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1 It’s not necessary to engineer our body, we rather should improve and 

exploit the regeneration system already present in our body nature. [This thesis] 

2 The human body is composed of organs, which are composed of tissues. 

To proceed from one tissue to another a gradual passage is ensured by gradients. 

Hence, gradients can be seen as key components of our body. This thesis is based 

on the regeneration of one of these transition tissues, the osteochondral interface. 

[This thesis] 

3 The bioactivity of the scaffold does not rely on the addition of bioactive 

molecules: structural properties can be as strong as soluble factors. [This thesis] 

4 3D printing has entered in our daily life, with shops able to make your 

desired 3D printed object. You can buy your own 3D printing machine today. Even 

Uncle Scrooge asked Gyro Gearloose to provide every citizen of Duckburg with a 

3D printing machine. [This thesis/Zio Paperone (Uncle Scrooge) e i prodigi della 3D 

pi – Topolino nr 3062] 

5 In regenerating the osteochondral interface, we should skip the ex-vivo 

step and aim at single-step procedures for the wellbeing of the patients, using the 

regeneration capacity of stromal cells present in our bone marrow. [This thesis] 

6 If we think about the knowledge gathered during the human history we may 

be really impressed, but if we think about what we don’t know yet we can conclude 

that rather than having waded deep into the sea of knowledge we have merely 

dipped our toes in the water. [Michael Hanlon - 10 questions science cannot 

answer (yet)] 

7 Science has become something like politics used to be, a vast ocean of 

shifting opinions, tides of fashion that wash in and out. [Michael Hanlon - 10 

questions science cannot answer (yet)] 

8 Well, here at last, dear friends, on the pages of this thesis comes the end 

of my PhD in Twente and Maastricht. Go in peace! I will not say: do not weep for 

not all tears are an evil – [Rearranged from Gandalf, J.R.R. Tolkien, The Grey 

Havens, The Return of the King] 

  



v 

General introduction and summary 

Gradients are present in the human body connecting tissues with different 

properties. Examples are the skin from the deep layers to the higher stratum 

corneum or long bones, which increase the compactness of the matrix in the radial 

direction. Another example is represented by interface tissues. In case of skeletal 

tissues, examples comprise interfaces between ligaments and bone or between 

cancellous bone and hyaline cartilage.  

Among graded tissues in our body, the osteochondral tissue is of high importance 

due to the continuously ageing of our society and the consequent increase in 

accidents and degenerative diseases involving the skeletal system. The 

osteochondral tissue is the tissue characterized by the  transition between 

trabecular bone and hyaline cartilage. Along this tissue several features are 

changing gradually to allow a smooth transition from the hard and mineralized 

subchondral bone to the softer hyaline cartilage above it. To generate such a 

transition between two tissues with differences in many characteristics, several 

gradients are recognizable when moving from the bone side to the joint surface. 

The degree of mineralization and stiffness decreases gradually from the 

subchondral bone toward the surface of the joint. Additionally, within hyaline 

cartilage collagen II, chondrocyte number and glucose concentration increase from 

the deep layer toward the surface whereas Glycosaminoglycan (GAG) stiffness 

and chondrocyte size show an opposite trend.  

Considering these gradual variations, an appealing strategy to regenerate the 

osteochondral tissue could pass from the designing and fabrication of three-

dimensional (3D) scaffolds displaying such structural, physico-chemical and 

biological gradients. Additive manufacturing has gained a lot of interest in the past 

decades as a fabrication technology platform for its possible application, among 

others, in the field of tissue engineering and regenerative medicine. Additive 

manufactured (AM) scaffolds present a fully interconnected pore network and a 

desired shape; scaffold characteristics such as fiber size, pore size and geometry, 

and material composition can be tuned during the plotting. The resulting scaffolds 
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can be afterwards further functionalized to incorporate bioactive cues to promote 

cell adhesion and/or differentiation. 

In the present thesis, bone marrow derived human mesenchymal stromal cells 

(hMSCs) were chosen as a cell model, envisioning that they could be combined to 

the engineered scaffolds directly during surgery via clinical procedures like 

microfracture. These cells were seeded on AM scaffolds with different in-built 

gradients and their differentiation profile assessed toward the osteogenic and 

chondrogenic lineage to evaluate the efficacy of the designed 3D gradients. 

Additive manufacturing was used to produce scaffolds presenting gradients in pore 

size, geometry, physico-chemical properties and bioactive molecules.  

In chapter 1, the osteochondral interface is presented as a gradient tissue, 

introducing from a developmental biology perspective how the tissue composition 

varies from the subchondral bony side to the cartilage side, and a review of the 

most recent scaffold-based treatment using gradient structures is discussed. 

In chapter 2, we analyzed the differentiation of hMSCs toward the osteogenic 

lineage when cultured in a scaffold with an in-built gradient in pore size. Alkaline 

phosphatase (ALP) activity, the expression of the genetic markers Runx2, Bone 

sialoprotein, osteocalcin, osteopontin, and ALP, and the presence of mineralization 

nodules were analyzed to understand if the gradient has a beneficial effect on 

hMSC differentiation compared to non-gradient homogeneous structures.  The 

same markers were analyzed to see if cells residing in different gradient 

compartments displayed a differential osteogenic profile. 

In chapter 3, the differentiation of hMSCs toward the chondrogenic lineage was 

analyzed in a gradient displaying the same structural characteristic as the one 

described in chapter 2. As chondrogenic markers, glycosaminoglycan (GAG) 

production and the genetic markers sox 9, aggrecan and collagen type II were 

chosen. Again, the effect of the gradient scaffolds on hMSC chondrogenic 

differentiation was compared to scaffolds presenting a homogenous pore size and 

within the gradient compartments. GAGs are structural proteoglycan deposited by 

chondrocytes and hMSCs under differentiation toward the chondrogenic lineage. 
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Their presence is a sign of differentiation and can originate from cell number or cell 

density. In order to decouple and analyze separately these possible causes, GAG 

amount was normalized by cell number and pore volume in order to link the 

scaffolds’ structural properties with  hMSC differentiation. 

In chapter 4 the porosity gradient was generated in the radial direction. Long 

bones present a gradient in the radial direction, from outside to inside first the 

compact bone, followed by the trabecular bone and the bone marrow channel. 

Scaffolds mimicking the porosity of the 3 regions were plotted and the hMSC 

differentiation profile toward the osteogenic lineage was analyzed. The mechanical 

properties of the scaffolds were characterized and hMSC osteogenic differentiation 

was analyzed in terms of genetic and biochemical markers, while histochemical 

staining and x-ray diffraction were used to determine the presence of 

mineralization. 

In chapter 5, the response of hMSC differentiation within scaffolds presenting a 

pore shape gradient along the z axis was assessed. Pore shape gradient (PSG) 

scaffolds were plotted by varying the angle between the fibers of consequent 

layers. The layers orientation 0-90 formed squared pores, 0-45 rhomboidal pores, 

0-30 and 0-15 formed rhomboidal pores with increasingly smaller minor diagonal 

and larger major diagonal. The differentiation of hMSCs toward the osteogenic and 

chondrogenic lineage was analyzed biochemically and genetically. Osteogenic and 

chondrogenic markers were analyzed in gradient scaffolds with respect to scaffolds 

presenting a homogenous pore size as well as between pore geometries within the 

same scaffold. 

In chapter 6, scaffolds displaying physico-chemical gradients were analyzed. By 

plotting 3 materials within the same scaffolds, gradients in stiffness and surface 

energy were achieved. These scaffolds were first characterized and the gradients 

were profiled along the z-axis. The hMSC differentiation towards the osteogenic 

and chondrogenic differentiation was analyzed in response to these gradients.  
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In chapter 7 the functionalization of AM scaffolds with nanobrushes used as linkers 

between the scaffold surface and bioactive proteins was developed. After the 

functionalization with nanobrushes a simple method to obtain a gradient in 

bioactive molecules was presented. To prove the biological activity of such a 

gradient, a scaffolds functionalized with fibronectin was used to drive cell 

attachment onto the scaffolds following a radial and an axial gradient. 

In chapter 8, AM scaffolds were functionalized with BMP-2 and TGF-β3. The effect 

of the functionalized scaffolds on hMSC differentiation was compared to cells 

growing on a non-functionalized scaffold with media supplemented with the soluble 

growth factor. Scaffolds displaying a gradient of these growth factors were 

generated and their effect on hMSC differentiation was evaluated. 

In chapter 9, all the scaffolds described in this thesis are compared with each 

other, further studies are proposed to further understand the possible beneficial 

influence of gradient scaffolds for osteochondral regeneration, and their use in 

regenerative medicine placed in perspective. 
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Abstract 

The osteochondral interface is not only the interface between two tissues, but also 

the evolution of hard and stiff bone tissue to the softer and viscoelastic articular 

cartilage covering the joint surface. In order to generate a smooth transition 

between two tissues with such differences in many of their characteristics, several 

gradients are recognizable when moving from the bone side to the joint surface. It 

is, therefore, necessary to implement such gradients in the design of scaffolds to 

regenerate the osteochondral interface, so to mimic the anatomical, biological and 

physico-chemical properties of bone and cartilage as closely as possible. In the 

past years several scaffolds were developed for osteochondral regeneration: bi-

phasic, tri-phasic, and multi-layered scaffolds were used in order to mimic the 

compartmental nature of this tissue. The structure of these scaffolds presented 

gradients in mechanical, physico-chemical or biological properties. The use of 

gradient scaffolds with already differentiated or progenitor cells have been recently 

proposed. Some of these approaches have been also translated in clinical trials, 

yet without the expected satisfactory results, thus suggesting that further efforts in 

the development of constructs which can lead to a functional regeneration of the 

osteochondral interface by presenting gradients more closely resembling its native 

environment will be needed in the near future. The aim of this review is to analyze 

the gradients present in the osteochondral interface from the early stage of 

embryonic life up to the adult organism and give an overview of the studies which 

involved gradient scaffolds for its regeneration. 
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1. Introduction 

Osteoarthritis (OA) nowadays represent worldwide, a common degenerative 

disease in old people with a high socio economic impact. It has been estimated 

that 40% of the population over 65 years presents symptomatic OA in large joints, 

consequently affecting the quality of life of elderly populations [1-3]. The increase 

of life expectancy will eventually increase the percentage of population presenting 

OA. Clinically, current therapies to regenerate osteochondral (OC) tissues are not 

yet completely successful. All the available treatments such as reparative surgery, 

allografts, autografts and the implantation/transplantation of autologous 

chondrocytes, besides limitations like the formation of fibrocartilage and lack of 

donor supply, inflict further tissue damage before any therapeutic effect can be 

achieved [4, 5]. Due to the fore mentioned reasons, major efforts in regenerative 

medicine have been placed in the past few years to present new solutions that hold 

the potential to improve the outcome of current therapies. Scaffold-based 

regenerative medicine strategies, in particular, have found a lot of applications in 

the past decades in skeletal tissue engineering, due to their ability to support cells 

and tissue growth in 3D and to mimic to some extent the extracellular matrix (ECM) 

architectural properties and composition.  

The osteochondral tissue is located at the end of long bones and allows the 

transition from bone to cartilage. Since these two anatomical structures present 

significantly different characteristics at the macro, micro, and nano scales in terms 

of structural, mechanical, physico-chemical and biological properties, an interfacial 

tissue that shows a gradual variation of these features at different scales is 

necessary. Due to the fine interplay between the bone and the cartilage side, the 

two compartments cannot be separated since they are tightly interconnected not 

only under physiological conditions, but also during the progression of OA. When 

thinking about the regeneration of the osteochondral tissue, designing scaffold-

based regenerative strategies that can take into consideration such graded 

variations of the native tissue properties seems, therefore, a promising route. In the 

past few years a number of scaffolds presenting either a bi- or tri-phasic [6-11] 

structure were proposed for the regeneration of the OC tissue in vitro and in vivo. 
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Constructs presenting a discrete or continuous gradients in geometry [12], stiffness 

[9], biochemical composition [9, 13] at the macro and micro scale, as well as 

gradients in growth factor concentrations [14-16] can be found in literature. The aim 

of this review is to dissect the gradient nature of the OC tissue, such as its changes 

in ECM molecular composition and orientation, the resulting variation in physico-

chemical and mechanical properties, as well as in the cellularity, nutrient availability 

and growth factors involved in its development, This knowledge is then linked to 

the strategies applied so far in regenerative medicine for OC tissue regeneration. 

