goat serum. The samples were
incubated overnight with goat anti type I collagen (Southern
Biotech, USA) at 1/100 dilution, goat anti type II collagen (Southern
Biotech, USA) at 1/20 dilution, rabbit anti osteopontin and rabbit
anti type X collagen (Abcam, UK) at 1/100 dilution and goat and
rabbit IgG negative controls (Abcam, UK) at 1/20 and 1/100 dilution.
Excess primary antibody was then removed by three washes in PBS
and sections were further incubated with secondary donkey anti
goat or goat anti rabbit antibodies labelled with AlexaFluor 555 dye
(Thermo Fisher, USA). DAPI (Thermo Fisher, USA) was used to
counterstain the nucleus prior to mounting the sections with
Vectashield AntifadeMountingMedium (Vector Lab, USA). Sections
were imaged using a Zeiss Axio Observer Inverted Widefield
Microscope.

2.9. Compression testing

Osteochondral tissue constructs were harvested, with uniform
discs collected from the bone and cartilage regions using 2mm
biopsy punches (Miltex, USA). The biopsy dimensions were
measured in the hydrated state using digital calipers for each
construct, which were then soaked and tested in cOmplete™ Pro-
tease Inhibitor Cocktail (Roche, Switzerland). Unconfined
compression testing was performed using a Bose Electroforce 3200
(BOSE, USA) equipped with a 250 g load cell. Compression stress
relaxation tests were performed by imposing a square wave ramp
for 12 steps of 5% strain with a 360 s hold using Wintest 7 (BOSE,
USA). The instantaneous loadwas recorded at the beginning of each
step and used to produce an instantaneous stress-strain data set,
which was fitted with a bilinear model using Origin (OriginLab
Corporation, USA). The instantaneous compressive modulus was
then calculated using the low-strain linear region of the stress-
strain curve and compared between the bone and cartilage regions.

2.10. Raman spectroscopy

Raman spectroscopic imaging was performed using a confocal
Raman microscope (alpha300Rþ, WITec, Germany) equipped with
a 532 nm laser and a x 20/0.4 NA objective lens (EC Epiplan, Zeiss,
Germany). The scattered light was coupled to the spectrometer via
a 100 mm fiber which functioned as the confocal pinhole. A 600
lines per mm grating spectrograph (UHTS 300, WITec, Germany)
and a thermoelectrically cooled back-illuminated CCD camera
(Newton DU970N-BV-353, Andor, UK) yielding a spectral resolution

of ~10 cm!1 (defined at full width at half maximum of mercury
argon emission lines) were used to record spectrawith 35mW laser
power at the sample. Full cross-sectional images with a 10$ 10 mm
step-size were acquired with 0.5 s integration time while higher
spatial resolution maps were recorded with 2$ 2 mm step size.
Raman spectra were corrected for the instrument response of the
system using a traceable Raman standard (STM-2245, National
Institute of Standards and Technology). Engineered osteochondral
tissue samples were prepared as previously described. After
paraffin embedding and sectioning to 20 mm thickness on Super-
frost Plus microscope slides, a standard dewaxing procedure was
performed to remove confounding spectral signatures from the
paraffin. Substrate signal was apparent in the acquired spectra in
regions of low mineralization but did not affect the determination
of mineral or cellular signatures. Full cross-sectional mineral pro-
files were calculated by integrating the measured HAP and TCP
intensities (945 - 975 cm!1) at each position along the construct
length. High spatial resolution maps correspond to HAP (n1 PO4 at
962 cm!1), b!TCP (n1 HPO4

2! at 948 cm!1), and cellular compo-
nents of lipids and proteins (nas,s CH2 at 2850e3000 cm!1), which
were experimentally validated in agreement with literature [19].

2.11. Cytotoxicity of glycosylated SPIONs

9.6$ 103 hMSCs were seeded in a 96 well plate and left to
adhere overnight before a 72 h incubationwith 2$ 1011 or 10$ 1011

glycosylated SPIONs per mL of culture medium. The cytotoxicity of
the glycosylated SPIONs was assessed using an alamarBlue assay
(Thermo Fisher, USA), as per the manufacturer's instructions, with
an incubation time of 3 h. The fluorescence was measured at 570/
585 nm using an EnVision™ plate reader (Perkin Elmer, USA). The
metabolic activity was normalized to an untreated control and
averaged across three hMSC donors. hMSCs were also stained using
a LIVE/DEAD™ assay (L3224, Thermo Fisher) and imaged using an
IX51 Inverted microscope (Olympus, Japan).

2.12. Statistical analysis

Comparison between experimental groups was conducted using
ordinary least-squares regression based on Generalized Linear
Models in the statistical software R using the rms package. When
appropriate, the data from the bone end of each individual
construct was normalized to the cartilage end for direct pairwise
analysis. The normalized data was then modelled as the dependent
variable, and regression coefficients were calculated for indepen-
dent variables. To account for different levels of response due to cell
donor variability, generalized estimating equations were used (as
previously described) to enable clustering of measurements ob-
tained from constructs derived from a single donor [20e22]. The
generated regression coefficients were compared. Specifically for
this analysis, the relative changes of interest were the gene
expression, enzyme activity, or mechanical properties (categorical).
These descriptors were included as independent variables. Heter-
oscedasticity in the data set was addressed by using the robust
covariance function created in the rms package (“robcov”) to adjust
the standard errors. Finally, to compare groups, a Welch's t-test (for
two group comparisons) or a one sample Student's t-test was
performed on the generated GLM regression coefficients from the
developed regression model, which were represented with p-
values. All hypothesis tests were considered one-tailed based on
the hypothesis of increased values in the bone end of the construct
relative to the cartilage end, with exceptions for cell viability and
expression levels of chondrogenic genes (ACAN, COL2A1, and SOX9).
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3. Results and discussion

In order to generate biochemical gradients, we glycosylated
20 nm SPIONs with a protein-binding corona of heparin. Briefly, we
used a carbodiimide-based coupling to conjugate the carboxylate
groups of heparin to primary amines present on the nanoparticle
surface. We then characterized the glycosylated SPIONs, which
were colloidally stable, using dynamic light scattering in order to
determine the size and surface charge potential (Table 1). The hy-
drodynamic diameter increased from 48.6± 0.2 nm for the bare
nanoparticles to 72.3± 0.9 nm after glycosylation, which was
attributed to the steric bulk of the heparin corona. The glycosylated
SPIONs exhibited a zeta potential of !54.4± 1.7mV compared
to !4.7± 0.6mV for the unconjugated nanoparticles, which was
further evidence for the binding of heparin, a highly anionic poly-
saccharide. We assessed the magnetic properties of the glycosy-
lated SPIONS using superconducting quantum interference device
(SQUID)magnetometry correlatedwith inductively coupled plasma
optical emission spectroscopy (ICP-OES). The glycosylated SPIONs
exhibited a magnetic susceptibility of 5.4± 0.0$ 10!1 emu g!1

Oe!1 and a saturation of 53.6± 0.4 emu g!1, values that were very
similar to the unconjugated nanoparticles (5.2± 0.0$ 10!1 emu
g!1 Oe!1, 54.9± 0.3 emu g!1) (Table 1).

Next, we measured the degree of glycosylation using nano-
particle tracking analysis and a dimethylmethylene blue (DMMB)
assay (Supplementary Figure 1 and Table 1). These results revealed
4.2 ng of heparin per 109 nanoparticles, a value that corresponded
to approximately 140 heparin chains bound to the surface of each
nanoparticle. The high density of carboxylate groups on heparin

provides an anionic network that can be used to sequester many
soluble proteins. For example, our protein of interest, bone
morphogenetic protein 2, exhibits highly basic N-terminal peptide
domains that confer a high binding affinity with heparin
(kDz 20 nM) [23]. To assess the sequestration of the glycosylated
SPIONs, we used avidin as a model protein, due to its similar iso-
electric point, comparable dissociation constant (kDz 160 nM)
and the fact that it is commonly used as an analogue for studying
the interaction between BMP-2 and heparin [24,25]. A bicincho-
ninic acid assay of avidin revealed an average of 4.7± 0.2 ng of
avidin incorporated per 109 nanoparticles, approximately four
times greater than observed for the unconjugated SPIONs, and
equivalent to approximately 40 sequestered proteins per nano-
particle. This loading capacity offered the opportunity to deliver
more than 400 ng of growth factors, a quantity sufficient to influ-
ence cell fate, using only 1011 nanoparticles [26]. Importantly, the
glycosylated SPIONs did not significantly affect the viability of
hMSCs, as demonstrated using alamarBlue and LIVE-DEAD™ assays
performed after a 72-h exposure to glycosylated SPIONS (1012

nanoparticles per mL) (Supplementary Figure 2).
Next, we investigated the nanoparticle response to externally-

applied magnetic fields in aqueous solution and different hydro-
gels commonly used for in vitro tissue engineering. Here, we used
finite element magnetic modeling to characterize the magnetic
field strength and distribution (Fig. 2A). This map enabled us to
define the relative positions of the magnet and nanoparticle solu-
tion, in order to expose the SPIONs to a well-defined field gradient
(from 0.1 to 0.4 T) (Supplementary Figure 3). We initially used these
field parameters to attract SPIONs dispersed in a monophasic

Table 1
Biophysical characterization of glycosylated SPIONs (mean ± standard deviation).

Scattering Analysis Magnetic Characterization Biochemical Profile

Hydrodynamic
Diameter/nm

Zeta
Potential/
mV

Magnetic Susceptibility/$10!1

emu g!1 Oe!1
Magnetic Saturation/
emu g!1

Degree of Glycosylation/ng per
109 SPIONs

Protein Sequestered/ng per
109 SPIONs

Unconjugated
SPIONs

48.6 (±0.2) !4.7 (±0.6) 5.2 (±0.0) 54.9 (±0.3) N/A 1.5 (±0.3)

Glycosylated
SPIONs

72.3 (±0.9) !54.4 (±1.7) 5.4 (±0.0) 53.6 (±0.4) 4.2 (±0.5) 4.7 (±0.2)

Fig. 2. Magnetic field alignment of SPIONs. (A) Finite element modeling of the magnetic field strength and distribution. (B) Time-lapse images showing the magnetic field alignment
of SPIONs (brown) in water, with a clear transition from a biphasic stack to a smooth gradient. (C) Bright field microscopy images showing gradients of SPIONs (brown) immobilized
in different biomaterials. Scale bar in all images¼ 2mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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suspension, however, this process took several hours (>16 h) to
reach completion and produced a thin layer of aggregated SPIONs
rather than a gradient transition. We resolved this issue by starting
with a two-phase system, in which nanoparticle-free solution was
stacked on top of a suspension of nanoparticles. Applying a mag-
netic field from above resulted in a rapid redistribution of the two
layers to generate a smooth nanoparticle gradient (<5 s) (Fig. 2B).
Continued exposure to themagnetic field eventually resulted in the
SPIONs forming dense aggregates close to the magnet. This tran-
sition was a slow process (>10 h), which afforded ample time to
capture the system in a non-equilibrium state by encapsulating the
nanoparticle gradient in a hydrogel. Indeed, this process appeared
to be largely independent of the material type or crosslinking
mechanism, however, we did identify three key characteristics that
favored gradient formation. First, the SPIONs should be colloidally
stable in the precursor solution; which was not the case for certain
gels at high weight fraction (e.g.> 5wt% agarose). Second, the
precursor solution should not inhibit SPION movement through
viscous drag; no gradient formation was observed in 1% agarose
gels maintained as a highly viscous solution at 27 "C
(Supplementary Figure 4). Third, the crosslinking mechanism
should be reasonably rapid (<1 h), and preferably triggered, in or-
der to capture the SPIONs in a non-equilibrium gradient distribu-
tion. These characteristics are exhibited by the majority of
hydrogels used for tissue engineering. Indeed, we successfully
demonstrated the formation of SPION gradients in a range of bio-
materials, including gelatin, Geltrex™, Gelzan™ and agarose
(Fig. 2C). Importantly, we could use this system to generate protein
gradients in biomaterials, as demonstrated by fluorescent micro-
scopy of an agarose hydrogel patterned with glycosylated SPIONs
containing fluorescently-tagged avidin (Supplementary Figure 5A).
The protein cargo was well co-localized with the nanoparticles, and
importantly, the magnetic field alignment produced a much
smoother transition than a biphasic stacking approach, which
resulted in a much sharper boundary at the layer interface
(Supplementary Figure 5B).

We applied this hydrogel patterning approach to the complex
and clinically-relevant challenge of osteochondral tissue engi-
neering. Native osteochondral tissue possesses a structural transi-
tion from hyaline cartilage to the underlying subchondral bone that
is generated in the developmental process of endochondral ossifi-
cation. A key biochemical cue present during tissue development is
the pro-osteogenic growth factor BMP-2. Gradients of BMP-2 in the
growth plate play an important role in spatially regulating chon-
drocyte proliferation and hypertrophic differentiation in vivo [3,27],
while in vitro studies have shown that BMP-2 can trigger bone
formation in a concentration-dependent manner [28]. Like many
cationic growth factors, BMP-2 exhibits a high affinity for heparin
(kD¼ 20 nM) [23], which has been used in tissue engineering
systems to guard against degradation and provide sustained release
and stimulation [29,30]. To test whether our system could be used
to release growth factors in a biomaterial system, we immobilized
BMP-2 loaded glycosylated SPIONs in agarose hydrogels and then
monitored the release into solution using an enzyme-linked
immunosorbent assay (ELISA). This analysis revealed a sustained
diffusion-driven release (Korsmeyer-Peppas model fitting,
R2¼ 0.97) of BMP-2 over 28 days, with 20% released after the first
24 h (Fig. 3A). It should be noted that these measurements do not
account for any possible denaturation of BMP-2. Accordingly, we
sought to test the functional activity of the loaded glycosylated
SPIONs in a tissue engineering set up.

Here, we intend to use magnetic alignment to present glycosy-
lated SPIONs loaded with BMP-2 as a gradient across a hMSC-laden
agarose hydrogel. The subsequent slow release of active BMP-2
over 28 days should stimulate hMSC osteogenesis and tissue

mineralization predominantly at one end of the engineered
construct [31]. To ensure cartilage formation at the other end of the
tissue, we included TGF-b3 alongside insulin-transferrin-selenium,
ascorbic acid, dexamethasone and b-glycerophosphate in an opti-
mized osteochondral differentiation medium based on similar
compositions reported in the literature [13,32,33]. We used b-
glycerophosphate at a concentration of 2mM, a level that can
provide a source of phosphate without initiating osteogenesis or
nonspecific mineral precipitation [34]. Indeed, we showed that this
osteochondral medium could support either osteogenic or chon-
drogenic differentiation of hMSCs in agarose, depending on the
presence or absence of BMP-2 in the culture medium

Fig. 3. BMP-2 release and action in agarose hydrogels. (A) An ELISA was used to detect
the release of BMP-2 from glycosylated SPIONs immobilized in 1wt% agarose, over a
period of 28 days. (mean ± S.D., n¼ 3). The BMP-2 release profile from agarose to the
surrounding medium was fitted using the Korsmeyer-Peppas model (R2¼ 0.97). (B)
Alizarin Red S staining in tissue engineered hMSC-laden agarose constructs with or
without glycosylated SPIONs loaded with BMP-2. Extensive calcium deposition (red)
was observed in the hydrogel with BMP-2 present, with no staining in the system
without BMP-2. Scale bars¼ 200 mm. (C) Macroscopic view of a representative osteo-
chondral tissue construct engineered using agarose hydrogels patterned with a SPION
gradient of BMP-2. An opaque mineralized region can be clearly observed at the bone
end of the tissue construct. Scale bars¼ 1mm (D) For the gradient constructs, bright
field microscopy showed a smooth transition from the cartilage region to the bone
region. A control system using a biphasic layered stack, rather than a gradient,
exhibited a clear margin between the two regions of the tissue. Scale bars¼ 1mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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(Supplementary Figure 6). More importantly, the osteochondral
medium supported tissue mineralization in a 28-day culture of
hMSCs in agarose with BMP-2 delivered exclusively via glycosy-
lated SPIONs (Supplementary Figure 7). Indeed, the total level of
BMP-2 loaded into the glycosylated SPIONswas often too high, with
a large excess of unconsumed growth factor capable of diffusing out
of the hydrogel and stimulating osteogenesis in adjacent,
nanoparticle-free constructs. We addressed this issue by opti-
mizing the level of BMP-2 in the glycosylated SPIONs to identify a
growth factor concentration (3 mgmL!1) capable of producing only
local mineralization (Fig. 3B and Supplementary Figure 8).