2. Osteochondral tissue development 

From a developmental point of view, bone and cartilage of appendicular bones 

arise from the lateral plate mesoderm. The first step in their development is the 

condensation of osteochondral progenitor cells into aggregates under the effect of 

TGF-β, which promotes the expression of molecules involved in the condensation 

process such as N-cadherin, neural cella adhesion molecule (N-CAM), fibronectin, 

and Tenascin-C [17, 18]. The condensation determines the formation of a central 

part of cells, which continue to proliferate and express the transcription factor sex 

determining region Y-box 9 (sox-9), and a population of cells located in the 

periphery of the aggregates known as the perichondrium [19]. Sox-9 is expressed 

in all the chondrocytes with exception of hypertrophic chondrocytes [20]. The 

perichondrium functions as a reservoir of chondrocytes during bone development, 

which will progress until bone formation. Under the influence of a growth factor 

cocktail, including amongst others insulin growth factor -1, fibroblast growth factor -

2 (FGF-2) and bone morphogenetic proteins (BMPs) -2, -4, -7, and -14 [17, 21, 22], 

the cells within the aggregates proceed to chondroblasts and begin to produce 

aggrecan and collagen type II, IX and XI. Chondroblasts organize into a structure 

called growth plate, from which bone will be generated. The central part of the 

growth plate is called primary ossification center and constitutes the first cartilage 

portion replaced by bone. The growth plate is responsible of the growth in length of 

appendicular bones during life. Within the growth plate different zones can be 
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identified, each one characterized by a pool of chondrocytes displaying differences 

in size, proliferation rate and ECM deposition. At the distal end of long bones, 

chondrocytes appear small and rounded. Chondrocytes are located in the so called 

resting zone, which has the function of providing further cells that will continue in 

the maturation process. Once stimulated, resting zone chondrocytes interact with 

the surrounding ECM, assume a flat phenotype and begin the formation of the 

columnar zone. Near the top of the columnar zone, cells display the highest 

proliferation rate [23]. Cell proliferation is maintained by the action of parathyroid 

hormone-related peptide PTHrP, which is produced by periarticular chondrocytes 

and negatively regulates terminal cell differentiation [17, 24]. As we move from the 

periarticular zone into the resting and columnar zones, chondrocytes move away 

from the PTHrP source, arrest their proliferation and undergo prehypertrophic 

differentiation at the bottom of the columnar zone. Prehypertrophic chondrocytes 

produces indian hedgehog (IHH), which stimulates on one side PTHrP synthesis by 

periarticular chondrocytes, and on the other side cell terminal differentiation and 

the hypertrophic zone formation. Their volume increases by 20 fold [25] and their 

ECM synthesis switches from mainly collagen type II to collagen type X formation. 

The further chondrocyte developmental stage is the late hypertrophic chondrocyte, 

which expresses some pre osteoblast markers such as MMP-13, known to promote 

vascular invasion and the consequent progressive replacement of cartilage by 

bone. Late hypertrophic chondrocytes represent the terminal stage of 

differentiation in the chondrogenic cell lineage [26]. The final fate of hypertrophic 

chondrocytes is apoptosis, but cells which escape death become osteoblasts [27]. 

The cells of the perichondrium flanking the hypertrophic zone become osteoblasts 

and form the periosteum under the effect of Runt-related transcription factor 2 

(runx-2). The hypertrophic chondrocyte begins to express runx-2, an early marker 

for osteogenesis and continue to be expressed in osteoblasts. Blood vessel and 

osteoblasts from the newly formed bone invade the hypertrophic region and 

replace cartilage with bone and bone marrow [17].  

Many of the events in chondrogenesis, from early differentiation of hMSCs in pre-

chondrocytes to the evolution toward the hypertrophic stage, are governed by the 

Wnt signaling pathway. This pathway can follow two distinct route named Wnt 
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“canonical” and “non-canonical” pathways. In the β-catenin or canonical pathway, 

Wnt binds its receptor Frizzled, which activate glycogen synthase kinase-3β (GSK-

3β) that determines the phosphorylation of β-catenin. In its phosphorylated form β-

catenin is stable and accumulates in the cytoplasm. Subsequently, β-catenin 

translocates to the nucleus and interacts with the gene expression regulatory 

apparatus [28]. The non-canonical pathway is β-catenin independent and based on 

intracellular calcium levels. The binding of Wnt with Frizzled stimulates the release 

of intracellular Ca
++

 and the activation of protein kinase C and Ca
2+

-calmodulin-

dependent protein kinase II, which are involved in ventral patterning and regulation 

of cell adhesion, migration and tissue separation [29, 30]. In contrast to what 

happens in the growth plate, articular cartilage is highly  resistant to the 

hypertrophic differentiation [31]. The control of chondrocytes differentiation relies 

on the expression of antagonist of the Wnt signaling pathway such as Gremlin 1, 

Frizzled-Related Protein, and Dickkopf-1 (Dkk-1) [32]. Beside the Wnt family 

another pool of protein actively involved in chondrogenic and osteogenic 

development is represented by the transforming growth factor β (TGF-β) 

superfamily. Within TGF-β superfamily, BMPs and TGF-βs are the most important 

growth factors known to regulate osteogenic and chondrogenic cell differentiation 

[33]. There are three TGF-β isoforms, namely TGF-β 1, 2 and 3. TGF-β1 and TGF-

β3 are related to chondrogenesis. The effectors of the canonical pathways are the 

small mother against decapentaplegic proteins (Smads), a pool of cytoplasmatic 

proteins able to form complexes which translocate in the nucleus and act as 

transcription factors [34]. Smad-1, -2, -3, -5 and -8 are effectors of the TGF-β and 

BMP pathways. Smad-4 act as co-factor forming the complex which translocate in 

the nucleus, whereas Smad-6 and -7 have an inhibitory activity [35]. In TGF-β 

pathway, one TGF-β isoform binds a type II dimeric receptor, which recruits a 

dimeric type I receptor generating a heterotetrameric complex. This complex 

presents a kinase intracellular domain, type II receptor phosphorylates type I 

receptor [34], which phosphorylate Smad-2 or Smad-3. This event causes the 

formation of the Smad2/3-Smad4 complex, its translocation in the nucleus and the 

action as transcription factor, increasing the Sox9-dependent transcriptional activity 

and the transcription of collagen IIα [36, 37]. BMP family presents also several 
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isoforms. BMP-2, -6, and -7 are known to promote osteogenic differentiation 

whereas BMP-3 act as an inhibitor. The BMP pathway presents the same event 

sequence. The BMP binds a heterocomplex composed by a type I and a type II 

receptor. Binding generates the recruitment of another couple of receptors in order 

to form the heterotetrameric complex. Type II receptor phosphorylates type I 

receptor which phosphorylates Smad-1, -5 or -8 [38]. This event causes the 

formation of the Smad-1/5/8-Smad-4 complex, which translocates into the nucleus 

determining the transcription of Runx2, Collagen type-Iα, alkaline phosphatase, 

and osteocalcin [38].  

 

3. The components of osteochondral tissue 

The OC tissue is composed by two main compartments, subchondral bone and 

articular cartilage [39]. Within these compartments, a further division in areas can 

be performed. Beside the subchondral bone plate, the calcified cartilage is often 

considered part of it; the line defining the passage to the articular cartilage is the so 

called tide mark. Articular cartilage can be further divide into 3 regions: (i) the radial 

zone, standing on top of mineralized cartilage; (ii) the transition zone, central in the 

cartilage tissue; (iii) and the superficial zone, interfacing with the synovial fluid and 

the joint space. The OC tissue has an height of 3 mm approximately in adults, of 

which about 90% consists of articular cartilage, 5% by calcified cartilage and 5% by 

the subchondral bone plate [40]. A schematic representation and histological 

section of the components of the OC tissue are shown in Figure 1. 
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Figure 1. Schematic representation of the osteochondral tissue and its components and 

osteochondral tissue from two histological sections. Modified from Buckwalter, 1994, Kwan 
Tat , 2009, and https://www.tcd.ie/biosciences/gallery/. 

3.1 Subcondral bone and calcified cartilage 

Long bones are divided into diaphysis, being the central part of the bone, and the 

epiphysis, localized in proximity of the joints. The structure of  bone in the two 

compartments differs by the radial variation of bone compactness. In the diaphysis, 

a zone of more compact bone, called cortical bone, can be identified in the external 

part. Cortical bone presents a porosity ranging from 5% to 30% and a bone volume 

fraction ranging from 85% to 90%. Moving towards the center, a more porous 

structure, called cancellous or trabecular bone, is encountered. The porosity of 

trabecular bone ranges from 30% to 90% and its bone volume fraction from 5% to 

60%. Bone volume fraction decreases when moving towards the bone marrow 
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channel, in which the space between the trabecula is wider and filled with the bone 

marrow. The subchondral bone in the epiphysis presents similar characteristics of 

the trabecular bone with bone volume fraction ranging from 6% to 36%, a 

trabecular thickness of 100-190 µm, a trabecular concentration ranging from 0.61 

trabecules/mm to 2.06 trabecules/mm and the space between them ranging from 

320 µm to 1670 µm [41]. At the epiphysis the compact bone is reduced to a thin 

layer. The subchondral bone serves to keep the integrity of the overlying articular 

cartilage [42]. At the molecular and cellular level bone and cartilage significantly 

differ from each other. Bone extracellular matrix (ECM) is mainly based on type I 

collagen fibrils with mineral deposits of calcium and phosphate, called 

hydroxyapatite. Beside collagen, other structural proteins are present. Among them 

the most important are osteopontin, thrombospondin and bone sialoprotein for cell 

and hydroxyapatite attachment, and osteocalcin and osteonectin for the binding of 

hydroxyapatite and calcium respectively [43]. Being a vascularized tissue and due 

to the presence of the bone marrow, the cell composition of bone is very 

heterogeneous. Within the bone marrow, a small fraction (0.002%) is represented 

by mesenchymal stromal/stem cells (hMSCs), which are the precursor, among 

others, of osteoblasts, osteoclast and chondrocytes. Osteoblasts are the cells 

responsible for hydroxyapatite synthesis and deposition. Osteoclasts have an 

opposite activity, being responsible of bone resorption. Beside their structural 

function, bones represent the reservoir of calcium for the human body. The activity 

of osteoblasts and osteoclasts is fine-tuned by hormones depending on the request 

of calcium from the body, which results in a process of bone synthesis and 

remodeling through the whole life of an individual [44]. The interplay between 

osteoblasts and osteoclasts is further controlled by osteocytes, the most abundant 

cell in bone tissue [45]. Besides being actively involved in maintaining the bony 

matrix, the osteocytes are also mechanotransductors. Their immersion in the bone 

matrix and connection with adjacent osteocytes in the canaliculi allows exogenous 

and endogenous signals to be transmitted via mechanical, electrical and chemical 

mechanisms [45]. Another cell type present in this tissue are the endothelial cells 

forming the blood vessels which run through the bones. Moving from the epiphysis 

toward the joint, the first portion of the cartilage encountered is the calcified zone. It 
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is considered together with the subchondral bone, since it is a transition portion 

presenting some characteristics of the cartilaginous tissue, such as the deposition 

of collagen type X, and some characteristics of the bone tissue, such as the 

presence of alkaline phosphatase and of mineral deposits. Its function is to provide 

a good attachment between bone and cartilage, and transfer the forces from the 

joint to the subchondral bone [46].   

3.2 Articular cartilage 

The function of articular cartilage is to transfer  and distribute the load forces to the 

subchondral bone; the disposition and localization of structural proteins such as 

collagen and proteoglycans is optimized to perform this function. Collagen type II, 

in particular, is the most abundant component of the ECM in hyaline cartilaginous 

tissue. Another abundant component of the ECM are the proteoglycans, 

responsible for the water uptake and osmolarity maintenance. There are two 

classes of proteoglycans, large aggregating proteoglycans such as aggrecan and 

smaller one such as decorin, biglycan and fibromodulin [47]. Articular cartilage can 

be divided into 3 main zones: moving from the articular surface to the subchondral 

bone, the superficial, the transition and the radial or deep zones. The superficial 

and transitional zones each constitute 10% of the height of the articular cartilage 

layer. The radial zone represents instead the bulk of articular cartilage, accounting 

for 80% of it [40]. Chondrocytes represent the 2% of the component of the articular 

cartilage and they are the only cell type present in this tissue. Chondrocytes are 

characterized by a rounded shape, different size and orientation along the cartilage 

height, and are surrounded by two main ECM proteins, namely collagen type II and 

aggrecan. Chondrocytes are fairly small cells, presenting a diameter of 13 µm, a 

surface of 821 µm
2
 and a volume of 1748 µm

3
, approximately. These features do 

not vary much among the cartilage zones with exception of the hypertrophic one 

[40]. When a chondrocyte becomes hypertrophic its volume increases up to 20 

times [48] and starts to produce collagen X. Chondrocytes are organized in 

chondrons which are the primary structural, functional and metabolic unit in hyaline 

cartilage. A chondron comprises the chondrocyte and the pericellular molecular 
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environment of which collagen type VI and IX are the major components. This ECM 

proteins are present only in close proximity of the cell, while they decrease at very 

low levels in the cartilage matrix. Beside an axial characterization of the matrix, 

another distinction can be done based on the matrix between one chondron and 

the following one. Close to the chondrocyte the pericellular matrix is rich in collagen 

type VI and IX, as just mentioned, with the addition of proteoglycans such as 

hyaluronans [49], sulfated proteoglycans [50] and biglycans [51] as well as matrix 

glycoproteins such as fibronectin [52], link protein [53] and laminin [54]. Moving 

away from the chondrocyte and its pericellular matrix, the territorial zone is 

encountered which is rich in chondroitin sulfate. Further away, in the space 

between chondrons, the inter-territorial matrix is localized in which the main 

proteoglycans are rich in keratin sulfate [53]. In the superficial and transitional 

zone, chondrons are exclusively single cells units, whereas in the radial zone they 

contain on average 5-8 chondrocytes [40]. 

Moving from the radial to the transitional zone the ECM maintains the same 

composition  and presents decorin as proteoglycan in addition to aggrecan. In this 

region, collagen fibers pass from a vertical to a more horizontal orientation. The 

surface zone of articular cartilage is the one responsible to the lubrication of the 

joint. Its ECM is mainly composed by collagen type I [55], collagen type II and 

lubricin or PRG4, a proteoglycan present also in the synovial fluid responsible for 

joint lubrication and synovial homeostasis [56]. The collagen is responsible of the 

strength and the high shear stress resistance of the superficial layer [57]. Here, 

collagen fiber orientation progresses towards a completely horizontal configuration, 

which contributes to the low friction mechanical properties of hyaline cartilage. 
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Figure 2. Schematic representation of the growth plate and the gradients formed by growth 

factors. The arrow direction describes a descendent gradient. Modified picture from 
http://serkadis.net/. 

4. The osteochondral tissue as a gradient tissue 

4.1 Gradients in osteochondral development 

During development, a rich orchestration of growth factors act at different levels 

within the growth plate spatially and temporally (Fig. 2). To ensure the proliferation 

of progenitor cells on the superficial layer, but prevent it in the lower part, a PTHrP 

gradient is formed. “Elder cells” move downwards and keep dividing as long as the 

PTHrP effect is present. Once they reach the lower resting phase of the growth 

plate, the effect is no longer present and this make them proceeding toward the 

next step of maturation. Similarly, once the chondrocytes have reached the 

hypertrophic stage bone morphogenetic protein (BMP) signaling plays a major role 

in bone formation. The BMP effect is determined by a combination of cell 

susceptibility and BMP antagonist. BMP-2 and -6 are produced by osteoblasts and 

hypertrophic chondrocytes. Their expression is higher in the hypertrophic zones 

and decrease while moving upward in the resting and proliferative zone. Their 
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effect is also decreasing from the hypertrophic zone toward the proliferation and 

resting zones since the expression of their receptor BMPRIA follows the same 

trend [58]. BMPs activity is finely regulated in order to stimulate the right portion of 

the growth plate, therefore an opposite gradient of BMPs antagonists can be also 

found. BMP-3 is considered an antagonist, since its action inhibits BMP stimulated 

bone formation [59]. Among the antagonists, noggin, gremlin, chordin and BMP-3 

are more highly expressed in the resting zone compared to the proliferative and 

hypertrophic ones [58], thus resulting in an increased gradient of osteoinductive 

signals within the growth plate. The development of chondrocyte toward the 

hypertrophic state is finely tuned via the expression of antagonists such as Gremlin 

1, Frizzled-Related Protein, and Dkk-1. Their expression presents a decreasing 

trend from the resting zone in which their presence is the highest toward the 

hypertrophic zone in which their levels are the lowest [31]. 

4.2 Structural gradient – fibrils and ECM composition 

Due to its compartmental architecture, the OC tissue presents a variety of axial 

gradients along its structure. In the OC tissue, the structural gradient is defined by 

the composition and organization of the ECM (Fig. 1 and 3). As mentioned earlier, 

the subchondral bone is a mineralized tissue composed primarily by collagen type I 

and hydroxyapatite. Hydroxyapatite, the inorganic component of subchondral bone, 

comprises 85.8% ± 3.4% of its dry weight, decreasing to 65.1% ± 2.3% in the 

calcified cartilage to completely disappear in the hyaline cartilage [14]. Collagen 

type I is present in bone and starts to decrease in content from the mineralized 

cartilage. In cartilage, it can be found only in the surface layer. In the mineralized 

cartilage lying above subchondral bone, the residing cells are a particular type of 

chondrocytes named hypertrophic chondrocyte, which present the peculiar 

characteristic of producing collagen type X and are embedded in mineralized ECM. 

In this deep zones of the OC tissue the direction of the fibrils do not play a major 

role, since the integrity and the shock absorption ability is given by the 

mineralization of the ECM and the presence of collagen type X. Collagen type II 

starts to appear in the radial zone in thick fibers, with a direction that is 
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perpendicular to the articular surface. From the radial zone moving towards the 

superficial zone, mineralization also disappears. In the transitional zones collagen 

type II fibers increase in number, but decrease in diameter and assume a more 

parallel direction, to become totally parallel to the articular surface in the superficial 

zone. This direction determines the greatest tensile and shear strength [47]. 

Conversely, the amount of glycosaminoglycans (GAGs) forms a gradient opposite 

to the one generated by the collagen, decreasing from the radial zone toward the 

joint surface. GAGs are responsible for the gradient in stiffness within articular 

cartilage: as the total proteoglycan concentration decreases, the compressive 

stiffness also decreases [60]. 

 

Figure 3. On the left side, schematic representation of the osteochondral tissue. On the right 

side, directions of its gradients. The stiffness gradient continue in the subchondral bone, 
whereas the nutrient gradient stops in the radial zone. Modified from Woodfield, 2005. 

4.3 Cellularity gradient and pericellular environment 

A variety of cells are present in the OC tissue. As previously described, the 

subchondral bone presents osteoblasts for collagen and mineral deposition, 

osteoclasts for bone remodeling and calcium mobilization and osteocytes for their 

regulation and mechanotransduction [45]. Being highly vascularized, bone contains 

endothelial cells composing the vascular network, which are missing in articular 

cartilage due to its typical avascular nature. The variation from bone to cartilage 
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tissue in terms of cells does not follow a gradient. On the other hand, within the 

cartilage tissue a gradient in cell distribution, size and deposited pericellular matrix 

can be observed. Within cartilage, the only cell type present has been always 

believed to be chondrocytes. Although defined as chondrocytes throughout the 

tissue, this simplification is misleading since profound differences are present in the 

behavior, morphology and function of these cells among the cartilage zones. 

Chondrocytes vary in number, size and disposition depending in which region they 

are located. The gradient in chondrocytes density per zone can be summarized by 

a variation from 7’000 to 24’000 cells/mm
3 

(Fig. 3). Beside the variation in cell 

number, chondrocyte appearance varies in a gradient way. The cell body decrease 

in size from the hypertrophic zone toward the superficial layer. Also the 

morphological and functional units of hyaline cartilage, the chondrons, display a 

gradient through the cartilage layers. In the radial zone, chondrons are arranged in 

columns. Even if chondrocytes have the characteristic of no direct cell-cell 

connections, the tail of the chondrons are entangled in order to guarantee 

continuity from one chondron to the following one. The number of chondrocytes per 

chondron is estimated to change from one to eight with the lowest number in the 

superficial zone and the highest in the radial zone [40, 61]. Moving toward the 

articular surface, as the chondrocytes/chondron number decreases to one, the 

overall number of chondrocytes increases. Their appearance passes from column 

like structures to single entities dispersed in the ECM. An additional switch in cell 

number, function and morphology can be seen from the transition to the superficial 

region of the articular cartilage. The collagen produced by this cells change from 

collagen type II to collagen type I. Their morphology change from rounded to flat 

and they form a superficial cell layer with a very low amount of ECM separating 

them from each other. Additionally, the superficial region is the area with the 

highest proliferative rate [40, 55]. From a developmental point of view, the 

maturation of chondrocytes follows an opposite trend compared to the cell density. 

In 2001, it has been determined by Hayes et al. that the development of 

chondrocytes follows an appositional direction [62]. The cartilage progenitor cells 

are located in the superficial region and their development is proven to pass 

through the cell phenotypes encountered from the superficial to the deep region. 
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Eventually the chondrocyte would enter in the hypertrophic stage, which is thought 

to be the last stage of their development [26].  

4.4 Stiffness gradient 

From the subchondral bone, the mineralization and stiffness of the ECM decrease 

when moving toward the articular surface, as shown in Figure 3. This can be 

defined as a discrete gradient, since the subchondral bone and the mineralized 

cartilage present the highest amount of minerals that disappear completely in the 

other zones composing the articular cartilage. The subchondral bone has an elastic 

modulus of 3.9 ± 1.5 GPa, which decreases in the mineralized cartilage to 0.32 ± 

0.25 GPa [63]. From the mineralized cartilage region moving towards the articular 

surface, the stiffness decreases from 0.6 6± 0.05 MPa in the deep zone to 0.24 ± 

0.05 MPa in the superficial zone [64]. Articular cartilage has also the peculiarity to 

change its mechanical properties when a loading is applied dynamically. Due to its 

highly viscoelastic character, its dynamic stiffness increases with increasing the 

loading frequency, spanning from 4 MPa to 10 MPa [65, 66]. The final load is borne 

by the bone and the cartilage has the function to transfer the forces through the 

ECM. 

4.5 Nutrients/O2 gradient 

The bone side of the OC tissue is reached by blood vessels that are responsible for 

bone nutrient supply and waste removal. One of the major anatomical 

characteristics of cartilage, instead, is the absence of blood vessels through the 

entire width. Nutrients are transported to the cells mainly by diffusion from the 

synovial fluid. Nutrient transport is also sometimes thought to be assisted by 

movement of fluid in and out of cartilage in response to cyclic loading of the tissue 

[67]. Therefore, gradients of nutrients and metabolic byproducts exist through 

cartilage due to the balance between transport and rates of cellular metabolism 

[68]. This process is aided by the presence of proteoglycans that have the ability of 

retaining water, which flows in with the nutrients during loading relaxation and flows 

out with the metabolites during compression. Among the nutrients, glucose 
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represents the primary source of energy. Pyruvate, the product of glycolysis, is 

converted in acetil coenzyme A, which is the main supplier of carbon in Krebs 

cycle. A glucose gradient from the synovial fluid toward the deep zone of cartilage 

is also present as shown by Zhou et al. [68]. Being glucose not only the most 

important source for energy production, but also a key component in GAG 

synthesis, it has been shown that across cartilage from the synovial side to the 

subchondral bone, a glucose gradient exists [69] (Fig. 3). Similarly to glucose, the 

oxygenation of cartilage comes from the synovial fluid. Therefore, a gradient of 

oxygen is formed from the joint of the surface toward the radial zone (Fig. 3). The 

oxygen tension of synovial fluid in humans is 6.5 – 9.0% (50-70 mm Hg) [70, 71]. 

Measured oxygen tension in articular cartilage ranges from 7% (53 mm Hg) in the 

superficial layer to less than 1% (7.6 mm Hg) in the deep zone [72, 73] of the 

oxygen tension of synovial fluid.  

5. Gradient scaffolds for osteochondral regeneration 

5.1 General requirements 

In the past few years the number publications involving scaffolds addressing the 

gradient nature of the OC tissue has greatly increased. Studies involving structural 

porosity gradient were proved to increase the cell seeding efficiency of human 

osteosarcoma cell line SaOs-2 [74] and to mimic in vitro the  gradient structure of 

the cartilage in terms of chondrocytes and ECM distribution [75]. In literature it is 

possible to find several studies aiming at the treatment of articular cartilage alone 

or at the development of biphasic scaffolds for the treatment of bone and cartilage 

as separate tissues.  Due to the wide range of gradients present in the 

osteochondral tissue, several choices can be made in terms of gradient scaffolds. 

Typically, bi-phasic or tri-phasic scaffolds have been developed, displaying either 

discrete or continuous gradients [76-79]. In order to define bi- or tri-phasic scaffolds 

different materials can be chosen. In this respect, the selection of biomaterials 

needs to take into account not only their biocompatibility, but also the effect that 

each material will play on the seeded cells. For the scaffold preparation, natural or 
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synthetic polymers can be used. A logical criteria for the selection of natural 

polymer candidates passes through the components of the ECM. For the bone 

compartment, collagen type I combined with hydroxyapatite (HA) were used to 

produce scaffolds or to cover the underlying polymer by coating the pore surface 

[11], in order to mask the synthetic polymer and present an ECM like environment 

for cell attachment, growth and differentiation. For the regeneration of the cartilage 

portion, collagen type II, glycosaminoglycans, and hyaluronic acid have been used 

[80]. For both bone and hyaline cartilage, the most common synthetic polymers 

used are poly lactic acid (PLLA) [81], poly glycolic acid (PGA) [11] and 

polycaprolactone (PCL) [82].  

Among other properties, an osteochondral scaffold should be biodegradable with a 

degradation rate matching the rate of ECM production, and should have high levels 

of porosity and pore interconnectivity for cell attachment, and gas, nutrient, and 

waste products exchange, [11]. The mechanical properties of the fabricated 

scaffolds should match the gradient in mechanical properties present in the 

osteochondral tissue, with a stiffer scaffold for the bone compartment and a 

gradually softer scaffold for the cartilage compartment. Additionally, the inner 

geometry of the construct must be taken into consideration, ideally mimicking the 

structural and architectural properties of the native tissue.  