Having optimized the gradient formation, growth factor release,
cell viability and differentiation for osteochondral tissue engi-
neering, we assembled the final system with BMP-2 loaded glyco-
sylated SPIONs magnetically-aligned within a hMSC-laden agarose
hydrogel. Over 28 days of differentiation, the vast majority of the
tissue constructs developed striking white opacity at the bone end
of the constructs (Fig. 3C). It should be noted that approximately
10% of the engineered constructs failed to produce any visible
mineralization, and these were excluded from further study. In all
cases, however, the gradient hydrogels produced tissue constructs
that were structurally robust, with no macroscopic defects
observed between the bone and cartilage ends of the tissue. This
was in stark contrast with osteochondral tissue engineered from

stacked, biphasic constructs, which produced a distinct 200 mm
margin between the two ends of the tissue (Fig. 3D). Further
investigation revealed that these margins were formed prior to
tissue culture, with the biphasic interface appearing to exclude
hMSCs (Supplementary Figure 9). The exact mechanism under-
pinning this observation is unknown, but nevertheless, the ability
to avoid such tissue defects represents a major advantage for our
gradient biomaterial over simple biphasic systems.

Alongside thesemacroscopic observations, we characterized the
osteochondral tissue gradient constructs after 28 days of culture
using gene expression analysis, histology and immunostaining.
Gene expression analysis using quantitative polymerase chain re-
action (qPCR) revealed significant upregulation in the mRNA of
both chondrogenic genes (COL2A1, SOX9, ACAN) and osteogenic
genes (SP7, RUNX2, COL1A1, ALPL, COL10A1), compared to undiffer-
entiated hMSCs at day 0 (Supplementary Figure 10). The observed
upregulation indicated a positive effect of both the media-
supplemented TGF-b3 and the SPION-loaded BMP-2. More impor-
tantly, we observed a higher expression of osteogenic genes in the
bone region compared to the cartilage region (N¼ 3, n¼ 3)
(Fig. 4A). Significantly upregulated genes included ALPL and
COL10A1, which are responsible for the expression of alkaline
phosphatase and type X collagen, respectively. Importantly, we
observed no significant differences between the bone and cartilage

Fig. 4. Gene and protein expression in osteochondral tissue engineering. (A) Gene expression of five osteogenic genes at the bone region of the tissue, compared to the cartilage
region. Comparison of differences were made using a one sample t-test after heteroscedasticity in the dataset was addressed (mean ± 95% confidence intervals, N ¼ 3, n ¼ 3) where
p < 0.05 (*), p < 0.01 (**). (B) Histological and immunofluorescence staining of key extracellular matrix proteins present in cartilage and bone revealed deposition of sulfated
glycosaminoglycans (blue) and type I and II collagen (red). Scale bars ¼ 200 mm. (C) Immunofluorescence staining of the hypertrophic protein type X collagen (orange), and (D) the
key mineralization protein osteopontin (red), which were present specifically at the bone end of the tissue. Scale bars ¼ 200 mm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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ends of the construct for any of the chondrogenic genes screened
(Supplementary Figure 11). This gene expression analysis strongly
indicated that the soluble TGF-b3 acted globally across the tissue,
while the magnetically-aligned gradient of BMP-2 influenced the
osteogenic differentiation of hMSCs in a spatially-defined manner.

Furthermore, we showed that these differences in gene
expression could spatially influence matrix composition and
structure in the tissue constructs. Alcian Blue staining for sulfated
glycosaminoglycans and immunofluorescence staining for type I
and II collagen revealed extensive extracellular matrix deposition,
with cells located in well-defined lacunae (Fig. 4B). The presence of
these components was expected; glycosaminoglycan and type II
collagen are the two major components of physiological hyaline
cartilage, while type I collagen is commonly expressed in engi-
neered cartilage constructs, particularly those grown using hMSCs
[35]. Although we observed no spatial differences in the gene
expression of COL1A1 and COL2A1, the immunostaining appeared to
show a higher quantity of both type I and II collagen at the cartilage
end of the tissue. The discrepancy between the mRNA and protein
levels can be attributed to the fact that gene expression and matrix
remodeling are dynamic processes that are not always correlated in
an end-point tissue analysis [36]. Interestingly, we observed type X
collagen predominantly at the interface between the bone and

cartilage regions, which indicated a zone of hypertrophic chon-
drocytes [37] (Fig. 4C). Furthermore, osteopontin, a key marker of
osteogenesis and biomineralization, was present exclusively in the
bone region of the tissue (Fig. 4D).

This spatially-controlled osteogenic response was further
corroborated using an alkaline phosphatase assay, which revealed a
higher enzymatic activity in the bone region, compared to the
cartilage region (Supplementary Figure 12). Alkaline phosphatase
catalyzes the hydrolysis of organic phosphates into inorganic
phosphate ions, which are used in tissue mineralization [38].
Accordingly, we further investigated the mineral formation in the
engineered tissue. Alizarin Red S staining revealed the bone region
to be comprised of dense calcium-rich nodules (Fig. 5A), while
Raman microscopy identified the presence of two distinct calcium
phosphate morphologies: hydroxyapatite (HAP) and b-tricalcium
phosphate (b-TCP) (Fig. 5B). HAP is a non-degradable and
mechanically-robust mineral, while b-TCP is a bioresorbable salt
with osteoinductive degradation products; the presence of both
morphologies is desirable during bone formation [39,40]. Impor-
tantly, in both the Alizarin Red S staining and the Raman mapping,
we detected negligible calcium phosphate in the cartilage region.
Indeed, by integrating the Raman contributions from b-TCP and
HAP, we were able to detect a sharp transition in mineral content

Fig. 5. Mineralization and mechanical analysis of engineered osteochondral tissue. (A) Alizarin Red S staining of calcium deposits (red) and Alcian Blue staining of sulfated
glycosaminoglycan (blue) in engineered osteochondral constructs showed mineralization specifically at the bone end of the tissue. Scale bars¼ 500 mm. (B) Raman microscopy of
HAP (green), b-TCP (blue) and cells (red) also showed mineralization specifically in the bone region. Scale bars¼ 100 mm. (C) Profile of Raman intensity corresponding to integrated
signal from HAP and b-TCP (945 - 975 cm!1) across the length of the osteochondral tissue construct, with a bright field microscopy image for reference. Scale bar¼ 500 mm. (D)
Unconfined compression testing of the engineered osteochondral constructs showing the instantaneous modulus and the pairwise comparison between tissue constructs engi-
neered from three different hMSC donors (denoted by red, black and blue markers). Comparison of differences were made using a one sample t-test after heteroscedasticity in the
dataset was addressed (mean ± 95% confidence intervals, N ¼ 3, n ¼ 3) where p < 0.05 (*). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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from bone to cartilage that resembles the tidemark of the osteo-
chondral interface [41] (Fig. 5C, Supplementary Figure 13). This
observation was consistent with both the osteopontin immuno-
fluorescence staining and the macroscopic images of the engi-
neered tissue. Finally, we assessed the mechanical properties of the
osteochondral constructs using an unconfined compression test
(N¼ 3). The instantaneous stress-strain response of the bone and
cartilage regions revealed a higher instantaneous modulus at the
bone end than at the cartilage end in one of the biological replicates
(Fig. 5D and Supplementary Figure 14). This observation could be
attributed to differences in matrix composition, such as the pres-
ence of mineral in the bone region [42].

Overall, our results indicate that BMP-2 signaling gradients
patterned using glycosylated SPIONs can spatially influence oste-
ogenic gene expression to generate robust osteochondral con-
structs exhibiting low-stiffness cartilage and higher stiffness
mineralized bone. Moreover, the histology, immunofluorescence
staining and Raman microscopy provide a detailed picture of the
engineered osteochondral tissue. In particular, we can define three
major zones; a mineralized bone region that sharply switches into
an intermediate region of hypertrophic chondrocytes, which then
smoothly transitions into a collagen-rich cartilage region. To the
best of our knowledge, such complexity has not been demonstrated
using biphasic hydrogel systems. Interestingly, the structural
complexity of our tissue, most notably the sharp transition between
bone and cartilage followed by the region of hypertrophic chon-
drocytes, was generated from an initially smooth concentration
gradient of BMP-2. These emergent structural properties are
fascinating considering the developmental biology of the osteo-
chondral interface, in which concentration gradients of osteoin-
ductive factors produce a sharp transition (tidemark) that separates
the subchondral bone/calcified cartilage from hyaline cartilage. We
hypothesize that a threshold level of BMP-2 may be required to
initiate and sustain mineralization of our tissue, which may in turn
produce a positive feedback loop whereby the deposited mineral
(HAP or resorbed b-TCP) act to further stimulate osteogenesis.
Further work is required to test this theory, information that will
provide a soundmechanistic basis for engineering of osteochondral
constructs and other structurally complex tissues using our
gradient technology. Additional work is also required for trans-
lation of this technology; in particular, the overall mechanical
properties of our tissue construct must be raised to a level that is
compatible with in vivo transplantation. More generally, clinical
translation of our gradient biomaterials will require the use of
materials, cells and media approved by the Food and Drug
Administration (FDA) and other relevant international agencies,
and the fabrication procedures to be brought in line with good
manufacturing and clinical practice (GMP/GCP) guidelines.

4. Conclusions

Any robust and relevant engineered graft must recapture the
complex hierarchical microstructure of the physiological tissue. In
this report, we introduce a novel platform based on magnetic field
alignment that can be used to rapidly produce smooth biochemical
gradients for osteochondral tissue engineering. Specifically, the
osteogenic growth factor BMP-2 was sequestered into glycosylated
SPIONs, which were magnetically patterned across an agarose
hydrogel laden with hMSCs. Diffusion of BMP-2 from the glycosy-
lated corona provided spatially-directed osteogenesis to generate
robust osteochondral tissue constructs. The initial gradient of BMP-
2 gave rise to emergent structural features that highly resembled
the osteochondral interface: mineralized bone transitioning to
cartilage via a region of hypertrophic chondrocytes. The osteo-
chondral constructs exhibited distinct cell phenotypes

(chondrocytes and osteoblasts), protein expression (presence of
osteopontin, alkaline phosphatase activity) and tissue mineraliza-
tion (presence of b-TCP and HAP mineral). Taken together, the gene
expression, biochemical profile, matrix distribution and Raman
microscopy suggested that the interplay between the released
BMP-2 and the solution factors (TGF-b3, b-glycerophosphate) were
at a point where the tissue calcification could be achieved in a local
fashion governed entirely by the patterned gradient. This technol-
ogy offers great versatility and could be readily tailored to other
growth factors and hydrogel systems, offering new opportunities
for a range of interfacial tissue engineering challenges.
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consider the numerous gradients present 
in native tissue, including transitions in 
biochemical composition (e.g., extracel-
lular matrix and soluble growth factors) 
and physical environment (e.g., stiffness 
and topography). These transitions play a  
major role in defining the formation of 
cellular gradients by spatially regulating 
the morphology, behavior, and differen-
tiation of local cells.[5–8] Accordingly, inten-
sive research effort has been invested in 
designing materials with well-defined 
gradients. For instance, material gradients 
have been fabricated using multichannel 
microfluidic devices or 3D printing.[9–11] 
However, these approaches require spe-
cialist apparatus and are usually restricted 
by certain material parameters, such as 
viscosity or gelation kinetics. Approaches 
such as photopatterning and magnetic field 
alignment have also been used to generate 
gradients; however, these remote field strat-
egies require even more specific material 
properties (photoresponsivity and magnetic 
susceptibility).[12,13] Indeed, a generalized 
method that can be universally applied to 
different systems has thus far remained 
elusive.

In this work, we sought to employ a more universal physical 
principle that could be applied broadly across different material 
systems. Specifically, we investigated whether we could fabricate 
material transitions using buoyancy, the upward force generated 
on materials immersed in a denser fluid phase.[14] Buoyancy 
is commonly used to stabilize the formation of sucrose gradi-
ents used for the fractionation of cells and organelles.[15,16] This 
approach has been extended to nanoparticle separation using 
density-graded organic solvents.[17] There are, however, only a 
limited number of examples in which buoyancy has been used 
to fabricate gradient materials. For example, Parameswaran 
and Shukla described a system in which cenospheres (hollow 
silica–alumina microparticles) were allowed to rise to the top of 
a polyester resin and then immobilized in a solid matrix using 
a 48 h curing process. This yielded a polymeric material with a  
graded volume fraction of cenospheres, and a corresponding 
gradient of compressive and tensile properties.[18] Similarly, 
Beals and Thompson showed that a gas injected into a molten 
aluminum alloy could be dispersed into small particulate-
stabilized bubbles upon mixing. These bubbles formed a liquid 
foam at the top of the melt, which was subsequently cooled to 

The controlled fabrication of gradient materials is becoming increasingly 
important as the next generation of tissue engineering seeks to produce 
inhomogeneous constructs with physiological complexity. Current strategies 
for fabricating gradient materials can require highly specialized materials or  
equipment and cannot be generally applied to the wide range of systems 
used for tissue engineering. Here, the fundamental physical principle of buoy-
ancy is exploited as a generalized approach for generating materials bearing 
well-defined compositional, mechanical, or biochemical gradients. Gradient 
formation is demonstrated across a range of different materials (e.g., poly-
mers and hydrogels) and cargos (e.g., liposomes, nanoparticles, extracel-
lular vesicles, macromolecules, and small molecules). As well as providing 
versatility, this buoyancy-driven gradient approach also offers speed (<1 min) 
and simplicity (a single injection) using standard laboratory apparatus. 
Moreover, this technique is readily applied to a major target in complex  
tissue engineering: the osteochondral interface. A bone morphogenetic 
protein 2 gradient, presented across a gelatin methacryloyl hydrogel laden 
with human mesenchymal stem cells, is used to locally stimulate osteogen-
esis and mineralization in order to produce integrated osteochondral tissue 
constructs. The versatility and accessibility of this fabrication platform should 
ensure widespread applicability and provide opportunities to generate other 
gradient materials or interfacial tissues.

Gradient Materials

In nature, gradients play an essential role in guiding the 
function of a wide range of tissues, including tendon, car-
tilage, and the central nervous system.[1–4] Strategies that 
seek to engineer tissues in vitro must strive to recreate these 
natural gradients in order to produce fully functional grafts 
or physiologically relevant models. In doing so, one must 
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form a metallic structure with a gradient of porosity.[19] How-
ever, these examples are highly specific with a focus on solid 
materials for industrial applications. To the best of our knowl-
edge, there has been no report of any versatile methodology 
using buoyancy in gradient material fabrication, nor any exam-
ples in which buoyancy-driven gradients have been applied to 
the field of complex tissue engineering.

To this end, we sought to develop a generalized buoyancy-
driven approach for casting gradients that could be applied to 
real-world tissue engineering applications. Here we show that a 
single injection event of one fluid material into another is suf-
ficient to generate material transitions that can be preserved by 
subsequent gelation or polymerization. Moreover, we were able 
to fabricate materials exhibiting either a sharp transition or a 
smooth gradient by systematically varying the material char-
acteristics and injection parameters. We used this platform to 
cast gradients in several different materials (gelatin methacry-
loyl, gellan gum, agarose, and acrylate polymers) and generated 
tunable transitions in composition, biochemical profile, and 
compressive stiffness. We also demonstrated that several cargo 
species could be incorporated in gradient form, including inor-
ganic nanoparticles, liposomes, cell-derived extracellular vesi-
cles, macromolecules, and proteins. We applied this method to 
cast bone morphogenetic protein 2 (BMP-2) gradients for the 
in vitro engineering of osteochondral tissue constructs.[20] In 
this system, the encapsulated BMP-2 was slowly released over 
28 d of tissue engineering to locally stimulate osteogenesis of 
human mesenchymal stem cells and produce osteochondral 
tissue bearing a defined mineral cap. The versatility and sim-
plicity of this gradient casting platform should enable a range 

of applications in complex material fabrication and interfacial 
tissue engineering.

In order to rapidly cast different material gradients, we 
sought to develop and optimize a controlled two-component 
mixing system. Specifically, we used a commercially available 
electronic autopipette to introduce one material at a defined rate 
into another static base material. The two phases were allowed 
time to establish a gradient, which could then be preserved by 
triggering a polymerization or gelation process. This system 
only required two liquid phases that were miscible and curable, 
as well as a sufficient density difference to enable buoyancy-
driven gradient formation (Figure 1A). This can be illustrated 
using the relatively simple case of 0.2 and 1% (w/v) agarose 
in the injection phase and base layer, respectively (Figure S1, 
Supporting Information). However, in scenarios where the den-
sity difference between the two phases was too small to create 
sufficient buoyancy, we used a third component to increase the 
density of the base layer relative to the injection phase. Using 
this approach, we were able to form smooth gradients using 1% 
(w/v) fluorescently tagged agarose and 1% (w/v) unlabeled aga-
rose by adding 5% (w/v) sucrose to the base layer. Moreover, 
gradients could be rapidly established in 10 s, with the resulting 
structure remaining stable for at least 30 min post injection 
(Figure 1B; Figure S2 and Video S1, Supporting Information). 
This provided us with an ample window of opportunity to 
solidify the material and preserve the gradient, in this case, by 
cooling the system below the gelation temperature of agarose.

To characterize this system and elucidate the mechanism 
behind gradient formation, we analyzed the composition of the 
hydrogel along the longitudinal axis. We divided the hydrogels 

Adv. Mater. 2019, 31, 1900291

Figure 1. Buoyancy-driven gradient casting. A) Schematic showing the steps of gradient formation: i) a base layer (yellow) is added to a mold, ii) the 
injection phase (purple) is introduced during a single injection at a controlled rate, iii) the system is allowed to equilibrate and form a material gradient, 
and iv) the gradient is preserved by gelling or polymerizing the material. B) An example of gradient formation using 1% (w/v) agarose tagged with 
rhodamine B (pink) injected at a rate of 20 µL s−1 into a base layer of 1% (w/v) agarose supplemented with 5% (w/v) sucrose as a density modifier. 
An observable gradient can be established within 10 s. C) Immediately after gelation, a gradient hydrogel was equally divided into four transverse 
sections from the top to the bottom of the hydrogel (1–4). These sections were assayed for sucrose (yellow bars) and agarose tagged with rhodamine 
(RhoB, pink bars), which showed a clear inverse correlation. Data shown as mean ± S.D., n = 3. D) The gradient pattern could be tuned by varying the 
injection rate and concentration of sucrose in the base layer. For measured densities, see Figure S4 in the Supporting Information. Scale bars = 1 mm.
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into four transverse sections, which we analyzed using an enzy-
matic assay for sucrose and fluorescence spectroscopy for dye-
labeled agarose (Figure 1C). These measurements revealed a 
sucrose gradient within the hydrogel that was inversely associ-
ated with the injected dye-labeled agarose. These results suggest 
that sucrose must retain attractive intermolecular interactions 
with the base layer agarose during the fluid-mixing process. 
These interactions prevent the base layer from completely 
equilibrating with the injection phase, thus retaining longitu-
dinal density differences capable of supporting buoyancy-driven 
gradient formation. It should also be noted that sucrose, as a 
small molecule, could be readily removed by washing the aga-
rose hydrogel in phosphate buffered saline (PBS) (Figure S3, 
Supporting Information). In this sense, sucrose can be con-
sidered as a temporary density modifier that can template the 
gradient formation process. Moreover, we observed that sys-
tematic variation of different parameters could be used to con-
trol the final profile of the material gradient. Using the same 
agarose–sucrose system, we showed that different combina-
tions of injection rate and density difference could be used to 
fabricate a range of transitions, from sharp layers to smooth 
gradients (Figure 1D; Figure S4, Supporting Information). 
Indeed, small differences in density from the doped sucrose 
(∆ρ = 0.02 g mL−1) were enough to drive gradient formation, 
while no clear structural transitions could be formed without 
addition of sucrose to the agarose base layer.

Unlike the majority of gradient fabrication strategies, 
which are only applicable to certain materials or cargos, 
our buoyancy platform could be widely applied across dif-
ferent systems. To illustrate this versatility, we demonstrated 
seven distinct examples of buoyancy-driven gradient forma-
tion (Table S1, Supporting Information). First, we generated 
gradients in solid polymers using two miscible monomers 
bearing a slight difference in material density, N,N-dimethyl-
acrylamide (ρ = 0.96 g mL−1) and lauryl methacrylate 
(ρ = 0.87 g mL−1), together with poly(ethylene glycol) dimeth-
acrylate as a crosslinker. Inclusion of photoinitiator allowed 
us to trigger photopolymerization after establishment of the 
monomer gradient. We visualized this transition by adding 
rhodamine B dye, which is soluble in N,N-dimethylacrylamide 
but not in lauryl methacrylate (Figure 2A). We further charac-
terized this transition using Raman spectroscopy based on the 
distinct signature of the two polymers (Figure 2A; Figure S5, 
Supporting Information). Next, we used our buoyancy platform 
to pattern defined stiffness transitions into 1% and 1.5% (w/v) 
gellan gum hydrogels, using 5% (w/v) sucrose as a density 
modifier. We measured the contact modulus along the longi-
tudinal axis using a spherical indenter, which revealed the dif-
ferent stiffness transitions that we could achieve by varying 
the injection rate (Figure 2B). As well as creating transitions 
in the bulk material structure, we also used our buoyancy plat-
form to fabricate materials bearing gradients of encapsulated  
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Figure 2. Versatility of buoyancy-driven gradient formation. For all fabricated materials, we generated sharp transitions (S, green traces) and gra-
dient transitions (G, blue traces). A) Polymer gradients were formed with two monomers bearing a difference in density: N,N-dimethylacrylamide 
(0.96 g mL−1) and lauryl methacrylate (0.87 g mL−1). The transition could be visualized using Rhodamine B dye (red), which was soluble only in the 
latter monomer. Raman spectroscopy was used to show differences in the intrinsic chemical composition profile along the longitudinal coordinate of an 
undyed system. Confocal Raman imaging was used to detect the ratio of CH2 and CH3 stretching features, demonstrating the different profiles obtained 
for polymers cast with a gradient or sharp transition. B) Gradients were formed with two different concentrations of gellan gum hydrogel, which could 
be visualized by the addition of methylene blue dye. Spherical indentations along the longitudinal coordinate were used to calculate contact modulus 
profiles for the gradient and sharp transition hydrogels. Sucrose was used to create density differences between the base layer and injection phase of 
agarose hydrogels in order to create transitions of: C) nanoparticles including gold nanoparticles (pink), liposomes labeled with Rhodamine B (red) 
and RFP-extracellular vesicles (orange) as well as D) 200 kDa FITC-dextran (green) and E) avidin labeled with Texas Red (yellow). Intensity profiles 
along the longitudinal coordinate were used to characterize the hydrogels bearing a gradient or a sharp transition. Scale bars = 1 mm. All profile plots 
show normalized transitions along the longitudinal coordinate, with equivalent axes scales used for each pair of graphs. For fabrication detail please 
refer to Table S1 in the Supporting Information.
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nano-particles. For this study, we used our established agarose–
sucrose system to generate gradients of gold nanoparticles, 1-pal-
mitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) liposomes, 
and cell-derived extracellular vesicles (Figure 2C). These three 
examples encompassed a broad range of inorganic, organic, and 
biological nanoparticles, each of which can be used as a host for 
cargo delivery or as a functional entity in its own right.[13,21–23]  
We next investigated whether our buoyancy platform could 
support the formation of biomolecular gradients. Again using 
our agarose–sucrose system, we patterned gradients of both 
macromolecules (fluorescently tagged 200 kDa dextran) and 
proteins (fluorescently tagged avidin) (Figure 2D). It should be 
noted, however, that due to the absence of any strong attrac-
tive interactions with the agarose network, the avidin and 
dextran were only temporarily entrapped within the hydrogel 
(Figure S6, Supporting Information). To establish a more pro-
longed gradient, we investigated whether we could pattern 
cargo associated with a macromolecular host that was cova-
lently crosslinked to the surrounding hydrogel network. We 
demonstrated this concept using gelatin methacryloyl (GelMA) 
as the bulk hydrogel and heparin methacryloyl (HepMA) as a 
macromolecular host. While heparin has been widely used 
to sequester cationic proteins,[24,25] the addition of methacry-
loyl groups provided a means to covalently crosslink HepMA 
with itself and the surrounding GelMA. Indeed, this approach 
limited the cumulative release of HepMA from GelMA to just 
26 ± 3% after 28 d of incubation, compared to an 86 ± 16% 
release of unmodified heparin from GelMA after just 1 d of 
incubation (Figure S7, Supporting Information). To dem-
onstrate the cargo-loading capability, we used fluorescently 
tagged avidin (MW = 66 kDa, pI = 6.5, heparin dissociation con-
stant = 160 × 10−9 M) as a model protein.[26] By coinjecting 10% 
(w/v) GelMA and avidin sequestered with HepMA into a base 
layer of 10% (w/v) GelMA with 5% (w/v) sucrose, we success-
fully generated well-defined protein gradients (Figure 2E). It is 
important to note that orthogonal methacrylate chemistry was 
chosen in order to bind HepMA and GelMA without forming 
covalent linkages with the protein cargo. Consequently, this 
approach reduces the chance of denaturation while retaining 
the possibility for slow cargo release.

The ability of our buoyancy platform to rapidly cast bioma-
terial gradients offers great potential for the engineering of 
complex tissue structures. For instance, a major challenge of 
regenerative medicine is the engineering of the osteochondral 
interface that exists between cartilage and bone. In nature, 
this transition arises, in part, by an anisotropic distribution 
of growth factors present during the process of endochondral 
ossification.[27] Accordingly, we sought to use our buoyancy plat-
form to present a gradient distribution of BMP-2, a key develop-
mental growth factor that can be used to initiate osteogenesis in 
human mesenchymal stem cells (hMSCs).[28] Given that BMP-2 
is a low molecular weight cationic protein (MW = 13 kDa, 
pI = 8.5, heparin dissociation constant = 20 × 10−9 M),[29] we 
elected to use HepMA as a macromolecular host patterned 
within a GelMA hydrogel (similar to our previous example using 
avidin). As a bulk material, GelMA has been used extensively to 
support hMSCs during cartilage, bone and osteochondral tissue 
engineering,[30] while heparin has been used to electrostatically 
bind and slowly release functionally active BMP-2.[31] To test this 

behavior, we used an enzyme-linked immunosorbent assay to 
measure the cumulative release of BMP-2 from homogeneous 
HepMA–GelMA hydrogels (Figure S8, Supporting Informa-
tion). We observed a slow release that reached completion at 
28 d of incubation, which should ensure that BMP-2 is elevated 
at one end of the hydrogel throughout the culture period.

The only aspect of the HepMA–GelMA system that was 
not suitable for tissue engineering was the density modifier: 
although sucrose is ideal for fabricating gradients in cell-free 
systems, it is known to exert an osmotic pressure that can be 
highly cytotoxic. Accordingly, we investigated whether we could 
substitute sucrose for the more cytocompatible polysaccha-
ride Ficoll in order to raise the density of GelMA in the base 
layer while maintaining a stable osmotic pressure. Indeed, an 
alamarBlue assay confirmed that doping up to 5% (w/v) Ficoll 
in GelMA hydrogels presented no significant cytotoxicity to the 
encapsulated hMSCs (Figure S9A, Supporting Information). 
Crucially, Ficoll could be used in the same way as sucrose to 
produce gradients in GelMA with a longitudinal profile that 
was dependent upon injection rate (Figure S9B, Supporting 
Information). Thus, our optimized system for osteochondral 
tissue engineering comprised 3.1 µg mL−1 BMP-2, 2.5 µg mL−1 
HepMA and 10% (w/v) GelMA injected into a base layer of 10% 
(w/v) GelMA doped with 5% (w/v) Ficoll, with both phases con-
taining 9 × 106 hMSCs mL−1 and 2.5 mg mL−1 photoinitiator. 
Using these conditions, and an injection rate of 17 µL s−1, 
we were able to establish smooth gradients of HepMA and 
BMP-2 that could be immobilized in GelMA using UV light 
irradiation (5 min, 365 nm, 6 mW cm−2) (Figure 3A). We used 
these constructs for a 28 d course of osteochondral tissue 
engineering using a defined osteochondral differentiation 
medium that we have previously shown to be capable of sup-
porting both osteogenesis and chondrogenesis (Figure 3A).[13] 
This medium included 2 × 10−3 M β-glycerophosphate as a 
phosphate source,[32] transforming growth factor β3 (TGF-β3) 
to stimulate chondrogenesis, alongside supporting compo-
nents such as insulin–transferrin–selenium, ascorbic acid, and 
dexamethasone.

We started to observe the formation of a strikingly opaque 
cap on the cultured constructs after approximately 15 d of 
tissue engineering. By the end of the culture period (28 d), this 
cap was present on all tissue constructs, a strong indication 
that the BMP-2 gradient had guided a localized mineralization 
process. Indeed, when we examined sections of osteochondral 
tissue using Alizarin Red S staining, we observed a minerali- 
zed cap exclusively at one end of the tissue (Figure 3B). On 
the other hand, Alcian Blue staining revealed that the entire 
tissue contained sulfated glycosaminoglycans, a key extracel-
lular matrix component naturally present in both cartilage and 
bone (Figure 3C).[33] These findings were corroborated using 
immunofluorescence staining for key proteins associated with 
chondrogenesis and osteogenesis (Figure 3D,E). While type II 
collagen, found exclusively in hyaline cartilage,[34] was present 
throughout the tissue construct, osteopontin, a key marker 
of osteogenesis, was observed only in the mineralized cap.[35] 
We further investigated the mineral composition and distribu-
tion using Raman spectroscopic imaging, which revealed the 
presence of both hydroxyapatite (HAP) and β-tricalcium phos-
phate (β-TCP), exclusively at the bone end of the construct 
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(Figure 3F,G). While the HAP signature was stronger 
throughout the mineral cap region, spectral unmixing of these 
features indicated a heterogeneous presentation of mineral spe-
cies that formed colocally within the cultured construct. Taken 
together, the histology, immunofluorescence staining and 
Raman spectroscopic mapping strongly suggested that the sol-
uble TGF-β3 had stimulated tissue-wide chondrogenesis of the 
hMSCs, while the BMP-2 released from the HepMA gradient 
had initiated a localized osteogenic response. Interestingly, the 
mineralization took the form of an abrupt biphasic transition 
between bone and cartilage, despite the initially smooth BMP-2 
gradient and the homogenous distribution of cells (Figure S10, 
Supporting Information). This observation mimics the natural 
process of endochondral ossification, in which concentration 
gradients of osteoinductive factors (e.g., BMP-2 and BMP-6) 
produce a sharp transition at the osteochondral interface. This 
transition, known as a tidemark, separates subchondral bone 
and calcified cartilage from the other cartilage zones and is a 
hallmark feature of the osteochondral interface. Interestingly, 
we have observed a similar phenomenon in previous osteo-
chondral tissue engineering systems[13] and hypothesize that a 
threshold level of BMP-2 may be required to initiate and sustain 

mineralization, which could in turn produce a positive feedback 
loop whereby the deposited mineral acts to further stimulate 
osteogenesis. Further work is required to test this theory, which 
could shed light upon some of the key developmental processes 
that occur during endochondral ossification.