Author 
In 

vitro/in 
vivo 

Material 
Subchondral 
bone + cells 

Material 
Cartilage + cells 

Main findings 

Schaefer 
et al. [4] 

In vitro 
PGA non-woven 

meshes; 
chondrocytes 

PLGA/PEG 
foams, 

Periosteal cells 

Increased ECM 
mineralization, 
GAG synthesis, 
integration with 

subchondral 
bone 

 
Schek et 

al. [6] 

 
In vivo, 
nude 
mice 

 
HA ceramic 
Fibroblasts 

expressing BMP-7 

 
PLLA sponge 
Chondrocytes 

 
Bone and blood 

vessel, 
mineralized 

transition tissue, 
Cartilaginous 

tissue 

Cao et al. 
[83] 

In vitro 
Plotted PCL 

Stromal cells from 
Plotted PCL 
Rib cartilage 

Bone like tissue 
formation 
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iliac crest chondrocytes Cartilage-like 
ECM 

Ding et al. 
[82] 

In vivo, 
nude 
mice 

Plotted PCL + HA 
+ MSC 

PGA/PLA non-
woven fibers + 
chondrocytes 

Osteogenic and 
chondrogenic 

markers, 
interface with 
hypertrophic 

cartilage 

Kandel et 
al. [84] 

In vivo, 
sheep 

CPP 
Chondrocyte 

layer 

Osteochondral 
regeneration, 
some sign of 

cartilage 
maturation 

Duan et al. 
[85] 

In vivo, 
rabbit 

Salt leached 
PLGA 300-450 

µm + MSC 

Salt leached 
PLGA 100-200 

µm + MSC 

simultaneous 
regeneration of 

articular 
cartilage 

and subchondral 
bone 

Chen et al. 
[86] 

In vivo, 
rabbit 

BMP-2-activated 
HA/chitosan-

gelatin 

TGF-β1-
activated 

chitosan-gelatin 

regeneration of 
articular 

cartilage and 
subchondral 

bone 

Re’em et 
al. [87] 

In vivo, 
rabbit 

alginate-sulfate, 
alginate, 0.18%D-

gluconic 
acid/hemicalcium 

salt + BMP4 

alginate-sulfate, 
alginate, 

0.18%D-gluconic 
acid/hemicalcium 

salt + TGF-β1 

ECM 
composition of 

hyaline cartilage 
with no signs of 
mineralization, 

new formed 
woven bone in 
the bottom part. 

Table 1. Summary of the biphasic scaffolds described, indicating the biomaterials, cells and 

growth factors used and the main results for each construct. 

5.2 Choosing cells 

After considering general design criteria in fabricating a scaffold for osteochondral 

regeneration, one should consider whether the scaffold will be directly implanted or 

seeded with cells before implantation. In the latter case, two main solution have 

been proposed: (i) the direct use of already differentiated cells [5, 83, 88] or (ii) the 

use of progenitor cells, namely hMSCs from different sources [8, 89]. When 

differentiated cells are used, the part of the scaffold which will be in contact with the 

subchondral bone is loaded with osteoblasts; in order to allow vascularization, this 
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portion of the scaffolds must provide the space for vessel ingrowth. Therefore, an 

interconnected pore network is required. For the portion of the scaffold aimed to 

regenerate hyaline cartilage, the use of chondrocytes is a natural choice. Being 

cartilage not vascularized, the structure of the scaffold doesn’t need as large pores 

as the ones in the bone side. The use of already differentiated cells presents some 

limitations, since cells must be harvested, expanded in laboratory, seeded in the 

construct and finally implanted. Another possibility is the seeding of progenitor cells 

[55]. Since both chondrocytes and osteoblast originates from the bone marrow, the 

use of bone marrow derived hMSCs has attracted a lot of interest for tissue 

engineering applications, either when these cells are used alone or in combination 

with scaffolds [90-92]. When hMSCs are used, the concept of scaffold design 

changes since it must present the right cues to direct their differentiation toward the 

osteogenic and chondrogenic lineage in the proper compartment of the construct. 

Several studies are aiming at generating scaffolds able to drive hMSC 

differentiation toward the targeted lineage. Among them, the use of growth factors 

in soluble form or bound to the scaffold structure are the ones presenting the 

strongest effects [8, 16, 93]. Recent studies demonstrated that hMSCs respond to 

stimuli coming from the matrix stiffness as well [94, 95]. Cells attaching to a soft 

material are more prone to differentiate toward the chondrogenic lineage, whereas 

cells on a stiffer material will be driven toward the osteogenic lineage. Yet, the use 

of hMSCs in the context of classical tissue engineering, where cells are expended 

and then seeded in vitro to allow for tissue formation before constructs can be 

implanted, presents some limitation such as the time of culture and the need of 

external factors for their differentiation in vitro. A further approach to overcome this 

problem may consist in the development of in vitro systems that drive the 

differentiation of hMSCs in a regional way, depending on the part of the 

osteochondral tissue that they will be in contact with. Once such a system is 

developed and validated with in vitro and in vivo studies, one could consider to 

directly implant this scaffold and exploit the intrinsic presence of hMSCs in the 

implantation site. When combined with surgical techniques like microfracture, 

where small holes are drilled to reach the bone marrow present in the subchondral 

bone compartment, the bone marrow will flow in the scaffold from the underlying 
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bone providing the hMSCs that will colonize the scaffold and differentiate toward 

the right lineage depending on the cues provided by the construct.  

Author 
In 

vitro/in 
vivo 

Material 
Subchondr
al bone + 

cells 

Intermediate 
zone material 

+ cells 

Material 
Cartilage + 

cells 
Main findings 

Sherwood 
et al. [96] 

In vitro 

L-PLGA 
(85:15)/TC
P with 55% 

porosity 

Increment in 
porosity and 

PLLA 
content 

Salt leached 
D,L-PLGA 
(50:50)/L-
PLA with 

90% 
porosity + 

chondrocyte
s 

Composite 
tensile 

strenght 
similar to 

cancellous 
bone, 

cartilage like 
tissue 

Jiang et 
al. [97] 

In vitro 

PLGA 
microspher

es + 
bioglass 
seeded 

with 
osteoblasts 

Chondrocyte
s embedded 

in an 
agarose 
hydrogel 

+ composite 
microsphere

s 

Chondrocyte
s embedded 

in an 
agarose 
hydrogel 

Proper tissue 
in each zone, 

good 
stratification 

Heymer 
et al. [98] 

In vitro 
PLA + HA 
+ βTCP 

Hydrophobic 
phase from 

the 
combination 
of the two 
phases 

Coll I + 
hyaluronan 
+ hMSCs 

Cartilage like 
cells, coll II, 

proteoglycans, 
cartilage 
specific 

markers gene 

 
Levingsto

n et al.  
[9] 

 
In vitro 

 
collagen 

type I and 
HA + 

MC3T3 

 
collagen 
type I, 

collagen 
type II and 

HA + 
MC3T3 

 
collagen 

type I and II, 
hyaluronic 

acid and Na 
salts + 
MC3T3 

 
Biocompatibilit

y of the 
construct 

Marquass 
et al. [99] 

In vivo, 
sheep 

TCP 
activated 

plasma gel 

collagen 
type I 

hydrogel 

12 months 
repair 

comparable to 
autograft 

Liu et al. 
[100] 

In vivo, 
rabbit 

TCP + 
MSCs 

 

collagen I 
and 

hyaluronan 
+ 

electrospun 
PCL mesh + 

improved 
regeneration 
histological 

scores 
matched 

autografts 
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MSCs 

Dresing 
et al. 
[101] 

In vivo, 
rabbit 

salt 
leached 
PUR and 
nano HA 

Electrospun 
PUR 

Salt leached 
PUR 

no advantage 
in tissue 
healing 

Jeon et 
al. [88] 

In vivo, 
Nude 

rat/cow 

FDM 
plotted 
PCL + 

osteoblasts 
+ rhBMP-7 

electrospun 
PCL layer + 
osteoblasts 
+ rhBMP-7 

2% alginate 
+ superficial 
chondrocyte 
on the upper 

part and 
middle-deep 
chondrocyte 
in the lower 

zone 

No cartilage 
compartiment
al structure, 

no bone 
ingrowth and 
mineralization 

Table 2. Summary of the triphasic scaffolds described, indicating the biomaterials, cells and 

growth factors used and the main results for each construct. 

5.3 Biphasic constructs 

In its most simplistic version, the osteochondral tissue can be seen as a bi-phasic 

tissue being composed by a bone phase and a cartilaginous phase. In most 

studies, biphasic scaffolds are not only based on the different materials or 

structures of the two components, but also on the different cells cultured in the 

resulting scaffolds. In 2000, the work of Schaefer et al. presented an in vitro 

engineered scaffold based on PGA non-woven meshes seeded with primary 

bovine chondrocytes and PLGA/PEG foams seeded with expanded periosteal 

cells. The two constructs showed promising results in vitro, due to an increase in 

GAG production in the cartilage side, an increase in mineralization of the ECM in 

the bone side, and a good integration of the two phases after 4 weeks of culture 

[4]. Similarly, in the work of Schek et al., the constructs presented a biphasic 

design in material, cell types and growth factors. The scaffold consisted in the 

combination of a ceramic based on HA on the bone side and a PLLA sponge on 

the cartilage side. The two parts were seeded with fibroblasts expressing BMP-7 

on the ceramic side and chondrocytes within the sponge. The implantation of these 

constructs in nude mice determined the generation of a bi-phasic tissue with all the 

structures present in the osteochondral interface, bone and blood vessel in the 

ceramic part, a mineralized transition tissue, and a cartilaginous tissue on the 

polymeric side [6].  



23 

These examples showed initial promising results in achieving OC tissue 

regeneration. Yet, the scaffold structures developed in these studies are still 

characterized by a tortuous and not completely interconnected pore network, thus 

limiting their potential translation to larger defects where nutrient diffusion and 

waste removal become more critical for the viability and functionality of the 

regenerated tissue. For these reasons, additive manufacturing technologies 

gathered a great interest and momentum in the past two decades, due to their 

versatility in tuning scaffold features such as fiber spacing, fiber diameter and fiber 

deposition pattern. This allows to obtain fully interconnected 3D structures with 

customizable pore network, resulting in a high flexibility in tuning physico-chemical, 

structural, and mechanical properties of the fabricated scaffolds. Cao et al. [83] 

studied the co-culture of iliac crest stromal cells and chondrocyte in a bi-phasic 

PCL construct. The scaffold was plotted and then partitioned vertically into two 

halves with a gap between them, leaving only a small portion in contact with each 

other. The first half was seeded with iliac crest stromal cells and cultured for 18 

days under osteogenic conditions, the other half was seeded with rib cartilage 

chondrocytes. The resulting co-culture construct was cultured in vitro for 8 weeks in 

a co-culture medium. The two compartment were kept together by the addition of 

fibrin glue to both cell suspensions prior to seeding. Even though the in vitro results 

were satisfactory, additional analysis before further use of this scaffold in vivo 

should be performed as also suggested by the authors. More recently, Ding et al. 

[82] tested a biphasic scaffold to regenerate a goat femoral head. This in vivo study 

was carried in nude mice and the results were analyzed by using goat proximal 

femoral condyles as positive controls and implanted cell-free scaffolds as negative 

controls. The scaffold had a femoral condyle shape and consisted in a lower part 

made of a blend of PCL and HA plotted via fused deposition modeling, on top of 

which a non-woven fiber scaffolds of PGA/PLA was located to regenerate the 

articular cartilage tissue of the femoral head. The two components of the scaffolds 

were seeded with goat hMSCs in the bone compartment and chondrocytes in the 

cartilage compartment, respectively. The cell seeded constructs were combined 

after 2-3 weeks of culture under osteogenic medium for the lower part and 

chondrogenic medium for the top part. The combined scaffolds were implanted and 
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analyzed after 10 weeks, showing expression of osteogenic and chondrogenic 

markers in the two components, whereas the negative controls presented only 

sparse fibrotic tissue. Furthermore, this system generated an interface zone in 

which hypertrophic cartilage with immature calcified tissue could be observed, thus 

approaching the structural and biophysical properties of the native tissue.  

To test scaffolds for OC regeneration in vivo the use of mice or rats is limitative, 

allowing only subcutaneous implantations. Larger animal models such as rabbits, 

pigs, or goats are necessary in order to fully validate new scaffolds in an orthotopic 

implantation model. Kandel et al. [84] produced a porous calcium poly-phosphate 

(CPP) scaffold seeded with autologous chondrocyte and implanted the construct in 

a sheep osteochondral defect. The scaffolds supported osteochondral regeneration 

with shown indications of cartilage maturation, bone ingrowth and fusion 

proceeding from 4 to 9 months of implantation. Yet, some fibrotic tissue was also 

observed at the bone interface, thus indicating a sub-optimal integration of the 

construct. Duan et al. [85] tested biphasic scaffolds with different pore sizes in 

combination with and without hMSCs in a rabbit model for osteochondral 

regeneration. The scaffolds were prepared by PLGA salt leaching technique and 

presented a top part for the chondral regeneration with an height of 1 mm and an 

osseous layer of 4 mm. The constructs were implanted for 12 weeks. The scaffolds 

without cells displayed a better results than the untreated defects, defects 

implanted with cell-free scaffolds showed inferior repair in the chondral layer. 

Among the 5 pore size combinations tested, the construct with best histological and 

biochemical scores had pore size of 100-200 µm for the chondral side, and 300-

450 for the osseous part in combination with cells.  

The use of autologous already differentiated cells has some limitations in terms of 

source and harvesting procedures. Thus, to overcome these drawbacks and to 

mimic what happens in the healing process of bone and cartilage, research efforts 

moved to the use of MSCs. In order to direct their differentiation toward the 

chondrogenic and the osteogenic lineage, the design of scaffolds geared to further 

functionalization to present growth factors in the right construct location in space 

and time. The combination of hMSCs seeded scaffolds and delivery of biological 

signals was studied in vivo by Chen et al. [86]. The constructs consisted of a 
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plasmid TGF-β1-activated chitosan-gelatin scaffold for the chondrogenic layer and 

a plasmid BMP-2-activated HA/chitosan-gelatin scaffold for the osteogenic layer. 