In conclusion, we have introduced a versatile platform 
that uses the fundamental force of buoyancy to pattern 
materials with tunable gradients using one simple injection 
event. We demonstrated gradient formation with a range 
of different materials (polymers and hydrogels) and cargos 
(liposomes, inorganic nanoparticles, extracellular vesicles, 
macromolecules, and small molecules). We also demon-
strated the applicability of this platform in a tissue engi-
neering context, specifically, the presentation of a BMP-2 
gradient for the production of osteochondral tissue. The 
resulting tissue constructs possessed distinct regions of bone 
and cartilage, along with a structural transition that resem-
bled the tidemark observed at the native osteochondral inter-
face. Overall, the versatility, speed, and ease of use of our 
platform technology offer the opportunity for many different 
applications in gradient material fabrication and interfacial 
tissue engineering.
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Figure 3. Growth factor gradients for osteochondral tissue engineering. A) BMP-2 was sequestered by HepMA and coinjected with 10% (w/v) GelMA 
and hMSCs into a base layer of 10% (w/v) GelMA, 5% (w/v) Ficoll and hMSCs. The GelMA and HepMA were photo-crosslinked to preserve the BMP-2 
gradient in a self-supporting hydrogel, which was cultured for 28 d in osteochondral differentiation medium. Note that the components in the inset 
images are not drawn to scale. Histology and immunofluorescence staining confirmed the formation of osteochondral tissue: B) Alizarin Red S staining 
revealed localized mineral deposition at one end of the tissue; C) Alcian Blue staining revealed tissue-wide staining for glycosaminoglycans, a com-
ponent of both cartilage and bone; D) the bone-specific marker osteopontin was also localized exclusively at the mineralized cap; E) Type II collagen, 
a component of hyaline cartilage, was present throughout the tissue. F) Raman spectroscopic imaging was used to reveal the spatial distribution of 
mineral and G) identify the presence and heterogeneous presentation of both hydroxyapatite and tri-calcium phosphate in the mineralized cap. Scale 
bar = 1 mm in low-magnification images, 100 µm in high magnification images. The color scales in (F) and (G) show the relative intensity of signal, 
with brighter color representing higher intensity.
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Experimental Section
Buoyancy-Driven Gradient Casting and Characterization: Unless stated 

otherwise, all chemicals used were from Sigma Aldrich. To create the 
gradient constructs, the denser liquid was added to a mold as a base 
layer. An electronic dispenser (Multipette E3/E3x, Eppendorf) was 
used to inject the lighter liquid at a defined flow rate, with the injection 
outlet maintained at the liquid–air interface of the base layer. Injection  
rates were measured manually. Immediately after injection, the 
dispenser was removed, and the gradients were preserved by gelation or 
polymerization. Two molds were used in this communication: a cuboid 
mold (5 × 15 × 3 mm) and a cylindrical mold (∅ = 5 mm, h = 15 mm). 
Polymer gradients were characterized using Raman spectroscopic 
mapping. Briefly, a confocal Raman microspectroscopy system (WITec 
alpha 300R+) was used to raster map the entire surface of the gradient 
construct and obtain spectra comprising compositional information 
at 50 µm steps.[36,37] The resulting data was analyzed via peak ratio to 
reveal the location and relative concentration of the construct polymers. 
Stiffness gradients were characterized using spherical indentation 
mapping. Briefly, a 3 mm diameter stainless steel sphere was indented 
along the gradient in 0.5 mm steps, and the contact modulus of each 
indent was characterized by a modified Hertzian solution to account for 
substrate effects.[38] All other gradients were characterized by imaging 
the constructs using a wide field microscope, converting the images to 
16-bit and then using the plot profile function in Image J. For full details 
of the fabrication and characterization of each gradient system, see 
Table S1 and the Experimental Section in the Supporting Information.

Osteochondral Tissue Engineering: hMSCs (Lonza) were cultured with 
MesenPro RS medium (Thermo Fisher Scientific) and used between 
passage 4–5. For osteochondral tissue engineering, we used a 90 µL 
base layer of 5% (w/v) Ficoll-400, 10% (w/v) GelMA, 2.5 mg mL−1 
Irgacure 2959, and 9 × 106 hMSCs mL−1 and a 45 µL injection phase of 
12.5 µg mL−1 BMP-2 (R&D Systems), 10 µg mL−1 HepMA, 10% (w/v) 
GelMA, 2.5 mg mL−1 Irgacure 2959 and 9 × 106 hMSCs mL−1. Note that 
prior to gradient formation, HepMA and BMP-2 were mixed for at least 
4 h to ensure equilibration. We used an injection rate of 16.7 µL s−1 and 
then used a UV lamp to crosslink the hydrogels (365 nm, 6 mW cm−2, 
5 min), which were then transferred to a 24 well plate. The constructs 
were cultured in osteochondral differentiation medium, which was 
changed three times a week. The osteochondral differentiation medium 
comprised high glucose Dulbecco’s modified Eagle medium with 
pyruvate (Thermo Fisher Scientific), 1× insulin–transferrin–selenium 
supplement (ITS+, BD), 100 × 10−9 M dexamethasone, 50 µg mL−1 
L-ascorbic acid, 50 µg mL−1 L-proline, 2 × 10−3 M β-glycerophosphate and 
10 ng mL−1 TGF-β3 (R&D Systems). After 28 d of culture, the constructs 
were harvested and characterized using histology (Alcian Blue, Alizarin 
Red), immunofluorescence staining (type II collagen, osteopontin) 
and Raman spectroscopy. For full details of the tissue engineering 
and analysis, please refer to the Materials and Methods section in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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to be illegal, inYalid, or Xnenforceable, that proYision shall be deemed amended to
achieYe as nearl\ as possible the same economic effect as the original proYision, and
the legalit\, Yalidit\ and enforceabilit\ of the remaining proYisions of this Agreement
shall not be affected or impaired thereb\. 

The failXre of either part\ to enforce an\ term or condition of this Agreement shall not
constitXte a ZaiYer of either part\'s right to enforce each and eYer\ term and condition
of this Agreement. No breach Xnder this agreement shall be deemed ZaiYed or
e[cXsed b\ either part\ Xnless sXch ZaiYer or consent is in Zriting signed b\ the part\
granting sXch ZaiYer or consent. The ZaiYer b\ or consent of a part\ to a breach of
an\ proYision of this Agreement shall not operate or be constrXed as a ZaiYer of or
consent to an\ other or sXbseqXent breach b\ sXch other part\. 

This Agreement ma\ not be assigned (inclXding b\ operation of laZ or otherZise) b\
\oX ZithoXt WILEY's prior Zritten consent.

An\ fee reqXired for this permission shall be non-refXndable after thirt\ (30) da\s
from receipt b\ the CCC.

These terms and conditions together Zith CCC's Billing and Pa\ment terms and
conditions (Zhich are incorporated herein) form the entire agreement betZeen \oX and
WILEY concerning this licensing transaction and (in the absence of fraXd) sXpersedes
all prior agreements and representations of the parties, oral or Zritten. This Agreement
ma\ not be amended e[cept in Zriting signed b\ both parties. This Agreement shall be
binding Xpon and inXre to the benefit of the parties' sXccessors, legal representatiYes,
and aXthori]ed assigns. 

In the eYent of an\ conflict betZeen \oXr obligations established b\ these terms and
conditions and those established b\ CCC's Billing and Pa\ment terms and conditions,
these terms and conditions shall preYail.
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WILEY e[pressl\ reserYes all rights not specificall\ granted in the combination of (i)
the license details proYided b\ \oX and accepted in the coXrse of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Pa\ment terms
and conditions.

This Agreement Zill be Yoid if the T\pe of Use, Format, CircXlation, or ReqXestor
T\pe Zas misrepresented dXring the licensing process.

This Agreement shall be goYerned b\ and constrXed in accordance Zith the laZs of
the State of NeZ York, USA, ZithoXt regards to sXch state's conflict of laZ rXles. An\
legal action, sXit or proceeding arising oXt of or relating to these Terms and Conditions
or the breach thereof shall be institXted in a coXrt of competent jXrisdiction in NeZ
York CoXnt\ in the State of NeZ York in the United States of America and each part\
hereb\ consents and sXbmits to the personal jXrisdiction of sXch coXrt, ZaiYes an\
objection to YenXe in sXch coXrt and consents to serYice of process b\ registered or
certified mail, retXrn receipt reqXested, at the last knoZn address of sXch part\.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wile\ PXblishes Open Access Articles in fXll\ Open Access JoXrnals and in SXbscription
joXrnals offering Online Open. AlthoXgh most of the fXll\ Open Access joXrnals pXblish
open access articles Xnder the terms of the CreatiYe Commons AttribXtion (CC BY) License
onl\, the sXbscription joXrnals and a feZ of the Open Access JoXrnals offer a choice of
CreatiYe Commons Licenses. The license t\pe is clearl\ identified on the article.
TKH CUHaWLYH CRPPRQV AWWULbXWLRQ LLFHQVH
The CreatiYe Commons AttribXtion License (CC-BY) alloZs Xsers to cop\, distribXte and
transmit an article, adapt the article and make commercial Xse of the article. The CC-BY
license permits commercial and non-
CUHaWLYH CRPPRQV AWWULbXWLRQ NRQ-CRPPHUFLaO LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial (CC-BY-NC)License permits Xse,
distribXtion and reprodXction in an\ mediXm, proYided the original Zork is properl\ cited
and is not Xsed for commercial pXrposes.(see beloZ)

CUHaWLYH CRPPRQV AWWULbXWLRQ-NRQ-CRPPHUFLaO-NRDHULYV LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial-NoDeriYs License (CC-BY-NC-ND)
permits Xse, distribXtion and reprodXction in an\ mediXm, proYided the original Zork is
properl\ cited, is not Xsed for commercial pXrposes and no modifications or adaptations are
made. (see beloZ)
UVH b\ FRPPHUFLaO "IRU-SURILW" RUJaQL]aWLRQV
Use of Wile\ Open Access articles for commercial, promotional, or marketing pXrposes
reqXires fXrther e[plicit permission from Wile\ and Zill be sXbject to a fee.
FXrther details can be foXnd on Wile\ Online Librar\
http://olaboXt.Zile\.com/Wile\CDA/Section/id-410895.html

OWKHU THUPV aQG CRQGLWLRQV:

Y1.10 LaVW XSGaWHG SHSWHPbHU 2015
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.
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S3RIN*ER NAT8RE LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and Springer
NatXre ("Springer NatXre") consists of \oXr license details and the terms and conditions
proYided b\ Springer NatXre and Cop\right Clearance Center.

License Number 4653670477272

License date Aug 21, 2019

Licensed Content Publisher Springer Nature

Licensed Content Publication Laboratory Investigation

Licensed Content Title Wnt signaling in cartilage development and diseases: lessons from
animal studies

Licensed Content Author Yu Usami, Aruni T GunaZardena, Masahiro IZamoto, Motomi
Enomoto-IZamoto

Licensed Content Date Dec 7, 2015

Licensed Content Volume 96

Licensed Content Issue 2

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

2

+igh-res required no

Will you be translating? no

Circulation/distribution !50,000

Author of this Springer
Nature content

no

Title Force-based Engineering of Gradients

Institution name n/a

Expected presentation date Nov 2019

Portions Figure 1, 2

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Total 0.00 USD

Terms and Conditions

SSULQJHU NaWXUH CXVWRPHU SHUYLFH CHQWUH GPb+
THUPV aQG CRQGLWLRQV

This agreement sets oXt the terms and conditions of the licence (the LLFHQFH) betZeen \oX
and SSULQJHU NaWXUH CXVWRPHU SHUYLFH CHQWUH GPb+ (the LLFHQVRU). B\ clicking
'accept' and completing the transaction for the material (LLFHQVHG MaWHULaO), \oX also
confirm \oXr acceptance of these terms and conditions.
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1. *UDQW RI LLFHQVH

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, Zorld-Zide
licence to reproduce the Licensed Material for the purpose specified in your order only.
Licences are granted for the specific use requested in the order and for no other use,
subMect to the conditions beloZ.

1. 2. The Licensor Zarrants that it has, to the best of its NnoZledge, the rights to license
reuse of the Licensed Material. +oZever, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it Zas
reprinted or adapted Zith permission from another source, then you should also seeN
permission from that source to reuse the material.

2. SFRSH RI LLFHQFH

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts	Cs and any applicable laZs.

2. 2. A separate licence may be required for any additional use of the Licensed Material,
e.g. Zhere a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence. Any content oZned by third parties are expressly
excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subMect to an additional fee. Please apply to
Journalpermissions#springernature.com/booNpermissions#springernature.com for these
rights.

2. 4. Where permission has been granted IUHH RI FKDUJH for material in print, permission
may also be granted for any electronic version of that ZorN, provided that the material is
incidental to your ZorN as a Zhole and that the electronic version is essentially equivalent
to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

�. DXUaWLRQ RI LLFHQFH

3. 1. A licence for is valid from the date of purchase (
Licence Date
) at the end of the relevant
period in the beloZ table:

SFRSH RI
LLFHQFH DXUDWLRQ RI LLFHQFH

Post on a Zebsite 12 months
Presentations 12 months
BooNs and
Mournals

Lifetime of the edition in the language
purchased

�. AFNQRZOHGJHPHQW

4. 1. The Licensor
s permission must be acNnoZledged next to the Licenced Material in print.
In electronic form, this acNnoZledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinNed to the Mournal/booN
s
homepage. Our required acNnoZledgement format is in the Appendix beloZ.

5. RHVWULFWLRQV RQ XVH

21/08/2019 RighWsLink PrinWable License

hWWps://s100.cop\righW.com/AppDispaWchSerYleW 3/4

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or
style Zhere the adaptation is credited as set out in Appendix 1 beloZ. Any other changes
including but not limited to, cropping, adapting, omitting material that affect the meaning,
intention or moral rights of the author are strictly prohibited. 

5. 2. You must not use any Licensed Material as part of any design or trademarN. 

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

�. OZQHUVKLS RI RLJKWV 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and
any rights not explicitly granted herein are expressly reserved. 

�. WaUUaQW\ 

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

�. LLPLWaWLRQV

8. 1. BOOKS ONL<:Where 
UHXVH LQ D GLVVHUWDWLRQ�WKHVLV
 has been selected the folloZing
terms apply: Print rights of the final author
s accepted manuscript (for clarity, NOT the
published version) for up to 100 copies, electronic rights for use only on a personal Zebsite or
institutional repository as defined by the Sherpa guideline (ZZZ.sherpa.ac.uN/romeo/).

�. THUPLQaWLRQ aQG CaQFHOOaWLRQ

9. 1. Licences Zill expire after the period shoZn in Clause 3 (above).

9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you. 

ASSHQGL[ 1 ² AFNQRZOHGJHPHQWV:

FRU -RXUQaO CRQWHQW:
Reprinted b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication)
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For AGYaQFH OQOLQH PXbOLFaWLRQ SaSHUV:
Reprinted b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication), adYance
online pXblication, da\ month \ear (doi: 10.1038/sj.>JOURNAL ACRONYM@.)

FRU AGaSWaWLRQV�TUaQVOaWLRQV:
Adapted/Translated b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication)

NRWH: FRU aQ\ UHSXbOLFaWLRQ IURP WKH %ULWLVK -RXUQaO RI CaQFHU, WKH IROORZLQJ
FUHGLW OLQH VW\OH aSSOLHV:

Reprinted/adapted/translated b\ permission from >WKH LLFHQVRU@: on behalf of Cancer
Research UK: : >-RXUQaO PXbOLVKHU (e.g. NatXre/Springer/PalgraYe)@ >-OURNAL
NAME@ >REFERENCE CITATION (Article name, AXthor(s) Name),
>COPYRIG+T@ (\ear of pXblication)

For AGYaQFH OQOLQH PXbOLFaWLRQ papers:
Reprinted b\ permission from The >WKH LLFHQVRU@: on behalf of Cancer Research UK:
>-RXUQaO PXbOLVKHU (e.g. NatXre/Springer/PalgraYe)@ >-OURNAL NAME@
>REFERENCE CITATION (Article name, AXthor(s) Name), >COPYRIG+T@ (\ear
of pXblication), adYance online pXblication, da\ month \ear (doi: 10.1038/sj.
>JOURNAL ACRONYM@)

FRU %RRN FRQWHQW:
Reprinted/adapted b\ permission from >WKH LLFHQVRU@: >%RRN PXbOLVKHU (e.g.
PalgraYe Macmillan, Springer etc) >%RRN TLWOH@ b\ >%RRN aXWKRU(s)@
>COPYRIG+T@ (\ear of pXblication)

OWKHU CRQGLWLRQV:

Version  1.2
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.