The structures were separately seeded with hMSCs and cultured for 1 week. Prior 

to implantation, the separated constructs were fused with fibrin glue and cultured 

for another week in vitro. The constructs promoted the growth and differentiation of 

hMSCs and supported the regeneration of articular cartilage and subchondral bone 

in a rabbit knee defect after 12 weeks of implantation. The same outcome was 

reached one year later by Re’em et al. [102], with a cell-free scaffold based on 

0.1% alginate-sulfate (w/v), 1% alginate (w/v) and 0.18% (w/v) D-gluconic 

acid/hemicalcium salt loaded with TGF-β1 and BMP-4 prepared in situ. After 4 

weeks of implantation in rabbits, the top layer was integrated with the surrounding 

cartilage and displayed the typical ECM composition of hyaline cartilage with no 

signs of mineralization. The bottom part presented new formed woven bone.  

The use of bi-phasic scaffolds has shown some degree of success, therefore 

highlighting that the strategy to mimic as closely as possible the native OC tissue is 

a promising route for functional regeneration. However, when strictly looking at 

biomimicry principles bi-phasic scaffolds are not satisfactory since they treat bone 

and cartilage as two distinct compartments, whereas the two tissues are intimately 

interconnected, as previously explained. Additionally, in most of the above 

presented studies the presence of only two parts implicitly neglected the presence 

of the transition zone of calcified cartilage. Furthermore, bi-phasic scaffolds do not 

display all the gradients that characterize the osteochondral tissue and the further 

division of cartilage into its specific zones. 

5.4 Tri-phasic and multi-layered scaffolds 

In the effort to mimic more closely the native osteochondral tissue, tri-phasic or 

multi-layered scaffolds have been developed by several groups. Two studies 

presented an intriguing scaffold design but their biological relevance was not 

studied in vitro nor in vivo [11, 103]. In the first case a gradient in mechanical 

properties was generated. In the second study, only natural materials from the 

osteochondral ECM were used and an interface similar in ECM properties to the 
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natural OC tissue interface was generated via the phenomena of interdiffusion of 

the two material phases followed by freeze drying. The bone side of the triphasic 

scaffolds is the most consistent since the major part of the studies found in 

literature presented a composite of PLGA or PLA combined with tricalcium 

phosphate, bioglasses or HA. On the other hand the cartilaginous portion varied in 

composition, material used and production method. In 2002 Sherwood et al. [96] 

presented multiphasic scaffolds. Each phase consisted of a different porosity, 

material composition and stiffness. The cartilage compartment was made by D,L-

PLGA (50:50)/L-PLA with 90% porosity obtained by salt leaching. The bone 

compartment was a composite made by a L-PLGA (85:15)/tricalcium phosphate 

with a porosity of 55%. In order to prevent delamination, the intermediate area 

presented an increase in porosity (from 65% to 85%) as well as in lactic acid 

content (from PLGA 85:15 to PLGA 50:50 PLA) when moving from the bone to the 

cartilage compartment. The mechanical testing proved that the composite had a 

tensile strength similar to cancellous bone. Chondrocyte were seeded, preferably 

attached to the cartilage scaffold compartment and after 6 weeks of culture in vitro 

formed cartilage like tissue. By solving the problem of delamination, however, the 

resemblance of the construct to OC tissue was compromised. A better result in 

terms of tissue stratification within the construct was obtained by Jiang et al. [97]. 

In this study, the variation in phases was generated by different combinations of 

materials and cells. Similarly to the work of Sherwood, the bone compartment was 

based on PLGA microspheres with a mineral part consisting of bioglass seeded 

with osteoblasts. Chondrocytes embedded in an agarose hydrogel formed the 

cartilage compartment. The intermediate phase was similar to the cartilage one 

with the addition of PLGA and bioglass ceramic microspheres, in order to stimulate 

the formation of mineralized cartilage. In each region, cells formed the proper 

tissue. Even if in the intermediate zone no markers of hypertrophic cartilage were 

analyzed, chondrocyte within a mineralized matrix were observed. The stratification 

of tissues within the construct was satisfactory. However, hydrogels lack sufficient 

mechanical properties, which are in the order of magnitude of tens to hundreds kPa 

whereas cartilage and subchondral bone mechanical properties are in the order of 

0.45-0.8 MPa [60] and 2.3 ± 1.5 GPa [63], respectively. Beside the similarities in 
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the bone compartment Heymer et al. [89] used a different approach for the design 

of the chondral side. A porous layer of 3 mm of bovine collagen type I and 

hyaluronan composed the cartilage portion, while the bone side was based on PLA 

composite with a mineral phase of HA and β-tricalcium phosphate. In between the 

two layer, an hydrophobic region resulted from joining the two structures. The study 

focused on cartilage regeneration only. hMSCs were suspended in a collagen type 

I gel and seeded on the upper layer. After 3 weeks of culture under chondrogenic 

conditions, chondrocyte-like cells were visible in the upper third of the top layer and 

were surrounded by collagen type II and proteoglycans. At a molecular level, cells 

expressed specific marker genes such as COMP, aggrecan, collagen type II and X. 

Despite promising results for cartilage regeneration, the lack of bone regeneration 

results in only a partial validation of such a scaffold design. Recently, Levingston et 

al. [9] developed a system to generate gradients in material composition, stiffness 

and porosity via an “iterative layering” freeze-drying technique, based on the 

consequent apposition of layers on top of each other followed by freeze-drying. 

This design differed from the previous one as the scaffold composition was based 

only on natural polymers commonly found in the osteochondral ECM. The bone 

layer was composed by a commercial form of collagen type I and HA. The 

intermediate layer was produced by a mixture of collagen type I, collagen type II 

and HA. Similarly, the cartilaginous layer was based on collagen type I and II, 

hyaluronic acid and sodium salts. The scaffolds were seeded with MC-3T3 pre-

osteoblasts, which proliferated and populated all the compartments over a period of 

14 days confirming the biocompatibility of the construct. Such constructs may be 

promising for osteochondral applications, although an in vitro study with human 

cells and validation in preclinical animal models are needed to further confirm these 

preliminary results. 

Three-layered constructs were also tested in vivo in large animal models. In 2010 

Marquass et al. [99] compared osteochondral autografts with scaffolds presenting a 

collagen type I hydrogel on the chondral side, an intermediate activated plasma gel 

phase and a tricalcium phosphate osseous phase. The constructs were seeded 

with pre-differentiated autologous MSCs toward the chondrogenic lineage and 

implanted for 6 and 12 months in an osteochondral defect in sheep knee. No major 
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differences in terms of histological scores were displayed by the groups. At 12 

months biomechanical and macroscopic analysis didn’t show any difference. 

Autologous MSC-seeded triphasic implants showed comparable repair quality to 

osteochondral autografts in terms of histology and biomechanical testing.  More 

recently, multilayered scaffolds based on synthetic polymers  such as PCL and 

polyurethane, with and without the addition of natural ECM components were 

evaluated in vivo by Liu et al. [100] and by Dresing et al. [101]. In both studies 

MSCs were seeded and the scaffolds implanted in a rabbit model for 12 weeks. 

Starting from an electrospun PCL mesh as periosteal scaffold, Liu et al. freeze 

dried it first with a collagen I and hyaluronan solution in order to generate the 

cartilage portion, and then with tri-calcium phosphate for the osseous phase. The 

electrospun mesh promoted the alignment of seeded bone marrow derived MSCs 

seeded in a fashion resembling the superficial zone of hyaline cartilage. The cell 

seeded - triphasic construct  led to an improved regeneration of an osteochondral 

defect in a rabbit model matching the histological scores of autografts [100]. The 

fully synthetic construct used by Dresing et al.[101] was based on poly(ester-

urethane) (PUR) in different structures for the regeneration of cartilage, 

subchondral bone and cortical bone. The cartilage compartment was made by salt 

leached PUR, the subchondral bone compartment by electrospun PUR, and the 

bone compartment by a salt leached combination of PUR and nano HA. The bone 

and cartilage side presented a similar porosity, 85% and 87%, respectively. The 

major differences were found in terms of average pore size 121 µm and 251 µm, 

respectively, and of the addition of the mineral phase resulting in a stiffness of 0.98 

N/mm for the PUR scaffold alone and of 2.18 N/mm for the composite PUR. 

Despite the elastomeric PUR was easily press fitted in the osteochondral defect, it 

did not provide any advantage for tissue healing after 12 weeks. Furthermore, this 

construct could not be really considered as a gradient structure, since the 

intermediate phase could not be compared with the other two. Additionally, this 

marked difference between the subchondral bone and the calcified cartilage does 

not resemble the anatomical transition, in which the two compartment are highly 

interdigitated [104]. More recently, Jeon et al. [88] developed a system to study 

osteochondral development ectopically in a nude rat. The desired scaffold to be 
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tested was fitted into a cylindrical shaped bovine osteochondral plugs and then 

implanted subcutaneously in rats. This novel system may allow a higher throughput 

screening of several osteochondral constructs at the same time than conventional 

subcutaneous implantation, accounting for the possibility to test up to 8 constructs 

per animal, thus reducing the number of animals used and associated costs In this 

study, a multiphasic scaffold was tested, based on bi-layered 2% alginate 

containing superficial chondrocyte on the upper part and middle-deep chondrocyte 

in the lower zone for the cartilage compartment, which was joined with a PCL fused 

deposition modeling scaffold on top of an electrospun PCL layer, both seeded with 

osteoblasts, for the bone and interface compartments. Immediately before 

implantation, the bone compartment was also loaded with rh-BMP7. After 12 

weeks, the scaffolds were analyzed. The use of bi-layered cartilage gel, however, 

didn’t recapitulate the compartmental structure of the native cartilage, nor zone 

specific GAG distribution. Likewise the bone compartment lacked bone ingrowth 

and mineralization, probably due to insufficient vascularization. Despite the 

obtained negative results, this study presented an elegant and new method for 

screening several osteochondral constructs. The division of the scaffold in several 

zones aimed at resembling the gradient behavior of the osteochondral interface. 

Yet, one of the main possible limitations in this study was the size of the construct, 

a 7 mm long scaffold, which might have encountered some difficulties in integrating 

with the surrounding tissue, likely due to the lack of associated vasculature. 

5.5 Continuous gradient scaffolds 

In several studies, the Detamore’s group proposed and tested an effective method 

to overcome the limitation encountered in the production of discrete gradient 

scaffolds [16, 76, 77, 105-107]. The first step consisted in the generation of 

poly(D,L-lactide-co-glycolide) (PLGA) microspheres in which a desired compound 

can be added [108]. The loaded microspheres were dispersed in distilled 

water/PVA solution and placed in two syringes each connected to a pump to 

control the flow. The suspension was then pumped into a cylindrical mold by 

varying the flow in order to generate an opposite gradient. The water/PVA was 
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pumped out and the particles were soaked in ethanol to facilitate physical 

attachment among adjacent microspheres. An additional freeze-drying step was 

then performed. The microspheres were loaded with CaCO3 and TiO2 [107], TGF-

β1 and BMP-2 [106] and chondroitin-sulfate and bioglass [77]. If a single gradient 

was desired, one pump was loaded with pure PLGA microspheres. The 

biocompatibility of the system was tested on porcine chondrocytes [108] and 

human umbilical cord MSCs [107]. When the microspheres were loaded with 

bioactive signals, cells seeded on gradient scaffolds outperformed the controls 

after 6 weeks of culture in terms of cell number, protein content and gene 

expression of osteogenic and chondrogenic markers [106]. After these promising 

results in vitro, scaffolds based on microspheres loaded with BMP-2 on the bone 

side and TGF-β1 on the cartilage side were implanted in a small mandibular 

condyle rabbit model [105]. The profile for gradient constructs was linear, such that 

the transition region from TGF-β1 to BMP-2 comprised the second quarter of the 

scaffold volume, while the top quarter and bottom half contained all TGF-β1 or 

BMP-2-loaded microspheres, respectively. After 6 weeks of implantation, 

histological and MRI analysis proved the addition of bioactive signals to be less 

effective than expected. On the cartilage side the mechanical support of the 

scaffold played a predominant role than the presence of TGF-β1 in generating a 

smoother and thicker cartilage layer when compared with the non-treated defect. 

BMP-2 led to thicker trabeculae but as well on this side the mechanical support of 

the scaffold played a greater role, since the subchondral bone layer was more 

uniform in the gradient and blank scaffolds compared to the non-treated ones. The 

total bone apposition was not greatly influenced either, probably due to the small 

size of the defect.  An evolution of this system was presented in 2013. The PLGA 

microspheres were loaded with bioactive signals in combination with components 

of the ECM. The region of the scaffold designed for osteogenic differentiation 

presented microspheres loaded with BMP-2 and bioglass, decreasing in number 

toward the other side of the scaffold, rich in microspheres loaded with TGF-β3 and 

chondroitin sulfate. MSCs displayed a higher deposition of ECM markers when 

seeded on scaffolds loaded with the raw material in comparison with scaffolds 

presenting the growth factors alone. Cells seeded in scaffolds containing opposing 
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gradients of CS/TGF-β3 and BG/BMP-2 produced clear regional variations in the 

secretion of tissue-specific ECM. Overall, this microsphere-based scaffold proved 

to be an effective way to incorporate different biological signals of various nature in 

a scaffold and generate opposite gradients of more than one compound, thus 

closing the gap  to mimic the gradient behavior of the osteochondral tissue.  

Most of the relevant studies connected to the use of gradient scaffolds for the 

treatment of osteochondral defects are involving the use of scaffolds presenting 

discrete gradients only. Even though the osteochondral interface presents discrete 

variations when moving from the subchondral bone to the cartilagineous 

compartment, a continuous gradient is present within hyaline cartilage. A 

combinatorial approach of the multi-layered technique and the solution proposed 

by Detamore’s group can find, therefore, a possible application in the development 

of a scaffold resembling even more the characteristics of the osteochondral 

interface.  