21/08/2019 RighWsLink PrinWable License

hWWps://s100.cop\righW.com/AppDispaWchSerYleW 1/�

ELSE9IER LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and ElseYier
("ElseYier") consists of \oXr license details and the terms and conditions proYided b\
ElseYier and Cop\right Clearance Center.

License Number 4653670665270

License date Aug 21, 2019

Licensed Content Publisher Elsevier

Licensed Content Publication Biochimica et Biophysica Acta (BBA) - General SubMects

Licensed Content Title Cartilage tissue engineering: Molecular control of chondrocyte
differentiation for proper cartilage matrix reconstruction

Licensed Content Author Magali Demoor,David Ollitrault,Tangni Gome]-Leduc,Mouloud
Bouyoucef,Magalie +ervieu,+ugo Fabre,Jpr{me Lafont,Jean-Marie
Denoix,Fabrice Audigip,Frpdpric Mallein-Gerin,Florence
Legendre,Philippe Galera

Licensed Content Date Aug 1, 2014

Licensed Content Volume 1840

Licensed Content Issue 8

Licensed Content Pages 27

Start Page 2414

End Page 2440

Type of Use reuse in a thesis/dissertation

Intended publisher of neZ
ZorN

other

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Original figure numbers Figure 3

Title of your
thesis/dissertation

Force-based Engineering of Gradients

Expected completion date Nov 2019

Estimated si]e (number of
pages)

200

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions
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INTRODUCTION
1. The pXblisher for this cop\righted material is ElseYier.  B\ clicking "accept" in connection
Zith completing this licensing transaction, \oX agree that the folloZing terms and conditions
appl\ to this transaction (along Zith the Billing and Pa\ment terms and conditions
established b\ Cop\right Clearance Center, Inc. ("CCC"), at the time that \oX opened \oXr
Rightslink accoXnt and that are aYailable at an\ time at http://m\accoXnt.cop\right.com).

GENERAL TERMS
2. ElseYier hereb\ grants \oX permission to reprodXce the aforementioned material sXbject to
the terms and conditions indicated.
3. AcknoZledgement: If an\ part of the material to be Xsed (for e[ample, figXres) has
appeared in oXr pXblication Zith credit or acknoZledgement to another soXrce, permission
mXst also be soXght from that soXrce.  If sXch permission is not obtained then that material
ma\ not be inclXded in \oXr pXblication/copies. SXitable acknoZledgement to the soXrce
mXst be made, either as a footnote or in a reference list at the end of \oXr pXblication, as
folloZs:
"Reprinted from PXblication title, Vol /edition nXmber, AXthor(s), Title of article / title of
chapter, Pages No., Cop\right (Year), Zith permission from ElseYier >OR APPLICABLE
SOCIETY COPYRIGHT OWNER@." Also Lancet special credit - "Reprinted from The
Lancet, Vol. nXmber, AXthor(s), Title of article, Pages No., Cop\right (Year), Zith
permission from ElseYier."
4. ReprodXction of this material is confined to the pXrpose and/or media for Zhich
permission is hereb\ giYen.
5. Altering/Modif\ing Material: Not Permitted. HoZeYer figXres and illXstrations ma\ be
altered/adapted minimall\ to serYe \oXr Zork. An\ other abbreYiations, additions, deletions
and/or an\ other alterations shall be made onl\ Zith prior Zritten aXthori]ation of ElseYier
Ltd. (Please contact ElseYier at permissions#elseYier.com). No modifications can be made
to an\ Lancet figXres/tables and the\ mXst be reprodXced in fXll.
�. If the permission fee for the reqXested Xse of oXr material is ZaiYed in this instance,
please be adYised that \oXr fXtXre reqXests for ElseYier materials ma\ attract a fee.
�. ReserYation of Rights: PXblisher reserYes all rights not specificall\ granted in the
combination of (i) the license details proYided b\ \oX and accepted in the coXrse of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Pa\ment
terms and conditions.
8. License Contingent Upon Pa\ment: While \oX ma\ e[ercise the rights licensed
immediatel\ Xpon issXance of the license at the end of the licensing process for the
transaction, proYided that \oX haYe disclosed complete and accXrate details of \oXr proposed
Xse, no license is finall\ effectiYe Xnless and Xntil fXll pa\ment is receiYed from \oX (either
b\ pXblisher or b\ CCC) as proYided in CCC's Billing and Pa\ment terms and conditions.  If
fXll pa\ment is not receiYed on a timel\ basis, then an\ license preliminaril\ granted shall be
deemed aXtomaticall\ reYoked and shall be Yoid as if neYer granted.  FXrther, in the eYent
that \oX breach an\ of these terms and conditions or an\ of CCC's Billing and Pa\ment
terms and conditions, the license is aXtomaticall\ reYoked and shall be Yoid as if neYer
granted.  Use of materials as described in a reYoked license, as Zell as an\ Xse of the
materials be\ond the scope of an XnreYoked license, ma\ constitXte cop\right infringement
and pXblisher reserYes the right to take an\ and all action to protect its cop\right in the
materials.
9. Warranties: PXblisher makes no representations or Zarranties Zith respect to the licensed
material.
10. Indemnit\: YoX hereb\ indemnif\ and agree to hold harmless pXblisher and CCC, and
their respectiYe officers, directors, emplo\ees and agents, from and against an\ and all
claims arising oXt of \oXr Xse of the licensed material other than as specificall\ aXthori]ed
pXrsXant to this license.
11. No Transfer of License: This license is personal to \oX and ma\ not be sXblicensed,
assigned, or transferred b\ \oX to an\ other person ZithoXt pXblisher's Zritten permission.
12. No Amendment E[cept in Writing: This license ma\ not be amended e[cept in a Zriting
signed b\ both parties (or, in the case of pXblisher, b\ CCC on pXblisher's behalf).
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13. Objection to Contrar\ Terms: PXblisher hereb\ objects to an\ terms contained in an\
pXrchase order, acknoZledgment, check endorsement or other Zriting prepared b\ \oX,
Zhich terms are inconsistent Zith these terms and conditions or CCC's Billing and Pa\ment
terms and conditions.  These terms and conditions, together Zith CCC's Billing and Pa\ment
terms and conditions (Zhich are incorporated herein), comprise the entire agreement
betZeen \oX and pXblisher (and CCC) concerning this licensing transaction.  In the eYent of
an\ conflict betZeen \oXr obligations established b\ these terms and conditions and those
established b\ CCC's Billing and Pa\ment terms and conditions, these terms and conditions
shall control.
14. ReYocation: ElseYier or Cop\right Clearance Center ma\ den\ the permissions described
in this License at their sole discretion, for an\ reason or no reason, Zith a fXll refXnd pa\able
to \oX.  Notice of sXch denial Zill be made Xsing the contact information proYided b\ \oX. 
FailXre to receiYe sXch notice Zill not alter or inYalidate the denial.  In no eYent Zill ElseYier
or Cop\right Clearance Center be responsible or liable for an\ costs, e[penses or damage
incXrred b\ \oX as a resXlt of a denial of \oXr permission reqXest, other than a refXnd of the
amoXnt(s) paid b\ \oX to ElseYier and/or Cop\right Clearance Center for denied
permissions.

LIMITED LICENSE
The folloZing terms and conditions appl\ onl\ to specific license t\pes:
15. TUaQVOaWLRQ: This permission is granted for non-e[clXsiYe Zorld EQJOLVK rights onl\
Xnless \oXr license Zas granted for translation rights. If \oX licensed translation rights \oX
ma\ onl\ translate this content into the langXages \oX reqXested. A professional translator
mXst perform all translations and reprodXce the content Zord for Zord preserYing the
integrit\ of the article.
1�. PRVWLQJ OLFHQVHG FRQWHQW RQ aQ\ WHbVLWH: The folloZing terms and conditions appl\ as
folloZs: Licensing material from an ElseYier joXrnal: All content posted to the Zeb site mXst
maintain the cop\right information line on the bottom of each image� A h\per-te[t mXst be
inclXded to the Homepage of the joXrnal from Zhich \oX are licensing at
http://ZZZ.sciencedirect.com/science/joXrnal/[[[[[ or the ElseYier homepage for books at
http://ZZZ.elseYier.com� Central Storage: This license does not inclXde permission for a
scanned Yersion of the material to be stored in a central repositor\ sXch as that proYided b\
Heron/XanEdX.
Licensing material from an ElseYier book: A h\per-te[t link mXst be inclXded to the ElseYier
homepage at http://ZZZ.elseYier.com . All content posted to the Zeb site mXst maintain the
cop\right information line on the bottom of each image.

PRVWLQJ OLFHQVHG FRQWHQW RQ EOHFWURQLF UHVHUYH: In addition to the aboYe the folloZing
claXses are applicable: The Zeb site mXst be passZord-protected and made aYailable onl\ to
bona fide stXdents registered on a releYant coXrse. This permission is granted for 1 \ear onl\.
YoX ma\ obtain a neZ license for fXtXre Zebsite posting.
1�. FRU MRXUQaO aXWKRUV: the folloZing claXses are applicable in addition to the aboYe:
PUHSULQWV:
A preprint is an aXthor's oZn Zrite-Xp of research resXlts and anal\sis, it has not been peer-
reYieZed, nor has it had an\ other YalXe added to it b\ a pXblisher (sXch as formatting,
cop\right, technical enhancement etc.).
AXthors can share their preprints an\Zhere at an\ time. Preprints shoXld not be added to or
enhanced in an\ Za\ in order to appear more like, or to sXbstitXte for, the final Yersions of
articles hoZeYer aXthors can Xpdate their preprints on arXiY or RePEc Zith their Accepted
AXthor ManXscript (see beloZ).
If accepted for pXblication, Ze encoXrage aXthors to link from the preprint to their formal
pXblication Yia its DOI. Millions of researchers haYe access to the formal pXblications on
ScienceDirect, and so links Zill help Xsers to find, access, cite and Xse the best aYailable
Yersion. Please note that Cell Press, The Lancet and some societ\-oZned haYe different
preprint policies. Information on these policies is aYailable on the joXrnal homepage.
AFFHSWHG AXWKRU MaQXVFULSWV: An accepted aXthor manXscript is the manXscript of an
article that has been accepted for pXblication and Zhich t\picall\ inclXdes aXthor-
incorporated changes sXggested dXring sXbmission, peer reYieZ and editor-aXthor
commXnications.
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AXthors can share their accepted aXthor manXscript:

immediatel\
Yia their non-commercial person homepage or blog
b\ Xpdating a preprint in arXiY or RePEc Zith the accepted manXscript
Yia their research institXte or institXtional repositor\ for internal institXtional
Xses or as part of an inYitation-onl\ research collaboration Zork-groXp
directl\ b\ proYiding copies to their stXdents or to research collaborators for
their personal Xse
for priYate scholarl\ sharing as part of an inYitation-onl\ Zork groXp on
commercial sites Zith Zhich ElseYier has an agreement

After the embargo period
Yia non-commercial hosting platforms sXch as their institXtional repositor\
Yia commercial sites Zith Zhich ElseYier has an agreement

In all cases accepted manXscripts shoXld:

link to the formal pXblication Yia its DOI
bear a CC-BY-NC-ND license - this is eas\ to do
if aggregated Zith other manXscripts, for e[ample in a repositor\ or other site, be
shared in alignment Zith oXr hosting polic\ not be added to or enhanced in an\ Za\ to
appear more like, or to sXbstitXte for, the pXblished joXrnal article.

PXbOLVKHG MRXUQaO aUWLFOH (-PA): A pXblished joXrnal article (PJA) is the definitiYe final
record of pXblished research that appears or Zill appear in the joXrnal and embodies all
YalXe-adding pXblishing actiYities inclXding peer reYieZ co-ordination, cop\-editing,
formatting, (if releYant) pagination and online enrichment.
Policies for sharing pXblishing joXrnal articles differ for sXbscription and gold open access
articles:
SXbVFULSWLRQ AUWLFOHV: If \oX are an aXthor, please share a link to \oXr article rather than the
fXll-te[t. Millions of researchers haYe access to the formal pXblications on ScienceDirect,
and so links Zill help \oXr Xsers to find, access, cite, and Xse the best aYailable Yersion.
Theses and dissertations Zhich contain embedded PJAs as part of the formal sXbmission can
be posted pXblicl\ b\ the aZarding institXtion Zith DOI links back to the formal
pXblications on ScienceDirect.
If \oX are affiliated Zith a librar\ that sXbscribes to ScienceDirect \oX haYe additional
priYate sharing rights for others' research accessed Xnder that agreement. This inclXdes Xse
for classroom teaching and internal training at the institXtion (inclXding Xse in coXrse packs
and coXrseZare programs), and inclXsion of the article for grant fXnding pXrposes.
GROG OSHQ AFFHVV AUWLFOHV: Ma\ be shared according to the aXthor-selected end-Xser
license and shoXld contain a CrossMark logo, the end Xser license, and a DOI link to the
formal pXblication on ScienceDirect.
Please refer to ElseYier's posting polic\ for fXrther information.
18. FRU bRRN aXWKRUV the folloZing claXses are applicable in addition to the aboYe:  
AXthors are permitted to place a brief sXmmar\ of their Zork online onl\. YoX are not
alloZed to doZnload and post the pXblished electronic Yersion of \oXr chapter, nor ma\ \oX
scan the printed edition to create an electronic Yersion. PRVWLQJ WR a UHSRVLWRU\: AXthors are
permitted to post a sXmmar\ of their chapter onl\ in their institXtion's repositor\.
19. TKHVLV�DLVVHUWaWLRQ: If \oXr license is for Xse in a thesis/dissertation \oXr thesis ma\ be
sXbmitted to \oXr institXtion in either print or electronic form. ShoXld \oXr thesis be
pXblished commerciall\, please reappl\ for permission. These reqXirements inclXde
permission for the Librar\ and ArchiYes of Canada to sXppl\ single copies, on demand, of
the complete thesis and inclXde permission for ProqXest/UMI to sXppl\ single copies, on
demand, of the complete thesis. ShoXld \oXr thesis be pXblished commerciall\, please
reappl\ for permission. Theses and dissertations Zhich contain embedded PJAs as part of
the formal sXbmission can be posted pXblicl\ b\ the aZarding institXtion Zith DOI links
back to the formal pXblications on ScienceDirect.
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EOVHYLHU OSHQ AFFHVV THUPV aQG CRQGLWLRQV
YoX can pXblish open access Zith ElseYier in hXndreds of open access joXrnals or in nearl\
2000 established sXbscription joXrnals that sXpport open access pXblishing. Permitted third
part\ re-Xse of these open access articles is defined b\ the aXthor's choice of CreatiYe
Commons Xser license. See oXr open access license polic\ for more information.
THUPV 	 CRQGLWLRQV aSSOLFabOH WR aOO OSHQ AFFHVV aUWLFOHV SXbOLVKHG ZLWK EOVHYLHU:
An\ reXse of the article mXst not represent the aXthor as endorsing the adaptation of the
article nor shoXld the article be modified in sXch a Za\ as to damage the aXthor's honoXr or
repXtation. If an\ changes haYe been made, sXch changes mXst be clearl\ indicated.
The aXthor(s) mXst be appropriatel\ credited and Ze ask that \oX inclXde the end Xser
license and a DOI link to the formal pXblication on ScienceDirect.
If an\ part of the material to be Xsed (for e[ample, figXres) has appeared in oXr pXblication
Zith credit or acknoZledgement to another soXrce it is the responsibilit\ of the Xser to
ensXre their reXse complies Zith the terms and conditions determined b\ the rights holder.
AGGLWLRQaO THUPV 	 CRQGLWLRQV aSSOLFabOH WR HaFK CUHaWLYH CRPPRQV XVHU OLFHQVH:
CC %Y: The CC-BY license alloZs Xsers to cop\, to create e[tracts, abstracts and neZ
Zorks from the Article, to alter and reYise the Article and to make commercial Xse of the
Article (inclXding reXse and/or resale of the Article b\ commercial entities), proYided the
Xser giYes appropriate credit (Zith a link to the formal pXblication throXgh the releYant
DOI), proYides a link to the license, indicates if changes Zere made and the licensor is not
represented as endorsing the Xse made of the Zork. The fXll details of the license are
aYailable at http://creatiYecommons.org/licenses/b\/4.0.
CC %Y NC SA: The CC BY-NC-SA license alloZs Xsers to cop\, to create e[tracts,
abstracts and neZ Zorks from the Article, to alter and reYise the Article, proYided this is not
done for commercial pXrposes, and that the Xser giYes appropriate credit (Zith a link to the
formal pXblication throXgh the releYant DOI), proYides a link to the license, indicates if
changes Zere made and the licensor is not represented as endorsing the Xse made of the
Zork. FXrther, an\ neZ Zorks mXst be made aYailable on the same conditions. The fXll
details of the license are aYailable at http://creatiYecommons.org/licenses/b\-nc-sa/4.0.
CC %Y NC ND: The CC BY-NC-ND license alloZs Xsers to cop\ and distribXte the Article,
proYided this is not done for commercial pXrposes and fXrther does not permit distribXtion of
the Article if it is changed or edited in an\ Za\, and proYided the Xser giYes appropriate
credit (Zith a link to the formal pXblication throXgh the releYant DOI), proYides a link to the
license, and that the licensor is not represented as endorsing the Xse made of the Zork. The
fXll details of the license are aYailable at http://creatiYecommons.org/licenses/b\-nc-nd/4.0.
An\ commercial reXse of Open Access articles pXblished Zith a CC BY NC SA or CC BY
NC ND license reqXires permission from ElseYier and Zill be sXbject to a fee.
Commercial reXse inclXdes:

Associating adYertising Zith the fXll te[t of the Article
Charging fees for docXment deliYer\ or access
Article aggregation
S\stematic distribXtion Yia e-mail lists or share bXttons

Posting or linking b\ commercial companies for Xse b\ cXstomers of those companies.
 