 

Figure 4. Pictures of the scaffolds which reached the clinical trials, a) Aragonite- based 

osteochondral scaffold (Agili-CTM, CartiHeal (2009) Ltd, Israel), b) polymeric PLGA-PGA 
and Calcium sulfate bi-layer scaffold (Trufit CBTM, Smith & Nephew, USA) and c) HA-
Collagen type I three-layer scaffold (MaioregenTM, Finceramica, Italy). Modified from 
Elizaveta Kon, 2014. 

5.6 The gradient in the clinics 

Currently, only 3 gradient scaffold designs reached the phase of clinical trials, they 

are shown in Figure 4. Two of them are bi-phasic scaffolds and the last one is tri-



32 

phasic scaffold design. TruFit™ (Smith & Nephew, Andover, MA) is a biphasic 

scaffold based on PLGA-PGA 75:25 and calcium phosphate, which are glued 

together with a small amount of solvent after preparation. The cartilage phase was 

prepared by the addition of 10% poly(glycolide) reinforcing fibers to a blend of 

PLGA-PGA 75:25 to improve the compressive modulus [109]. The addition of the 

bone compartment and the effectiveness of the construct in treating an 

osteochondral defect was assessed in a goat orthotopic model [110]. The 2.7 mm 

high calcium sulfate cylinder was glued with the previously prepared 1.2 mm high 

cartilage cylinder, and the glue provided a thin film of 1 mm in thickness at the 

articulating surface of the implant. Improved healing of the orthotopic defect was 

shown after 16 weeks from implantation, with abundant hyaline cartilage formation, 

integration, and good bony restoration. The addition of chondrocyte to the implant 

was also tested, but didn’t show any additional beneficial effect. Two clinical 

studies conducted by Bedi et al. in 2010 [111] and Barber et al. in 2011 [112] 

showed controversial results. The first study described a slow improvement of the 

injured site. The second clinical study performed a CT scan on 9 patients with 

intervals between 2 and 63 months, showing no evidence of bone ingrowth, 

osteoconductivity, or ossification. The decrease in implant density over time 

reached levels of fibrous scar. Another study from Quarch et al. showed no clinical 

improvement in the 21 patients treated with this scaffold design [113]. After these 

results, the scaffold was used only to treat cartilage defects. Positive results were 

obtained by Carmont et al. [114] on a 18 year old patient with a large chondral 

defect. The patient returned to sport activities, indicating resolution of pain. Despite 

these controversial findings, a number of clinical trials were conducted [115-118]. 

In the study of Bekkers et al. [115], the scaffolds presented newly formed cartilage-

like tissue within the implant, which didn’t damage the opposing and surrounding 

tissue after 12 months. Other clinical studies showed in the best case modest 

improvement [116], but a 70% failure in active patients in the worst cases [117]. 

From these studies, a general slow healing process with controversial end results 

provided by the TruFit™ plug have been observed, thus justifying for the 

continuous research for more functional scaffold designs. 
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Another biphasic scaffold which reached the clinical practice was developed by 

Kon et al. (Agili-C™, CartiHeal (2009) Ltd, Israel). The design was based on 

calcium carbonate in the form of crystalline aragonite for the bone side and on 

hyaluronic acid for the cartilage compartment [119]. The first study performed in a 

goat model aimed at defining the best construct design. The impregnation with 

hyaluronic acids and the presence of drilled channels were tested. A defect of 6 

mm in diameter and 8 mm deep was made in the medial femoral condyle and the 

scaffolds were implanted for 6 months. Scaffolds presenting 2 drilled phases 

outscored the other groups by displaying a smooth contour and newly formed 

hyaline cartilage well integrated with the surrounding native cartilage, and with 

subchondral bone respectively. This construct hits the clinic in a first-in-man 

experiment. It was used in in a 47 years old non-professional sportsman, resulting 

in successful treatment of a post traumatic femoral condyle lesion of 2 cm
2
. After 

18 months the man returned to his pre-injury sport activity. MRI analysis at 24 

months follow-up showed promising results in terms of restoration of the articular 

cartilage [120]. 

Among the multi-layered scaffolds for osteochondral regeneration, a biomimetic 

construct consisted of different compositions for each zone was also developed by 

Kon et al. [121]. The  cartilage compartment was based on pure collagen type I, a 

tidemark-like structure was obtained by combining collagen type I and HA in a 

60:40 weight ratio, and a mineralized portion corresponding to the subchondral 

bone presented a 30:70 weight ratio composition of collagen I and HA (Fin-

Ceramica, Faenza, Italy). The three components were synthetized separately and 

combined together on top of a Mylar sheet, freeze dried, and gamma sterilized. 

The intermediate and lower layer were formed by nucleating bone-like 

nanostructured non stoichiometric HA into self-assembling collagen fiber, 

reproducing what happens at the biological level in the neo-ossification process. 

The resulting construct presented a gradient in mineral content from the bone to 

the chondral side and a gradient in collagen content in the opposite direction. The 

first study was performed in a horse animal model, testing the efficacy of bi- and tri-

layered scaffolds for the regeneration of chondral and osteochondral lesions [122]. 

The tri-layered scaffolds were produced as mentioned above whereas the bi-
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layered scaffolds were missing the lower part, since they were intended for the 

regeneration of a chondral damage. After 6 weeks of implantation, both the 

chondral and osteochondral lesions were filled. The newly formed trabecular bone 

was visible at the subchondral level and a tide mark-like region was also present. 

Unfortunately, fibrocartilage and not hyaline cartilage filled the chondral 

compartment and a first alignment of the collagen fibers was observed. In a 

subsequent study, the addition of autologous chondrocytes seeded within the tri-

layered scaffold was studied in a sheep orthotopic model to assess any additional 

beneficial effect of cells [121]. After a 6 months implantation, the presence of newly 

formed cartilage in contact with the surrounding tissue was observed in the 

constructs with and without cells. In the lower compartment, newly-formed 

subchondral bone was observed. The presence within the subchondral 

compartment of collagen type II  and cells with hypertrophic chondrocyte 

morphology suggested that the scaffold-mediated regeneration of subchondral 

bone followed an endochondral ossification process.  

The use of the just described biomimetic graded scaffolds were applied in a clinical 

study for the repair of knee chondral or osteochondral lesion. An early analysis on 

its stability was carried out in a pilot clinical trial. The first study confirmed the 

attachment of the graft and only a partial detachment in 2 patients out of 15. Visual 

scoring of the repaired tissue revealed a normal repair score in one case and a 

near-normal repair score in the other cases. Subchondral bone formation without 

the presence of biomaterial was showed by histological analysis, thus indicating 

the possible complete resorption of the biomaterial after 6 months. The cartilage 

tissue appeared not only repaired but engaged in an ongoing maturation process 

[123]. These encouraging results led to a longer follow-up with randomized studies. 

A cluster of 27 patients were followed for 2 and 5 years after surgery for knee 

chondral or osteochondral lesions (size 1.5-6 cm
2
) [124]. Results showed a 

significant increase of the quality of the regenerated tissue following the 

International Knee Documentation Committee subjective score. The person’s 

activity level, measured by Tenger scores, depicted an increase from the pre-

operatory to the 2 and 5 years follow-up. The Tenger scores remained lower than 

the one before the injury, but didn’t reach a statistically significant difference. After 
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2 years the cartilage resulted completely filled in 65.2% of the treated cases, the 

construct was completely integrated in 69.6% of the cases, intact repair tissue 

surface was observed in 56.5% of the cases, and a homogeneous structure of the 

repair tissue in 34.8% of the patients. However, the subchondral lamina and bone 

resulted intact in only 7% and 47% of the cases, respectively [10]. At 5 years 

follow-up, MRI evaluation revealed a significant improvement in both cartilage and 

subchondral bone status.  

6. Conclusions 

 In the present review, the gradients governing the regeneration of the 

osteochondral interface were presented alongside with an overview of the solution 

from the laboratory bench to the bed side. The osteochondral tissue is based on 

gradients from the early developmental stage until the fully developed body in the 

adult organism. Nowadays, a lot of effort is made to design scaffolds that lead the 

healing of the osteochondral interface trying to re-establish the gradient present in 

the patient. We have presented a few promising methods for the regeneration of 

the osteochondral tissue. To overcome the abnormalities that still persist after mid-

term follow-up in clinical trials so far available, a joint work between material 

scientists, clinicians and developmental biologists should be sought in order to 

elucidate those mechanisms and pathways involved in the early stage of bone and 

cartilage development and include those signals into structures able to trigger not 

only healing of the tissue, but also a proper regeneration. 
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Abstract 

Small fractures in bone tissue can heal by themselves, but in case of larger defects 

current therapies are not completely successful due to several drawbacks. A 

possible strategy relies on the combination of additive manufactured polymeric 

scaffolds and human mesenchymal stromal cells (hMSCs). The architecture of 

bone tissue is characterized by a structural gradient. Long bones display a 

structural gradient in the radial direction, while flat bones in the axial direction. 

Such gradient presents a variation in bone density from the cancellous bone to the 

cortical bone. Therefore, scaffolds presenting a gradient in porosity could be ideal 

candidates to improve bone tissue regeneration. In this study, we present a 

construct with a discrete gradient in pore size and characterize its ability to further 

support the osteogenic differentiation of hMSCs. Furthermore, we studied the 

behaviour of hMSCs within the different compartments of the gradient scaffolds, 

showing a correlation between osteogenic differentiation and ECM mineralization, 

and pore dimensions. Alkaline phosphatase activity and calcium content increased 

with increasing pore dimensions. Our results indicate that designing structural 

porosity gradients may be an appealing strategy to support gradual osteogenic 

differentiation of adult stem cells. 
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1. Introduction 

Regenerative medicine is a multidisciplinary field aiming to regenerate tissues 

by combining biological factors and engineering fundamentals 
1
. Recently the 

use of stem cells in regenerative medicine has gained momentum thanks to 

their capacity to differentiate into multiple lineages 
2,3

. Human mesenchymal 

stem/stromal cells (hMSCs) can undergo chondrogenic, osteogenic and 

adipogenic differentiation 
3
, among others, and are not associated to the ethical 

concerns of other stem cells like embronic ones. hMSC differentiation has been 

reported to depend on environmental cues such as oxygen and nutrient 

availability 
4,5

, pore size 
6,7

, material stiffness 
8
, surface topography 

6,9
 and more 

conventionally the adminisration of soluble factors 
10-12

. All these parameters 

have been applied in the design and fabrication of scaffolds aiming at 

mimicking the natural three-dimensional (3D) enviroment where hMSCs reside.  

Different processing techniques have been developed to build scaffolds for 

tissue engineered constructs 
13

, among which solvent casting, salt or 

particulate leaching and gas foaming 
14

. Although all these techniques are easy 

to implement, the resulting scaffolds present several drawbacks, such as the 

lack of completely interconnected pores, a limited control of the pore size and 

geometry, and the formation of tortuous pore networks associated to limited 

nutrient diffusion 
15,16

. Conversely, additive manufacturing (AM) emerged in the 

past decade as an appealing tool to fabricate scaffolds with a controlled and 

completely interconnected pore network. This can be achieved thanks to the 

possibility to fine tune processing parameters such as fiber diameter, fiber 

spacing, layer thickness, and layer angle deposition. Additionally, the computer 

aided design/computer aided manufacturing (CAD/CAM) process governing AM 

technologies allows tailoring pore geometry and size in a layer-by-layer manner 

17,18
. These parameters can be modulated in order to obtain a constant 

variation of the pore features within the same construct, thus forming structural 

gradients. 

Gradients are present in the body leading a number of events and processes in 

the embryonic stage as well as in adult life. Structural gradients can be found in 
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the body mainly at the interface between tissues. For example, processes such 

as osteochondral, tendon and ligament tissue development, as well as tumor 

formation, are governed by morphogens and oxygen gradients 
19-21

. In the 

specific case of bone tissues, a structural gradient can be identified in a radial 

direction in long bones and in an axial direction in flat bones, presenting a 

variation in bone density from the cancellous bone to the coritical bone 
22

. 

Clinically, current therapies for bone replacement, such as autograft and 

allograft, are not yet completely successful,  due to several drawbacks such as 

the donor-site morbidity, the limited tissue availability and surgery 

complications, highlighting that this procedures are not always a possible 

option 
23,24

. 

The concept of gradient has been applied in different studies in two 

dimensional (2D) systems to control or analyze cell differentiation 
10

 and 

migration 
25,26

. 3D scaffolds presenting a gradient structure could provide cues 

similar to the native enviroment and may guide stem cells to differentiate 

toward the lineage of the targeted tissue to be regenerated. In literature, 

several studies involving gradient scaffolds have been presened. In order to 

direct the differentiation of hMSCs in certain areas of the construct, gradients of 

growth factors 
27

 and material stiffness 
28

 were generated. To the best of our 

knowledge, no studies have linked the stem cell osteogenic differentiation with 

structural gradients in porosity and pore size. Besides improving cell seeding 

efficiency due to the higher number of fiber connections 
29

, structural gradients 

can result in locally different concentrations of available nutrients. Therefore, 

we hypothesized that the creation of a gradient in scaffold porosity and pore 

size could influence hMSC differentiation by impacting cell density and nutrient 

availability. Here, we fabricated 3D plotted scaffolds presenting an axial 

gradient in pore size and total porosity and assessed their effect on hMSC 

osteogenic differentiation.  