20. OWKHU CRQGLWLRQV:
 
Y1.9
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.
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JOHN :ILE< AND SONS LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and John Wile\
and Sons ("John Wile\ and Sons") consists of \oXr license details and the terms and
conditions proYided b\ John Wile\ and Sons and Cop\right Clearance Center.

License Number 4653670797321

License date Aug 21, 2019

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Birth Defects Research Part C: Embryo Today: RevieZs

Licensed Content Title The osteochondral interface as a gradient tissue: From development
to the fabrication of gradient scaffolds for regenerative medicine

Licensed Content Author Loren]o Moroni, Clemens Van BlittersZiMN, Andrea Di Luca

Licensed Content Date Mar 16, 2015

Licensed Content Volume 105

Licensed Content Issue 1

Licensed Content Pages 19

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table
number(s)

Figure 2

Will you be translating? No

Title of your thesis /
dissertation

Force-based Engineering of Gradients

Expected completion date Nov 2019

Expected si]e (number of
pages)

200

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Publisher Tax ID EU826007151

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This cop\righted material is oZned b\ or e[clXsiYel\ licensed to John Wile\ & Sons, Inc. or
one of its groXp companies (each a"Wile\ Compan\") or handled on behalf of a societ\ Zith
Zhich a Wile\ Compan\ has e[clXsiYe pXblishing rights in relation to a particXlar Zork
(collectiYel\ "WILEY"). B\ clicking "accept" in connection Zith completing this licensing
transaction, \oX agree that the folloZing terms and conditions appl\ to this transaction
(along Zith the billing and pa\ment terms and conditions established b\ the Cop\right
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Clearance Center Inc., ("CCC's Billing and Pa\ment terms and conditions"), at the time that
\oX opened \oXr RightsLink accoXnt (these are aYailable at an\ time at
http://m\accoXnt.cop\right.com).

THUPV aQG CRQGLWLRQV

The materials \oX haYe reqXested permission to reprodXce or reXse (the "Wile\
Materials") are protected b\ cop\right. 

YoX are hereb\ granted a personal, non-e[clXsiYe, non-sXb licensable (on a stand-
alone basis), non-transferable, ZorldZide, limited license to reprodXce the Wile\
Materials for the pXrpose specified in the licensing process. This license, aQG aQ\
CONTENT (PDF RU LPaJH ILOH) SXUFKaVHG aV SaUW RI \RXU RUGHU, is for a one-time
Xse onl\ and limited to an\ ma[imXm distribXtion nXmber specified in the license.
The first instance of repXblication or reXse granted b\ this license mXst be completed
Zithin tZo \ears of the date of the grant of this license (althoXgh copies prepared
before the end date ma\ be distribXted thereafter). The Wile\ Materials shall not be
Xsed in an\ other manner or for an\ other pXrpose, be\ond Zhat is granted in the
license. Permission is granted sXbject to an appropriate acknoZledgement giYen to the
aXthor, title of the material/book/joXrnal and the pXblisher. YoX shall also dXplicate the
cop\right notice that appears in the Wile\ pXblication in \oXr Xse of the Wile\
Material. Permission is also granted on the Xnderstanding that noZhere in the te[t is a
preYioXsl\ pXblished soXrce acknoZledged for all or part of this Wile\ Material. An\
third part\ content is e[pressl\ e[clXded from this permission.

With respect to the Wile\ Materials, all rights are reserYed. E[cept as e[pressl\
granted b\ the terms of the license, no part of the Wile\ Materials ma\ be copied,
modified, adapted (e[cept for minor reformatting reqXired b\ the neZ PXblication),
translated, reprodXced, transferred or distribXted, in an\ form or b\ an\ means, and no
deriYatiYe Zorks ma\ be made based on the Wile\ Materials ZithoXt the prior
permission of the respectiYe cop\right oZner.FRU STM SLJQaWRU\ PXbOLVKHUV
FOHaULQJ SHUPLVVLRQ XQGHU WKH WHUPV RI WKH STM PHUPLVVLRQV GXLGHOLQHV RQO\, WKH
WHUPV RI WKH OLFHQVH aUH H[WHQGHG WR LQFOXGH VXbVHTXHQW HGLWLRQV aQG IRU HGLWLRQV
LQ RWKHU OaQJXaJHV, SURYLGHG VXFK HGLWLRQV aUH IRU WKH ZRUN aV a ZKROH LQ VLWX aQG
GRHV QRW LQYROYH WKH VHSaUaWH H[SORLWaWLRQ RI WKH SHUPLWWHG ILJXUHV RU H[WUaFWV,
YoX ma\ not alter, remoYe or sXppress in an\ manner an\ cop\right, trademark or
other notices displa\ed b\ the Wile\ Materials. YoX ma\ not license, rent, sell, loan,
lease, pledge, offer as secXrit\, transfer or assign the Wile\ Materials on a stand-alone
basis, or an\ of the rights granted to \oX hereXnder to an\ other person.

The Wile\ Materials and all of the intellectXal propert\ rights therein shall at all times
remain the e[clXsiYe propert\ of John Wile\ & Sons Inc, the Wile\ Companies, or
their respectiYe licensors, and \oXr interest therein is onl\ that of haYing possession of
and the right to reprodXce the Wile\ Materials pXrsXant to Section 2 herein dXring the
continXance of this Agreement. YoX agree that \oX oZn no right, title or interest in or
to the Wile\ Materials or an\ of the intellectXal propert\ rights therein. YoX shall haYe
no rights hereXnder other than the license as proYided for aboYe in Section 2. No right,
license or interest to an\ trademark, trade name, serYice mark or other branding
("Marks") of WILEY or its licensors is granted hereXnder, and \oX agree that \oX
shall not assert an\ sXch right, license or interest Zith respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall haYe the right to terminate this Agreement immediatel\ Xpon breach of
this Agreement b\ \oX.

YoX shall indemnif\, defend and hold harmless WILEY, its Licensors and their
respectiYe directors, officers, agents and emplo\ees, from and against an\ actXal or
threatened claims, demands, caXses of action or proceedings arising from an\ breach
of this Agreement b\ \oX.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

ShoXld an\ proYision of this Agreement be held b\ a coXrt of competent jXrisdiction
to be illegal, inYalid, or Xnenforceable, that proYision shall be deemed amended to
achieYe as nearl\ as possible the same economic effect as the original proYision, and
the legalit\, Yalidit\ and enforceabilit\ of the remaining proYisions of this Agreement
shall not be affected or impaired thereb\. 

The failXre of either part\ to enforce an\ term or condition of this Agreement shall not
constitXte a ZaiYer of either part\'s right to enforce each and eYer\ term and condition
of this Agreement. No breach Xnder this agreement shall be deemed ZaiYed or
e[cXsed b\ either part\ Xnless sXch ZaiYer or consent is in Zriting signed b\ the part\
granting sXch ZaiYer or consent. The ZaiYer b\ or consent of a part\ to a breach of
an\ proYision of this Agreement shall not operate or be constrXed as a ZaiYer of or
consent to an\ other or sXbseqXent breach b\ sXch other part\. 

This Agreement ma\ not be assigned (inclXding b\ operation of laZ or otherZise) b\
\oX ZithoXt WILEY's prior Zritten consent.

An\ fee reqXired for this permission shall be non-refXndable after thirt\ (30) da\s
from receipt b\ the CCC.

These terms and conditions together Zith CCC's Billing and Pa\ment terms and
conditions (Zhich are incorporated herein) form the entire agreement betZeen \oX and
WILEY concerning this licensing transaction and (in the absence of fraXd) sXpersedes
all prior agreements and representations of the parties, oral or Zritten. This Agreement
ma\ not be amended e[cept in Zriting signed b\ both parties. This Agreement shall be
binding Xpon and inXre to the benefit of the parties' sXccessors, legal representatiYes,
and aXthori]ed assigns. 

In the eYent of an\ conflict betZeen \oXr obligations established b\ these terms and
conditions and those established b\ CCC's Billing and Pa\ment terms and conditions,
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these terms and conditions shall preYail.

WILEY e[pressl\ reserYes all rights not specificall\ granted in the combination of (i)
the license details proYided b\ \oX and accepted in the coXrse of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Pa\ment terms
and conditions.

This Agreement Zill be Yoid if the T\pe of Use, Format, CircXlation, or ReqXestor
T\pe Zas misrepresented dXring the licensing process.

This Agreement shall be goYerned b\ and constrXed in accordance Zith the laZs of
the State of NeZ York, USA, ZithoXt regards to sXch state's conflict of laZ rXles. An\
legal action, sXit or proceeding arising oXt of or relating to these Terms and Conditions
or the breach thereof shall be institXted in a coXrt of competent jXrisdiction in NeZ
York CoXnt\ in the State of NeZ York in the United States of America and each part\
hereb\ consents and sXbmits to the personal jXrisdiction of sXch coXrt, ZaiYes an\
objection to YenXe in sXch coXrt and consents to serYice of process b\ registered or
certified mail, retXrn receipt reqXested, at the last knoZn address of sXch part\.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wile\ PXblishes Open Access Articles in fXll\ Open Access JoXrnals and in SXbscription
joXrnals offering Online Open. AlthoXgh most of the fXll\ Open Access joXrnals pXblish
open access articles Xnder the terms of the CreatiYe Commons AttribXtion (CC BY) License
onl\, the sXbscription joXrnals and a feZ of the Open Access JoXrnals offer a choice of
CreatiYe Commons Licenses. The license t\pe is clearl\ identified on the article.
TKH CUHaWLYH CRPPRQV AWWULbXWLRQ LLFHQVH
The CreatiYe Commons AttribXtion License (CC-BY) alloZs Xsers to cop\, distribXte and
transmit an article, adapt the article and make commercial Xse of the article. The CC-BY
license permits commercial and non-
CUHaWLYH CRPPRQV AWWULbXWLRQ NRQ-CRPPHUFLaO LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial (CC-BY-NC)License permits Xse,
distribXtion and reprodXction in an\ mediXm, proYided the original Zork is properl\ cited
and is not Xsed for commercial pXrposes.(see beloZ)

CUHaWLYH CRPPRQV AWWULbXWLRQ-NRQ-CRPPHUFLaO-NRDHULYV LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial-NoDeriYs License (CC-BY-NC-ND)
permits Xse, distribXtion and reprodXction in an\ mediXm, proYided the original Zork is
properl\ cited, is not Xsed for commercial pXrposes and no modifications or adaptations are
made. (see beloZ)
UVH b\ FRPPHUFLaO "IRU-SURILW" RUJaQL]aWLRQV
Use of Wile\ Open Access articles for commercial, promotional, or marketing pXrposes
reqXires fXrther e[plicit permission from Wile\ and Zill be sXbject to a fee.
FXrther details can be foXnd on Wile\ Online Librar\
http://olaboXt.Zile\.com/Wile\CDA/Section/id-410895.html

OWKHU THUPV aQG CRQGLWLRQV:

Y1.10 LaVW XSGaWHG SHSWHPbHU 2015
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.
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S3RIN*ER NAT8RE LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and Springer
NatXre ("Springer NatXre") consists of \oXr license details and the terms and conditions
proYided b\ Springer NatXre and Cop\right Clearance Center.

License Number 4653670919830

License date Aug 21, 2019

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature

Licensed Content Title Developmental regulation of the groZth plate

Licensed Content Author +enry M. Kronenberg

Licensed Content Date May 15, 2003

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

+igh-res required no

Will you be translating? no

Circulation/distribution !50,000

Author of this Springer
Nature content

no

Title Force-based Engineering of Gradients

Institution name n/a

Expected presentation date Nov 2019

Portions Figure 2

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Total 0.00 USD

Terms and Conditions

SSULQJHU NaWXUH CXVWRPHU SHUYLFH CHQWUH GPb+
THUPV aQG CRQGLWLRQV

This agreement sets oXt the terms and conditions of the licence (the LLFHQFH) betZeen \oX
and SSULQJHU NaWXUH CXVWRPHU SHUYLFH CHQWUH GPb+ (the LLFHQVRU). B\ clicking
'accept' and completing the transaction for the material (LLFHQVHG MaWHULaO), \oX also
confirm \oXr acceptance of these terms and conditions.

1. *UDQW RI LLFHQVH

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, Zorld-Zide
licence to reproduce the Licensed Material for the purpose specified in your order only.
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Licences are granted for the specific use requested in the order and for no other use,
subMect to the conditions beloZ.

1. 2. The Licensor Zarrants that it has, to the best of its NnoZledge, the rights to license
reuse of the Licensed Material. +oZever, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it Zas
reprinted or adapted Zith permission from another source, then you should also seeN
permission from that source to reuse the material.

2. SFRSH RI LLFHQFH

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts	Cs and any applicable laZs.

2. 2. A separate licence may be required for any additional use of the Licensed Material,
e.g. Zhere a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence. Any content oZned by third parties are expressly
excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subMect to an additional fee. Please apply to
Journalpermissions#springernature.com/booNpermissions#springernature.com for these
rights.

2. 4. Where permission has been granted IUHH RI FKDUJH for material in print, permission
may also be granted for any electronic version of that ZorN, provided that the material is
incidental to your ZorN as a Zhole and that the electronic version is essentially equivalent
to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

�. DXUaWLRQ RI LLFHQFH

3. 1. A licence for is valid from the date of purchase (
Licence Date
) at the end of the relevant
period in the beloZ table:

SFRSH RI
LLFHQFH DXUDWLRQ RI LLFHQFH

Post on a Zebsite 12 months
Presentations 12 months
BooNs and
Mournals

Lifetime of the edition in the language
purchased

�. AFNQRZOHGJHPHQW

4. 1. The Licensor
s permission must be acNnoZledged next to the Licenced Material in print.
In electronic form, this acNnoZledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinNed to the Mournal/booN
s
homepage. Our required acNnoZledgement format is in the Appendix beloZ.

5. RHVWULFWLRQV RQ XVH

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or
style Zhere the adaptation is credited as set out in Appendix 1 beloZ. Any other changes
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including but not limited to, cropping, adapting, omitting material that affect the meaning,
intention or moral rights of the author are strictly prohibited. 

5. 2. You must not use any Licensed Material as part of any design or trademarN. 

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

�. OZQHUVKLS RI RLJKWV 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and
any rights not explicitly granted herein are expressly reserved. 

�. WaUUaQW\ 

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

�. LLPLWaWLRQV

8. 1. BOOKS ONL<:Where 
UHXVH LQ D GLVVHUWDWLRQ�WKHVLV
 has been selected the folloZing
terms apply: Print rights of the final author
s accepted manuscript (for clarity, NOT the
published version) for up to 100 copies, electronic rights for use only on a personal Zebsite or
institutional repository as defined by the Sherpa guideline (ZZZ.sherpa.ac.uN/romeo/).

�. THUPLQaWLRQ aQG CaQFHOOaWLRQ

9. 1. Licences Zill expire after the period shoZn in Clause 3 (above).

9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you. 

ASSHQGL[ 1 ² AFNQRZOHGJHPHQWV:

FRU -RXUQaO CRQWHQW:
Reprinted b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication)

For AGYaQFH OQOLQH PXbOLFaWLRQ SaSHUV:
Reprinted b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
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(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication), adYance
online pXblication, da\ month \ear (doi: 10.1038/sj.>JOURNAL ACRONYM@.)

FRU AGaSWaWLRQV�TUaQVOaWLRQV:
Adapted/Translated b\ permission from >WKH LLFHQVRU@: >-RXUQaO PXbOLVKHU (e.g.
NatXre/Springer/PalgraYe)@ >-OURNAL NAME@ >REFERENCE CITATION
(Article name, AXthor(s) Name), >COPYRIG+T@ (\ear of pXblication)

NRWH: FRU aQ\ UHSXbOLFaWLRQ IURP WKH %ULWLVK -RXUQaO RI CaQFHU, WKH IROORZLQJ
FUHGLW OLQH VW\OH aSSOLHV:

Reprinted/adapted/translated b\ permission from >WKH LLFHQVRU@: on behalf of Cancer
Research UK: : >-RXUQaO PXbOLVKHU (e.g. NatXre/Springer/PalgraYe)@ >-OURNAL
NAME@ >REFERENCE CITATION (Article name, AXthor(s) Name),
>COPYRIG+T@ (\ear of pXblication)

For AGYaQFH OQOLQH PXbOLFaWLRQ papers:
Reprinted b\ permission from The >WKH LLFHQVRU@: on behalf of Cancer Research UK:
>-RXUQaO PXbOLVKHU (e.g. NatXre/Springer/PalgraYe)@ >-OURNAL NAME@
>REFERENCE CITATION (Article name, AXthor(s) Name), >COPYRIG+T@ (\ear
of pXblication), adYance online pXblication, da\ month \ear (doi: 10.1038/sj.
>JOURNAL ACRONYM@)

FRU %RRN FRQWHQW:
Reprinted/adapted b\ permission from >WKH LLFHQVRU@: >%RRN PXbOLVKHU (e.g.
PalgraYe Macmillan, Springer etc) >%RRN TLWOH@ b\ >%RRN aXWKRU(s)@
>COPYRIG+T@ (\ear of pXblication)

OWKHU CRQGLWLRQV:

Version  1.2
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.
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JOHN :ILE< AND SONS LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and John Wile\
and Sons ("John Wile\ and Sons") consists of \oXr license details and the terms and
conditions proYided b\ John Wile\ and Sons and Cop\right Clearance Center.

License Number 4653671175731

License date Aug 21, 2019

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Journal of Tissue Engineering and Regenerative Medicine

Licensed Content Title FGF, TGFǃ and Wnt crosstalN: embryonic to in vitro cartilage
development from mesenchymal stem cells

Licensed Content Author Roberto Narcisi, Catharine A. +ellingman, Pieter A. Brama, et al

Licensed Content Date Apr 11, 2013

Licensed Content Volume 9

Licensed Content Issue 4

Licensed Content Pages 11

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table
number(s)

Figure 2

Will you be translating? No

Title of your thesis /
dissertation

Force-based Engineering of Gradients

Expected completion date Nov 2019

Expected si]e (number of
pages)

200

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Publisher Tax ID EU826007151

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This cop\righted material is oZned b\ or e[clXsiYel\ licensed to John Wile\ & Sons, Inc. or
one of its groXp companies (each a"Wile\ Compan\") or handled on behalf of a societ\ Zith
Zhich a Wile\ Compan\ has e[clXsiYe pXblishing rights in relation to a particXlar Zork
(collectiYel\ "WILEY"). B\ clicking "accept" in connection Zith completing this licensing
transaction, \oX agree that the folloZing terms and conditions appl\ to this transaction
(along Zith the billing and pa\ment terms and conditions established b\ the Cop\right
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Clearance Center Inc., ("CCC's Billing and Pa\ment terms and conditions"), at the time that
\oX opened \oXr RightsLink accoXnt (these are aYailable at an\ time at
http://m\accoXnt.cop\right.com).

THUPV aQG CRQGLWLRQV

The materials \oX haYe reqXested permission to reprodXce or reXse (the "Wile\
Materials") are protected b\ cop\right. 

YoX are hereb\ granted a personal, non-e[clXsiYe, non-sXb licensable (on a stand-
alone basis), non-transferable, ZorldZide, limited license to reprodXce the Wile\
Materials for the pXrpose specified in the licensing process. This license, aQG aQ\
CONTENT (PDF RU LPaJH ILOH) SXUFKaVHG aV SaUW RI \RXU RUGHU, is for a one-time
Xse onl\ and limited to an\ ma[imXm distribXtion nXmber specified in the license.
The first instance of repXblication or reXse granted b\ this license mXst be completed
Zithin tZo \ears of the date of the grant of this license (althoXgh copies prepared
before the end date ma\ be distribXted thereafter). The Wile\ Materials shall not be
Xsed in an\ other manner or for an\ other pXrpose, be\ond Zhat is granted in the
license. Permission is granted sXbject to an appropriate acknoZledgement giYen to the
aXthor, title of the material/book/joXrnal and the pXblisher. YoX shall also dXplicate the
cop\right notice that appears in the Wile\ pXblication in \oXr Xse of the Wile\
Material. Permission is also granted on the Xnderstanding that noZhere in the te[t is a
preYioXsl\ pXblished soXrce acknoZledged for all or part of this Wile\ Material. An\
third part\ content is e[pressl\ e[clXded from this permission.

With respect to the Wile\ Materials, all rights are reserYed. E[cept as e[pressl\
granted b\ the terms of the license, no part of the Wile\ Materials ma\ be copied,
modified, adapted (e[cept for minor reformatting reqXired b\ the neZ PXblication),
translated, reprodXced, transferred or distribXted, in an\ form or b\ an\ means, and no
deriYatiYe Zorks ma\ be made based on the Wile\ Materials ZithoXt the prior
permission of the respectiYe cop\right oZner.FRU STM SLJQaWRU\ PXbOLVKHUV
FOHaULQJ SHUPLVVLRQ XQGHU WKH WHUPV RI WKH STM PHUPLVVLRQV GXLGHOLQHV RQO\, WKH
WHUPV RI WKH OLFHQVH aUH H[WHQGHG WR LQFOXGH VXbVHTXHQW HGLWLRQV aQG IRU HGLWLRQV
LQ RWKHU OaQJXaJHV, SURYLGHG VXFK HGLWLRQV aUH IRU WKH ZRUN aV a ZKROH LQ VLWX aQG
GRHV QRW LQYROYH WKH VHSaUaWH H[SORLWaWLRQ RI WKH SHUPLWWHG ILJXUHV RU H[WUaFWV,
YoX ma\ not alter, remoYe or sXppress in an\ manner an\ cop\right, trademark or
other notices displa\ed b\ the Wile\ Materials. YoX ma\ not license, rent, sell, loan,
lease, pledge, offer as secXrit\, transfer or assign the Wile\ Materials on a stand-alone
basis, or an\ of the rights granted to \oX hereXnder to an\ other person.

The Wile\ Materials and all of the intellectXal propert\ rights therein shall at all times
remain the e[clXsiYe propert\ of John Wile\ & Sons Inc, the Wile\ Companies, or
their respectiYe licensors, and \oXr interest therein is onl\ that of haYing possession of
and the right to reprodXce the Wile\ Materials pXrsXant to Section 2 herein dXring the
continXance of this Agreement. YoX agree that \oX oZn no right, title or interest in or
to the Wile\ Materials or an\ of the intellectXal propert\ rights therein. YoX shall haYe
no rights hereXnder other than the license as proYided for aboYe in Section 2. No right,
license or interest to an\ trademark, trade name, serYice mark or other branding
("Marks") of WILEY or its licensors is granted hereXnder, and \oX agree that \oX
shall not assert an\ sXch right, license or interest Zith respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall haYe the right to terminate this Agreement immediatel\ Xpon breach of
this Agreement b\ \oX.

YoX shall indemnif\, defend and hold harmless WILEY, its Licensors and their
respectiYe directors, officers, agents and emplo\ees, from and against an\ actXal or
threatened claims, demands, caXses of action or proceedings arising from an\ breach
of this Agreement b\ \oX.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

ShoXld an\ proYision of this Agreement be held b\ a coXrt of competent jXrisdiction
to be illegal, inYalid, or Xnenforceable, that proYision shall be deemed amended to
achieYe as nearl\ as possible the same economic effect as the original proYision, and
the legalit\, Yalidit\ and enforceabilit\ of the remaining proYisions of this Agreement
shall not be affected or impaired thereb\. 

The failXre of either part\ to enforce an\ term or condition of this Agreement shall not
constitXte a ZaiYer of either part\'s right to enforce each and eYer\ term and condition
of this Agreement. No breach Xnder this agreement shall be deemed ZaiYed or
e[cXsed b\ either part\ Xnless sXch ZaiYer or consent is in Zriting signed b\ the part\
granting sXch ZaiYer or consent. The ZaiYer b\ or consent of a part\ to a breach of
an\ proYision of this Agreement shall not operate or be constrXed as a ZaiYer of or
consent to an\ other or sXbseqXent breach b\ sXch other part\. 

This Agreement ma\ not be assigned (inclXding b\ operation of laZ or otherZise) b\
\oX ZithoXt WILEY's prior Zritten consent.

An\ fee reqXired for this permission shall be non-refXndable after thirt\ (30) da\s
from receipt b\ the CCC.

These terms and conditions together Zith CCC's Billing and Pa\ment terms and
conditions (Zhich are incorporated herein) form the entire agreement betZeen \oX and
WILEY concerning this licensing transaction and (in the absence of fraXd) sXpersedes
all prior agreements and representations of the parties, oral or Zritten. This Agreement
ma\ not be amended e[cept in Zriting signed b\ both parties. This Agreement shall be
binding Xpon and inXre to the benefit of the parties' sXccessors, legal representatiYes,
and aXthori]ed assigns. 

In the eYent of an\ conflict betZeen \oXr obligations established b\ these terms and
conditions and those established b\ CCC's Billing and Pa\ment terms and conditions,
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these terms and conditions shall preYail.

WILEY e[pressl\ reserYes all rights not specificall\ granted in the combination of (i)
the license details proYided b\ \oX and accepted in the coXrse of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Pa\ment terms
and conditions.

This Agreement Zill be Yoid if the T\pe of Use, Format, CircXlation, or ReqXestor
T\pe Zas misrepresented dXring the licensing process.

This Agreement shall be goYerned b\ and constrXed in accordance Zith the laZs of
the State of NeZ York, USA, ZithoXt regards to sXch state's conflict of laZ rXles. An\
legal action, sXit or proceeding arising oXt of or relating to these Terms and Conditions
or the breach thereof shall be institXted in a coXrt of competent jXrisdiction in NeZ
York CoXnt\ in the State of NeZ York in the United States of America and each part\
hereb\ consents and sXbmits to the personal jXrisdiction of sXch coXrt, ZaiYes an\
objection to YenXe in sXch coXrt and consents to serYice of process b\ registered or
certified mail, retXrn receipt reqXested, at the last knoZn address of sXch part\.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wile\ PXblishes Open Access Articles in fXll\ Open Access JoXrnals and in SXbscription
joXrnals offering Online Open. AlthoXgh most of the fXll\ Open Access joXrnals pXblish
open access articles Xnder the terms of the CreatiYe Commons AttribXtion (CC BY) License
onl\, the sXbscription joXrnals and a feZ of the Open Access JoXrnals offer a choice of
CreatiYe Commons Licenses. The license t\pe is clearl\ identified on the article.
TKH CUHaWLYH CRPPRQV AWWULbXWLRQ LLFHQVH
The CreatiYe Commons AttribXtion License (CC-BY) alloZs Xsers to cop\, distribXte and
transmit an article, adapt the article and make commercial Xse of the article. The CC-BY
license permits commercial and non-
CUHaWLYH CRPPRQV AWWULbXWLRQ NRQ-CRPPHUFLaO LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial (CC-BY-NC)License permits Xse,
distribXtion and reprodXction in an\ mediXm, proYided the original Zork is properl\ cited
and is not Xsed for commercial pXrposes.(see beloZ)

CUHaWLYH CRPPRQV AWWULbXWLRQ-NRQ-CRPPHUFLaO-NRDHULYV LLFHQVH
The CreatiYe Commons AttribXtion Non-Commercial-NoDeriYs License (CC-BY-NC-ND)
permits Xse, distribXtion and reprodXction in an\ mediXm, proYided the original Zork is
properl\ cited, is not Xsed for commercial pXrposes and no modifications or adaptations are
made. (see beloZ)
UVH b\ FRPPHUFLaO "IRU-SURILW" RUJaQL]aWLRQV
Use of Wile\ Open Access articles for commercial, promotional, or marketing pXrposes
reqXires fXrther e[plicit permission from Wile\ and Zill be sXbject to a fee.
FXrther details can be foXnd on Wile\ Online Librar\
http://olaboXt.Zile\.com/Wile\CDA/Section/id-410895.html

OWKHU THUPV aQG CRQGLWLRQV:

Y1.10 LaVW XSGaWHG SHSWHPbHU 2015
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.
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ELSE9IER LICENSE
TERMS AND CONDITIONS

Aug 21, 2019

This Agreement betZeen Imperial College London -- ChXnching Li ("YoX") and ElseYier
("ElseYier") consists of \oXr license details and the terms and conditions proYided b\
ElseYier and Cop\right Clearance Center.

License Number 4653671264381

License date Aug 21, 2019

Licensed Content Publisher Elsevier

Licensed Content Publication Osteoarthritis and Cartilage

Licensed Content Title The structural architecture of adult mammalian articular cartilage
evolves by a synchroni]ed process of tissue resorption and
neoformation during postnatal development

Licensed Content Author E.B. +un]iNer,E. Kapfinger,J. Geiss

Licensed Content Date Apr 1, 2007

Licensed Content Volume 15

Licensed Content Issue 4

Licensed Content Pages 11

Start Page 403

End Page 413

Type of Use reuse in a thesis/dissertation

Intended publisher of neZ
ZorN

other

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Original figure numbers Figure 3

Title of your
thesis/dissertation

Force-based Engineering of Gradients

Expected completion date Nov 2019

Estimated si]e (number of
pages)

200

Requestor Location Imperial College London
South Kensington Campus

London, SW7 2AZ, UK
United Kingdom
Attn: Imperial College London

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION
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1. The pXblisher for this cop\righted material is ElseYier.  B\ clicking "accept" in connection
Zith completing this licensing transaction, \oX agree that the folloZing terms and conditions
appl\ to this transaction (along Zith the Billing and Pa\ment terms and conditions
established b\ Cop\right Clearance Center, Inc. ("CCC"), at the time that \oX opened \oXr
Rightslink accoXnt and that are aYailable at an\ time at http://m\accoXnt.cop\right.com).