45 

2. Results  

2.1. Scaffold and gradient characterization 

Four zones in the gradient scaffolds can be distinguished (Figure 1c and 1f), where 

the fiber spacing changed from bottom to top from 500 µm, to 700 µm, 900 µm, 

1100 µm. Control scaffolds were printed by keeping the fiber spacing constant at 

500 µm and 1100 µm (Figure 1b, 1e and 1c, 1f). By increasing the fiber spacing, 

the volume of the pore in the different zones increased by 10 times from the 

smallest to the largest pore size. (Table S1). As expected, the overall porosity of 

the gradient scaffolds was in between the porosity of the controls (Table S2). The 

porosity of the different gradient areas increased from 58% ± 0.07% close to the 

porosity of the NG 500 (47.24% ± 6.9 %), to 81% ± 0.04% that matched with 

porosity values of NG 1100 (80.63% ± 2.3%). 

 

Figure 1. Figure 1. μCT and SEM micrographs displaying NG1100 (a,d), NG500 (b,e) and G 

scaffolds (c,f). Scale bar 2 mm. 
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2.2. hMSC growth and Improved osteogenic differentiation in the 

gradient scaffolds 

The amount of cells adhered on 300PEOT55PBT45 and PCL was around 325000 

and 250000 cells per scaffold, respectively, which corresponded to a 65% cell 

seeding efficiency for 300PEOT55PBT45 and 50% cell seeding efficiency for PCL 

(Figures S1 and S2). Though not statistically different, 300PEOT55PBT45 seemed 

to perform better in terms of cell attachment. After 8 days from cell seeding, cell 

number on 300PEOT55PBT45 scaffolds remained constant around 250000 cells, 

without major differences among the conditions or type of construct. The overall 

cell number did not vary significantly at day 35, independently from the culture 

conditions or the type of construct (Figure 2a), thus inferring that hMSCs did not 

proliferate significantly in these 3D scaffolds during the culture period. 

hMSCs showed a basal ALP level (Figure 2b). After 8 days of culture (7 days in 

proliferation medium and 1 day in basic or mineralization media), as expected, no 

main differences could be detected between the G and NG scaffolds cultured in 

basic and mineralization media. The basal ALP levels decreased in time in basic 

media in NG and G scaffolds. After 28 days in mineralization media the ALP levels 

markedly increased in all the samples. hMSCs cultured in G scaffolds showed 

significantly increased ALP activity levels with respect to the cells cultured in the 

NG scaffolds (Figure 2b). As shown in Figure 2c, after 28 days under 

mineralization conditions the expression of late osteogenic markers differentiation 

such as osteocalcin and osteopontin was not increased. Early markers such as 

bone sialoprotein (BSP) and ALP were upregulated. Bone sialoprotein showed a 5-

fold increase with respect to the cells cultured in basic medium within the NG 500 

construct. No major differences were noticed among the gradient scaffolds and the 

controls. The expression of ALP was increased by 12 times. Yet, no significant 

differences could be seen. 
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Figure 2. Cell number and ALP activity of D1 on 300PEOT55PBT45 normalized by μg of 

DNA after 8 and 35 days in culture (a,b) and fold induction of osteogenic markers after 35 
days (c). After 1 day in differentiation media (8 days in culture) no differences in ALP activity 
or cell number were visible, whereas 4 weeks of differentiation enhanced ALP activity in 
gradient scaffolds with respect to the controls. The cell number remained similar in all 
conditions. BSP, OCN and ALP genes were upregulated, no major differences were shown 
among the gradient and non-gradient scaffolds. (***shows significant difference, p<0.001, 
n=3). 

In order to confirm the results obtained in terms of osteogenic differentiation, 

another hMSC donor was tested in G, NG 500 and NG 1100 scaffolds. As the main 

differences were seen after 28 days in differentiation condition only this time point 

was tested. Cell numbers as well as the ALP activity in all the constructs were 

lower compared to the first donor. Yet, ALP activity was significantly higher in G 

scaffolds than in the controls (Figure 3b), thus confirming what observed for the 

first donor. If the results of the 2 donors are normalized by the NG 1100 or NG 500 

values, the second donor displayed a higher induction factor with a 2.5 fold 

increase in G scaffolds compared to NG scaffolds. The first donor showed an 

increased ALP activity of 25% in G scaffolds compared to NG ones (Figure S3). 

Cell number under basic conditions was significantly lower in NG1100, whereas 

under mineralization conditions the NG scaffolds showed a higher cell number 

compared to the G scaffolds (Figure 3a). In order to understand whether the 

scaffold material chemistry could influence the differentiation, the same analysis 

was conducted on scaffolds made of PCL. Despite lack of statistical significance, 

both cell number and ALP activity seemed to be higher in the control NG 500 

compared to NG 1100. The gradient showed values that resembled the ones of the 

NG 500 control (Figure 3c,d). In addition, osteocalcin production also increased in 

mineralization medium in G and NG 1100 scaffolds compared to NG 500 scaffolds 

(Figure S4).  
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Figure 3. Cell number and ALP activity of donor 2 on 300PEOT55PBT45 scaffolds (a,b) and 

donor 1 on PCL scaffolds (c,d). Under basic conditions NG1100 scaffolds displayed a 
significantly lower cell number after 35 days of culture; under mineralization conditions the 
gradient showed a lower cell number. The ALP activity confirmed the results showed by 
donor 1 on 300PEOT55PBT45 scaffolds, the gradient significantly improved the ALP activity 
with respect to the non gradient scaffolds. When cultured on PCL scaffolds hMSCs didn’t 
display any significant differences in terms of cell number and ALP activity in basic as well 
as in mineralization medium. ** shows statistical significance p<0.01 and *** p<0.001. 

2.3. Pore size driven differentiation of hMSCs 

As the overall ALP activity level increased in the G scaffolds compared to the 

controls, a partition analysis on the different areas of the gradient scaffolds was 

performed to better understand the differences among the porosity zones of the G 

scaffold. After 8 days cells were localized mainly in the zone with the lowest 

porosity independently from the media used (Figure 4a). The ALP activity of cells 

localized in the small pore zone was higher with respect to the other areas after 1 



50 

day in basic and mineralization media (Figure 4b). This trend was inverted after 

culturing in differentiation media. ALP activity levels of the cells cultured in 

mineralization medium increased over time in all the partitioned areas (Figure 4b). 

The ALP activity increased with increasing the pore size. 

 

Figure 4.  Cell number (a) and ALP activity (b) of D1 on 300PEOT55PBT45 are shown per 

gradient zone at 8 and 35 days. The cell number was significantly higher in the smallest 
pore size compared to the other areas no matter neither the time point nor the culture 
conditions. At 35 days of culture the cell number in the 700 and 900/1100 zone significantly 
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increased with respect to the previous time point. The ALP activity at 35 days under 
mineralization conditions showed an increase trend opposite to the pore size. Cells residing 
in the 900/1100 zones displayed a significantly higher ALP activity with respect to the ones 
located in the smallest pore zone. ### indicates statistical significance within the same time 
point in graph a, p<0.001; **, *** depict statistical significance within the same conditions 
p<0.01 and p<0.001 respectively. 

Also for the partition analysis, the second donor and scaffolds in PCL were tested. 

After 35 days of culture in both conditions cells were located in higher number in 

the small pore zones for both donors and materials (Figure 5a, c). Cells showed an 

increase in ALP activity with the increase in pore size for donor 1 in PCL (Figure 

5b). D2 in 300PEOT55PBT45 confirmed the lowest ALP levels where pores were 

small. No major differences could be seen between the 700 and 900/1100 zones 

(Figure 5d). To further understand whether the observed gradual increase of ALP 

activity in the different regions of the G Scaffolds could be related to a different cell 

density, ALP activity was also normalized by cell number/pore volume. Results 

confirmed an increased ALP activity with increasing pore size (Figure S5).  
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Figure 5. Cell number and ALP activity per gradient zone of donor 1 hMSCs cultured on 

PCL scaffolds (a, b) and donor 2 on 300PEOT55PBT45 scaffolds (c, d). After 35 days the 
highest cell number is located in the area with the smallest pores. ALP activity displayed the 
same trend when donor 1 was cultured on PCL scaffolds, and a similar trend for donor 2 on 
300PEOT55PBT45 scaffolds, with the lowest level in the 500 zone and the highest in 700 
and 900/1100. ** and *** statistical significance p<0.01 and p<0.001. 

2.4. ECM and mineralization analysis 

After 8 days in culture, pores were partially filled by ECM that looked fibrous in both 

culture conditions. After 35 days the amount of ECM increased and differentiated 

between the two conditions. Whereas in basic medium ECM kept having a dense 

fibrous appearance, in mineralization conditions some nodules were localized on 

top of the dense fibrillar ECM structure. In order to confirm the possible 

mineralization of the ECM in correspondence to the observed nodules, an EDAX 

analysis was performed. In all the samples the mapping showed a co-localization 
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of the colors representing both the calcium signal and the phosphate signal. The 

intensity of the two elements signal increased in correspondence of mineralization 

nodules. Qualitatively, nodules looked bigger in G and NG500 scaffolds compared 

to those found in the ECM of the NG1100 scaffolds (Figure 6).

 

Figure 6. SEM micrograph and EDAX scan at day 35, revealing calcium (blue) and 

phosphate (green) for G and NG scaffolds. The co-localization of the colors suggested the 
presence of early ECM mineralization process. Scale bar 50 µm. 

In order to quantify and confirm whether there were differences in the 

mineralization levels in the constructs, a calcium assay was performed. It was 

possible to observe an inverse trend in calcium content with respect to the porosity. 

Calcium levels were significantly higher in NG 500 compared to G and NG1100 

scaffolds (Figure 7a). The partition analysis did not show any significant difference 

between the gradient zones (Figure 7b). However, when the scaffold volume was 

considered, NG1100 showed the highest calcium levels in full scaffolds.  
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Figure 7. Calcium assay was performed on full scaffolds (a) as well as on partitioned 

gradient scaffolds (b) cultured under mineralization conditions for 28 days. Full scaffolds 
displayed an opposite trend in calcium content. The partition analysis did not show any 
significant difference among the gradient portions. ** and *** statistical significance p<0.01 
and p<0.001 respectively. 

Furthermore, when cell density was considered in the partition analysis, an 

increasing amount of calcium per cell density was measured with increasing pore 

size, thus confirming ALP results (Figure 8). To further dissect the role of cell 
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density variations with varying pore size, we reasoned that differential availability of 

nutrients would be present in the different regions of gradient scaffolds. In 

particular, oxygen levels could decrease more rapidly with decreasing the pore 

size, thus leading more easily to higher hypoxic regions 
30

. To prove this 

hypothesis, we measured hypoxia inducible factor (HIF)-1α and HIF-2α. Results 

showed an increase of both HIFs with decreasing pore size (Figure S6). 

 

Figure 5. Calcium assay normalized by scaffold volume (a) as well as partition analysis of 

calcium levels normalized by cell density (b) cultured under mineralization conditions for 28 
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days. *** shows statistical significance p<0.001 with respect to other scaffolds (a) or other 
regions. ### shows statistical significance p<0.001 compared to other gradient scaffold 
regions. 

3. Discussion 

Several strategies can be used to obtain a scaffold with a porosity gradient. Among 

them, fused deposition modeling emerged due to the possibility to fine tune several 

features such as fiber diameter, height and distance between the fibers. In the 

present work the fiber height (or layer thickness) was maintained constant and the 

fiber spacing was gradually increased along the z axis. Scaffolds were 

homogeneously fabricated. The fiber size could experience small variations in the 

case of G scaffolds due to the fact that with increasing the fiber spacing, and 

consequently the pore size, a larger distance has to be covered by the fibers 

before reaching the next contact point. This can create fiber size fluctuations due to 

the associated larger deformation of the molten polymer strand. Gradient scaffolds 

led to an axial gradient in pore size that affected the distribution and differentiation 

of hMSCs seeded in the resulting scaffolds. As already shown in previous studies, 

the design of the scaffolds and the pore geometry affect cell behavior in terms of 

adhesion, localization, ECM deposition and differentiation. Woodfield et al. 

proposed a 300PEOT55PBT45 gradient scaffolds for the zonal characterization of 

cartilage using primary chondrocytes 
31

. More recently, Sobral et al. described cell 

adhesion and localization on gradient versus non gradient scaffolds, showing an 

improved cell seeding efficiency and distribution of an osteosarcoma cell line 

(SaOS) within the gradient scaffolds with respect to the non-gradient ones 
29

. 

Despite what reported in literature, cell adhesion on the gradient and non-gradient 

scaffolds didn’t show any significant difference in our study. This might be due to 

the different cell source used in our study, as it is known that hMSCs are more 

sensitive to environmental changes than already differentiated cells and cell lines. 