GENERAL TERMS
2. ElseYier hereb\ grants \oX permission to reprodXce the aforementioned material sXbject to
the terms and conditions indicated.
3. AcknoZledgement: If an\ part of the material to be Xsed (for e[ample, figXres) has
appeared in oXr pXblication Zith credit or acknoZledgement to another soXrce, permission
mXst also be soXght from that soXrce.  If sXch permission is not obtained then that material
ma\ not be inclXded in \oXr pXblication/copies. SXitable acknoZledgement to the soXrce
mXst be made, either as a footnote or in a reference list at the end of \oXr pXblication, as
folloZs:
"Reprinted from PXblication title, Vol /edition nXmber, AXthor(s), Title of article / title of
chapter, Pages No., Cop\right (Year), Zith permission from ElseYier >OR APPLICABLE
SOCIETY COPYRIGHT OWNER@." Also Lancet special credit - "Reprinted from The
Lancet, Vol. nXmber, AXthor(s), Title of article, Pages No., Cop\right (Year), Zith
permission from ElseYier."
4. ReprodXction of this material is confined to the pXrpose and/or media for Zhich
permission is hereb\ giYen.
5. Altering/Modif\ing Material: Not Permitted. HoZeYer figXres and illXstrations ma\ be
altered/adapted minimall\ to serYe \oXr Zork. An\ other abbreYiations, additions, deletions
and/or an\ other alterations shall be made onl\ Zith prior Zritten aXthori]ation of ElseYier
Ltd. (Please contact ElseYier at permissions#elseYier.com). No modifications can be made
to an\ Lancet figXres/tables and the\ mXst be reprodXced in fXll.
�. If the permission fee for the reqXested Xse of oXr material is ZaiYed in this instance,
please be adYised that \oXr fXtXre reqXests for ElseYier materials ma\ attract a fee.
�. ReserYation of Rights: PXblisher reserYes all rights not specificall\ granted in the
combination of (i) the license details proYided b\ \oX and accepted in the coXrse of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Pa\ment
terms and conditions.
8. License Contingent Upon Pa\ment: While \oX ma\ e[ercise the rights licensed
immediatel\ Xpon issXance of the license at the end of the licensing process for the
transaction, proYided that \oX haYe disclosed complete and accXrate details of \oXr proposed
Xse, no license is finall\ effectiYe Xnless and Xntil fXll pa\ment is receiYed from \oX (either
b\ pXblisher or b\ CCC) as proYided in CCC's Billing and Pa\ment terms and conditions.  If
fXll pa\ment is not receiYed on a timel\ basis, then an\ license preliminaril\ granted shall be
deemed aXtomaticall\ reYoked and shall be Yoid as if neYer granted.  FXrther, in the eYent
that \oX breach an\ of these terms and conditions or an\ of CCC's Billing and Pa\ment
terms and conditions, the license is aXtomaticall\ reYoked and shall be Yoid as if neYer
granted.  Use of materials as described in a reYoked license, as Zell as an\ Xse of the
materials be\ond the scope of an XnreYoked license, ma\ constitXte cop\right infringement
and pXblisher reserYes the right to take an\ and all action to protect its cop\right in the
materials.
9. Warranties: PXblisher makes no representations or Zarranties Zith respect to the licensed
material.
10. Indemnit\: YoX hereb\ indemnif\ and agree to hold harmless pXblisher and CCC, and
their respectiYe officers, directors, emplo\ees and agents, from and against an\ and all
claims arising oXt of \oXr Xse of the licensed material other than as specificall\ aXthori]ed
pXrsXant to this license.
11. No Transfer of License: This license is personal to \oX and ma\ not be sXblicensed,
assigned, or transferred b\ \oX to an\ other person ZithoXt pXblisher's Zritten permission.
12. No Amendment E[cept in Writing: This license ma\ not be amended e[cept in a Zriting
signed b\ both parties (or, in the case of pXblisher, b\ CCC on pXblisher's behalf).
13. Objection to Contrar\ Terms: PXblisher hereb\ objects to an\ terms contained in an\
pXrchase order, acknoZledgment, check endorsement or other Zriting prepared b\ \oX,
Zhich terms are inconsistent Zith these terms and conditions or CCC's Billing and Pa\ment
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terms and conditions.  These terms and conditions, together Zith CCC's Billing and Pa\ment
terms and conditions (Zhich are incorporated herein), comprise the entire agreement
betZeen \oX and pXblisher (and CCC) concerning this licensing transaction.  In the eYent of
an\ conflict betZeen \oXr obligations established b\ these terms and conditions and those
established b\ CCC's Billing and Pa\ment terms and conditions, these terms and conditions
shall control.
14. ReYocation: ElseYier or Cop\right Clearance Center ma\ den\ the permissions described
in this License at their sole discretion, for an\ reason or no reason, Zith a fXll refXnd pa\able
to \oX.  Notice of sXch denial Zill be made Xsing the contact information proYided b\ \oX. 
FailXre to receiYe sXch notice Zill not alter or inYalidate the denial.  In no eYent Zill ElseYier
or Cop\right Clearance Center be responsible or liable for an\ costs, e[penses or damage
incXrred b\ \oX as a resXlt of a denial of \oXr permission reqXest, other than a refXnd of the
amoXnt(s) paid b\ \oX to ElseYier and/or Cop\right Clearance Center for denied
permissions.

LIMITED LICENSE
The folloZing terms and conditions appl\ onl\ to specific license t\pes:
15. TUaQVOaWLRQ: This permission is granted for non-e[clXsiYe Zorld EQJOLVK rights onl\
Xnless \oXr license Zas granted for translation rights. If \oX licensed translation rights \oX
ma\ onl\ translate this content into the langXages \oX reqXested. A professional translator
mXst perform all translations and reprodXce the content Zord for Zord preserYing the
integrit\ of the article.
1�. PRVWLQJ OLFHQVHG FRQWHQW RQ aQ\ WHbVLWH: The folloZing terms and conditions appl\ as
folloZs: Licensing material from an ElseYier joXrnal: All content posted to the Zeb site mXst
maintain the cop\right information line on the bottom of each image� A h\per-te[t mXst be
inclXded to the Homepage of the joXrnal from Zhich \oX are licensing at
http://ZZZ.sciencedirect.com/science/joXrnal/[[[[[ or the ElseYier homepage for books at
http://ZZZ.elseYier.com� Central Storage: This license does not inclXde permission for a
scanned Yersion of the material to be stored in a central repositor\ sXch as that proYided b\
Heron/XanEdX.
Licensing material from an ElseYier book: A h\per-te[t link mXst be inclXded to the ElseYier
homepage at http://ZZZ.elseYier.com . All content posted to the Zeb site mXst maintain the
cop\right information line on the bottom of each image.

PRVWLQJ OLFHQVHG FRQWHQW RQ EOHFWURQLF UHVHUYH: In addition to the aboYe the folloZing
claXses are applicable: The Zeb site mXst be passZord-protected and made aYailable onl\ to
bona fide stXdents registered on a releYant coXrse. This permission is granted for 1 \ear onl\.
YoX ma\ obtain a neZ license for fXtXre Zebsite posting.
1�. FRU MRXUQaO aXWKRUV: the folloZing claXses are applicable in addition to the aboYe:
PUHSULQWV:
A preprint is an aXthor's oZn Zrite-Xp of research resXlts and anal\sis, it has not been peer-
reYieZed, nor has it had an\ other YalXe added to it b\ a pXblisher (sXch as formatting,
cop\right, technical enhancement etc.).
AXthors can share their preprints an\Zhere at an\ time. Preprints shoXld not be added to or
enhanced in an\ Za\ in order to appear more like, or to sXbstitXte for, the final Yersions of
articles hoZeYer aXthors can Xpdate their preprints on arXiY or RePEc Zith their Accepted
AXthor ManXscript (see beloZ).
If accepted for pXblication, Ze encoXrage aXthors to link from the preprint to their formal
pXblication Yia its DOI. Millions of researchers haYe access to the formal pXblications on
ScienceDirect, and so links Zill help Xsers to find, access, cite and Xse the best aYailable
Yersion. Please note that Cell Press, The Lancet and some societ\-oZned haYe different
preprint policies. Information on these policies is aYailable on the joXrnal homepage.
AFFHSWHG AXWKRU MaQXVFULSWV: An accepted aXthor manXscript is the manXscript of an
article that has been accepted for pXblication and Zhich t\picall\ inclXdes aXthor-
incorporated changes sXggested dXring sXbmission, peer reYieZ and editor-aXthor
commXnications.
AXthors can share their accepted aXthor manXscript:

immediatel\
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Yia their non-commercial person homepage or blog
b\ Xpdating a preprint in arXiY or RePEc Zith the accepted manXscript
Yia their research institXte or institXtional repositor\ for internal institXtional
Xses or as part of an inYitation-onl\ research collaboration Zork-groXp
directl\ b\ proYiding copies to their stXdents or to research collaborators for
their personal Xse
for priYate scholarl\ sharing as part of an inYitation-onl\ Zork groXp on
commercial sites Zith Zhich ElseYier has an agreement

After the embargo period
Yia non-commercial hosting platforms sXch as their institXtional repositor\
Yia commercial sites Zith Zhich ElseYier has an agreement

In all cases accepted manXscripts shoXld:

link to the formal pXblication Yia its DOI
bear a CC-BY-NC-ND license - this is eas\ to do
if aggregated Zith other manXscripts, for e[ample in a repositor\ or other site, be
shared in alignment Zith oXr hosting polic\ not be added to or enhanced in an\ Za\ to
appear more like, or to sXbstitXte for, the pXblished joXrnal article.

PXbOLVKHG MRXUQaO aUWLFOH (-PA): A pXblished joXrnal article (PJA) is the definitiYe final
record of pXblished research that appears or Zill appear in the joXrnal and embodies all
YalXe-adding pXblishing actiYities inclXding peer reYieZ co-ordination, cop\-editing,
formatting, (if releYant) pagination and online enrichment.
Policies for sharing pXblishing joXrnal articles differ for sXbscription and gold open access
articles:
SXbVFULSWLRQ AUWLFOHV: If \oX are an aXthor, please share a link to \oXr article rather than the
fXll-te[t. Millions of researchers haYe access to the formal pXblications on ScienceDirect,
and so links Zill help \oXr Xsers to find, access, cite, and Xse the best aYailable Yersion.
Theses and dissertations Zhich contain embedded PJAs as part of the formal sXbmission can
be posted pXblicl\ b\ the aZarding institXtion Zith DOI links back to the formal
pXblications on ScienceDirect.
If \oX are affiliated Zith a librar\ that sXbscribes to ScienceDirect \oX haYe additional
priYate sharing rights for others' research accessed Xnder that agreement. This inclXdes Xse
for classroom teaching and internal training at the institXtion (inclXding Xse in coXrse packs
and coXrseZare programs), and inclXsion of the article for grant fXnding pXrposes.
GROG OSHQ AFFHVV AUWLFOHV: Ma\ be shared according to the aXthor-selected end-Xser
license and shoXld contain a CrossMark logo, the end Xser license, and a DOI link to the
formal pXblication on ScienceDirect.
Please refer to ElseYier's posting polic\ for fXrther information.
18. FRU bRRN aXWKRUV the folloZing claXses are applicable in addition to the aboYe:  
AXthors are permitted to place a brief sXmmar\ of their Zork online onl\. YoX are not
alloZed to doZnload and post the pXblished electronic Yersion of \oXr chapter, nor ma\ \oX
scan the printed edition to create an electronic Yersion. PRVWLQJ WR a UHSRVLWRU\: AXthors are
permitted to post a sXmmar\ of their chapter onl\ in their institXtion's repositor\.
19. TKHVLV�DLVVHUWaWLRQ: If \oXr license is for Xse in a thesis/dissertation \oXr thesis ma\ be
sXbmitted to \oXr institXtion in either print or electronic form. ShoXld \oXr thesis be
pXblished commerciall\, please reappl\ for permission. These reqXirements inclXde
permission for the Librar\ and ArchiYes of Canada to sXppl\ single copies, on demand, of
the complete thesis and inclXde permission for ProqXest/UMI to sXppl\ single copies, on
demand, of the complete thesis. ShoXld \oXr thesis be pXblished commerciall\, please
reappl\ for permission. Theses and dissertations Zhich contain embedded PJAs as part of
the formal sXbmission can be posted pXblicl\ b\ the aZarding institXtion Zith DOI links
back to the formal pXblications on ScienceDirect.
 
EOVHYLHU OSHQ AFFHVV THUPV aQG CRQGLWLRQV
YoX can pXblish open access Zith ElseYier in hXndreds of open access joXrnals or in nearl\
2000 established sXbscription joXrnals that sXpport open access pXblishing. Permitted third
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part\ re-Xse of these open access articles is defined b\ the aXthor's choice of CreatiYe
Commons Xser license. See oXr open access license polic\ for more information.
THUPV 	 CRQGLWLRQV aSSOLFabOH WR aOO OSHQ AFFHVV aUWLFOHV SXbOLVKHG ZLWK EOVHYLHU:
An\ reXse of the article mXst not represent the aXthor as endorsing the adaptation of the
article nor shoXld the article be modified in sXch a Za\ as to damage the aXthor's honoXr or
repXtation. If an\ changes haYe been made, sXch changes mXst be clearl\ indicated.
The aXthor(s) mXst be appropriatel\ credited and Ze ask that \oX inclXde the end Xser
license and a DOI link to the formal pXblication on ScienceDirect.
If an\ part of the material to be Xsed (for e[ample, figXres) has appeared in oXr pXblication
Zith credit or acknoZledgement to another soXrce it is the responsibilit\ of the Xser to
ensXre their reXse complies Zith the terms and conditions determined b\ the rights holder.
AGGLWLRQaO THUPV 	 CRQGLWLRQV aSSOLFabOH WR HaFK CUHaWLYH CRPPRQV XVHU OLFHQVH:
CC %Y: The CC-BY license alloZs Xsers to cop\, to create e[tracts, abstracts and neZ
Zorks from the Article, to alter and reYise the Article and to make commercial Xse of the
Article (inclXding reXse and/or resale of the Article b\ commercial entities), proYided the
Xser giYes appropriate credit (Zith a link to the formal pXblication throXgh the releYant
DOI), proYides a link to the license, indicates if changes Zere made and the licensor is not
represented as endorsing the Xse made of the Zork. The fXll details of the license are
aYailable at http://creatiYecommons.org/licenses/b\/4.0.
CC %Y NC SA: The CC BY-NC-SA license alloZs Xsers to cop\, to create e[tracts,
abstracts and neZ Zorks from the Article, to alter and reYise the Article, proYided this is not
done for commercial pXrposes, and that the Xser giYes appropriate credit (Zith a link to the
formal pXblication throXgh the releYant DOI), proYides a link to the license, indicates if
changes Zere made and the licensor is not represented as endorsing the Xse made of the
Zork. FXrther, an\ neZ Zorks mXst be made aYailable on the same conditions. The fXll
details of the license are aYailable at http://creatiYecommons.org/licenses/b\-nc-sa/4.0.
CC %Y NC ND: The CC BY-NC-ND license alloZs Xsers to cop\ and distribXte the Article,
proYided this is not done for commercial pXrposes and fXrther does not permit distribXtion of
the Article if it is changed or edited in an\ Za\, and proYided the Xser giYes appropriate
credit (Zith a link to the formal pXblication throXgh the releYant DOI), proYides a link to the
license, and that the licensor is not represented as endorsing the Xse made of the Zork. The
fXll details of the license are aYailable at http://creatiYecommons.org/licenses/b\-nc-nd/4.0.
An\ commercial reXse of Open Access articles pXblished Zith a CC BY NC SA or CC BY
NC ND license reqXires permission from ElseYier and Zill be sXbject to a fee.
Commercial reXse inclXdes:

Associating adYertising Zith the fXll te[t of the Article
Charging fees for docXment deliYer\ or access
Article aggregation
S\stematic distribXtion Yia e-mail lists or share bXttons

Posting or linking b\ commercial companies for Xse b\ cXstomers of those companies.
 
20. OWKHU CRQGLWLRQV:
 
Y1.9
QXHVWLRQV? FXVWRPHUFDUH@FRS\ULJKW.FRP RU +1-855-239-3415 (WROO IUHH LQ WKH 8S) RU
+1-978-646-2777.