A difference between 300PEOT55PBT45 and PCL was observed, being the first 

one more favorable for cell adhesion, which might be due to a higher hydrophilicity 

(Figure S1).  
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ALP is an enzyme responsible for the dephosphorylation of several molecules 

including nucleotides and proteins. ALP has always been related to osteoblast 

differentiation, as an increase of the enzyme activity was observed in the early 

stages of their commitment 
32

. ALP activity in the gradient scaffolds was 

significantly higher after 28 days in mineralization medium in both donors 

compared to the non-gradient scaffolds. Despite the different levels of intensity, 

both donors showed a significantly higher ALP activity compared to the control in 

300PEOT55PBT45 scaffolds. When presented as fold induction (Figure S3), the 

gradient increased ALP activity of the first donor by 25% and for the second donor 

by 2.5 times. The fold increase did not change when either NG500 or NG1100 

were chosen as baseline. In case of PCL scaffolds, we could not observe a 

statistical difference between G and NG scaffolds at a full scaffold level, despite 

higher ALP values for NG500 and G scaffolds (Figure 3d). This could be 

associated to the fact that PCL was shown to preferentially support chondrogenic 

more than osteogenic differentiation 
33

. The partition analysis further highlighted 

the effect of the porosity on hMSC differentiation when they were cultured within 

the same constructs for both polymer chemistries, thus showing that also PCL 

supports a differential expression of ALP activity, which increased with increasing 

the pore size (Figures 4b and 5, and Figure S4 in supporting information). 

Therefore, further studies on additional biomaterial chemistries should be 

performed to conclude whether the influence of pore size gradients on hMSC 

osteogenic differentiation is specific for 300PEOT55PBT45 only or a more general 

phenomenon common to other biomaterials. 

The cell number was significantly higher in the small pore zone at 8 and 35 days 

under basic and differentiation conditions. Comparing the cell number at 8 and 35 

days it decreased in the 500 µm zone and increased in the 700 µm and 900/1100 

µm zones. Since from the full analysis of the fabricated scaffolds it was shown that 

the cell number per scaffolds remained constant, a migration from the small pores 

toward the bigger ones can be hypothesized. Probably due to lower nutrient 

available determined by the higher number of cells and by the small pore size, 

hMSCs were stimulated to migrate toward pores with lower cell density and higher 

nutrient and oxygen availability 
34,35

.The re-distribution of cells along a gradient in 
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oxygen tension was shown by Ardakani et al.
36

, thus corroborating our hypothesis. 

ALP activity showed an opposite trend with respect to the cell number. Although 

after 1 day in differentiation media (8 days in culture) no significant differences 

were seen between the areas of the gradient, after 28 days in differentiation media 

a gradient in ALP activity was generated having its maximum in the zone with the 

largest pores. Hsu et al. recently proved that under hypoxia condition hMSC 

differentiation toward the osteogenic lineage is impaired and the level of ALP 

expression attenuated 
30

. A possible explanation could be found in the differences 

in pore size. Smaller pores closed faster, determining a longer lack of nutrient and 

oxygen availability for the cells residing in that zone with respect to the cells 

localized in the bigger pores areas. Thanks to the pore size change, the oxygen 

local concentration could have changed in the different areas of the G scaffolds. 

Therefore, more than cell density, oxygen distribution or pore size alone, these 

three factors seemed to be connected as a pore size increase resulted in a lower 

cell density, which consequently increased the local oxygen and nutrient 

availability. This could explain why the trend in ALP activity followed the direction of 

the gradient, which was further corroborated by a correspondent decrease of HIF-

1α and HIF-2α with increasing pore size. The molecular mechanism behind this 

phenomenon is still unclear and should be subject of further studies.  

At the genetic level there were no major differences after 28 days of culture in 

relation to the influence of the analyzed structural scaffold gradient on hMSC 

differentiation. The increased expression of early genes such as ALP and BSP 

and, on the other hand, the missed upregulation of late markers such as OCN and 

OPN might suggest that the culture of hMSCs on these polymeric scaffolds didn’t 

lead to a complete differentiation up to the later stages of mature osteoblasts. 

Despite the matrix mineralization followed a different trend compared to the ALP 

when looking at absolute calcium content, being the highest in the NG500 and the 

lowest in the NG1100 scaffolds, the same increasing trend with increasing pore 

size found for ALP was observed when taking into consideration cell density and 

pore volume.  

Since the seeding procedure was performed by keeping the largest pores on top 

and the scaffold direction was not changed during culture, the gradient structure 
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determined a higher localization of cells in the area with the small pores. To 

confirm that the seeding direction could play a role in the localization of the cells, 

the scaffolds were seeded and cultured in both ways. The dispersion of the cells 

within the scaffolds seemed to be influenced by its position at the moment of the 

seeding, since higher cell numbers were found in the area located at the bottom at 

the moment of the seeding (Figure S2). By comparing the two seeding direction, 

the ones presenting the highest cell number was still the one with the smallest pore 

size at the bottom. This area was the one presenting the highest surface available 

for cell attachment and growth. During culturing the cell number slightly decreased 

in the small pores zone and increased in the other zones (Figure 3b). This can be 

explained by 2 factors: i) the cells in the first week from the cells seeding were 

localized mainly in the area with the smaller pore size and evenly distributed in the 

remaining 3 zones; in the following 4 weeks, they expanded in number mainly in 

the bigger pore areas; ii) in the area with the smallest pore size, pore closure due 

to ECM deposition was faster. This might have affected the diffusion of oxygen and 

nutrients including the soluble factors present in the media. On the other hand, with 

increasing pore size cells have more room to grow and deposit the matrix. Filling of 

the pores with formed ECM took longer, ensuring a longer and better nutrient and 

oxygen diffusion. Our results showed an initial differentiation of hMSCs toward the 

osteogenic lineage. To clarify whether polymeric scaffolds are able to support a full 

differentiation in vitro, a longer study can be foreseen. Additionally, an animal study 

should be performed in order to define the effect of pore size in tissue formation in 

an ectopic location like a subcutaneous or intramuscular implantation. A further 

step should be the implantation of the gradient and non-gradient scaffolds in an 

orthotopic defect in a large animal models in order to study their performance in the 

healing of a critical defect. 

4. Conclusion 

A scaffold displaying a gradient in pore size along the Z axis was plotted by varying 

the fiber spacing and its influence on hMSC differentiation was evaluated. The 

differentiation toward the osteogenic lineage of hMSCs cultured in mineralization 
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media was improved in gradient scaffolds. The biomaterial used to fabricate the 

scaffolds did not seem to play a role, since PCL and 300PEOT55PBT45 showed 

the same trend when analyzing the local ALP activity in the different pore size 

gradient regions. Cells residing in different areas of the gradient displayed a trend 

in osteogenic differentiation following the pore size, probably due to a better supply 

of nutrient and oxygen in the compartments with the largest pores. Taken together 

the findings of this study introduce pore size gradients as a structural factor that 

could be taken into consideration when combining scaffolds and hMSCs for bone 

tissue engineering purposes. 

5. Materials & Methods 

5.1. Scaffolds preparation 

Scaffolds were fabricated via rapid prototyping (Bioscaffolder, SysENG, Germany). 

Scaffolds made of poly(ethylene oxide therephtalate)/poly(butylene therephtalate) 

(PEOT/PBT) and of poly(ε-caprolactone) (PCL) were produced. PEOT/PBT is a 

family of block co-polymers characterized by an aPEOTbPBTc nomenclature, 

where a is the molecular weight of the starting PEG block and b and c are the 

PEOT/PBT ratio. Scaffolds made of both PCL and 300PEOT55PBT45 were 

already used in surgery and clinical trials are currently ongoing 
37

. Briefly the 

polymers were placed in a stainless syringe and processed at 200 °C 

(300PEOT55PBT45, PolyVation, The Netherlands) and 100 °C (PCL, Sigma-

Aldrich, USA). The molten polymer was extruded through a cartridge unit, by the 

application of a nitrogen flow with a pressure of 5 bar from a pressurized cap and 

an extrusion screw rotation of 200 rpm. 

During plotting, the needle diameter, layer thickness and speed were kept constant 

at 200 µm, 150 µm and 180 mm/min, respectively. The fiber spacing was kept 

constant to 500 µm and 1100 µm for non-gradient (NG) scaffolds and varied from 

500 µm to 1100 µm for gradient (G) scaffolds. The fiber spacing was changed 
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every millimeter. The scaffolds were plotted in blocks of 20x20 mm and 4 mm in 

height. The tested samples were 4x4 mm cylinders punched out from the blocks. 

5.2. Cell expansion and culture 

Human mesenchymal stromal cells (hMSCs) were isolated from the bone marrow 

of donors with written informed consent 
38

. Aspirates were resuspended using a 

20G needle and plated at a density of 0.5 million mono-nucleated cells per cm
2
. 

Cells were grown in MSC proliferation medium, which contains minimal essential 

medium (α-MEM, Gibco, Breda the Netherlands) supplemented with 10% fetal 

bovine serum (FBS, Lonza), 100 U/ml penicillin (Gibco, breda the netherlands), 10 

µg/ml streptomycin (Gibco, USA), 2 mM L-glutamin (Gibco, breda the netherlands), 

0.2 mM L-ascorbic acid 2-phosphate magnesium salt (ASAp, Sigma-Aldrich, 

Zwijndrecht, The Netherlands) and 1 ng/ml of basic fibroblast growth factor-2 

(bFGF-2, Fisher Scientific, Landsmeer, the Netherlands) at 37°C in a humid 

atmosphere with 5% CO2. Cells were expanded up to approximately 80% 

confluency and either frozen for further use or seeded on the scaffolds. 

5.3. Cell seeding on scaffolds 

Two different hMSC donors were used in this study. D249 (D1, age 72, female) 

and D8004L (D2, age 22, male). For donor D249, bone marrow aspirates were 

obtained and experiments approved by the Medical Ethical committee of the local 

hospital (Dutch: Medisch Ethische Toetsingscommissie (MECT) van het Medisch 

Spectrum Twente) following the Dutch national ethics guidelines from patients who 

had given written informed consent. For donor D8004L, pre-selected hMSCs were 

retrieved from the Institute of Regenerative Medicine (Temple, Texas), which has 

supplied standardized preparations of MSCs to hundreds of laboratories under the 

auspices of an NIH/NCRR grant (P40 RR 17447-06). Human bone marrow 

aspirates were obtained under a protocol approved by an institutional review 

board. Briefly, a bone marrow aspirate was drawn and mononuclear cells were 

separated using density centrifugation.  
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After trypsinization with 0.25% trypsin (Life Technologies, Bleiswijk, the 

Netherlands), cells (passage 2-4) were counted using a Bückner chamber and re-

suspended in proliferation media at a density of 500000 cells in 40 µL. The day 

before seeding, scaffolds were disinfected in 70% EtOH for 30 min under stirring, 

washed 3 times in phosphate buffered saline solution (PBS) (Lonza, Breda, the 

Netherlands), and incubated overnight in cell proliferation media to allow protein 

adsorption on the scaffold’s fibers. After protein adsorption, the 40 µL of cell 

suspension were placed on the scaffolds in a drop wise fashion to account for a 

cell seeding density of 500000 cells/scaffold. The seeded scaffolds were placed for 

4 hours in the incubator to allow cell adhesion before adding the cell culture 

medium. 

Cells were cultured on the G and NG scaffolds for 7 days in proliferation media. At 

day 7, the proliferation media was changed and the cells within the scaffolds were 

cultured for another 1 and 28 days in basic medium, being the proliferation without 

the bFGF, and mineralization medium, consisting of basic medium supplemented 

with 10 nM dexamethasone (Sigma-Aldrich, Zwijndrecht, The Netherlands) and 10 

mM β-glycerol-phosphate (Sigma-Aldrich, Zwijndrecht, The Netherlands).  

5.4. Biochemical study 

5.4.1. DNA analysis. 

The cell number per scaffold was calculated from the µg of DNA, obtained by a 

Cyquant DNA assay kit (Life Technologies, Bleiswijk, the Netherlands). Briefly, 

each scaffold was cut to improve lysis efficiency and freeze-thawed 5 times. After 

the freeze-thawing process, cells within the scaffolds were lysated by diluting the 

20x lysis buffer provided with the kit using a saline buffer (180mM NaCl, 1 mM 

EDTA in distilled water). After 1h of lysis, samples were sonicated 2 times for 10 

seconds using a Branson sonifier 250 (Emerson Industrial Automation, USA). DNA 

content was quantified with a CyQuant kit (Invitrogen, Breda, the Netherlands) 

according to manufacturer’s protocol and fluorescence was measured at 480 nm 

using a spectrophotometer LS50B (Perkin Elmer, The Netherlands). DNA 

concentrations were calculated from a λ DNA standard curve. 
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5.4.2. ALP activity. 

To evaluate hMSC differentiation toward the osteogenic lineage, ALP content was 

measured using a CDP star kit (Roche, Woerden, The Netherlands). For this 

purpose, 10 μL of sample was added to a well of a white 96-well plate and 40 μL of 

substrate (Disodium 2-chloro-5-(4-methoxyspiro {1,2-dioxetane-3,2’-(5’-

chloro)tricycle[3.3.1.13.7]decan}-4-yl)-1-phenyl phosphate) was added. After 15 

minutes incubation, luminescence was read using a spectrophotometer LS50B 

(Perkin Elmer). ALP activity was corrected for DNA content.  

5.4.3. Osteocalcin quantification. 

Osteocalcin (OCN) production was analyzed after 35 days of culture (7 days in 

basic medium followed by 28 days in mineralization medium) using ELISA (human 

osteocalcin ELISA kit, Invitrogen). The test was performed on 5 samples per 

condition. Briefly, the medium was removed and samples were washed using ice 

cold PBS. A buffer was prepared using 890 volumes of miliQ water, 100 volumes of 

RIPA buffer (Cell Technologies) and 10 volumes of Halt™ protease and 

phosphatase inhibitor (Thermo Scientific). 150 microliters of the buffer was added 

to each samples, which were incubated on ice for 10 minutes. The buffer was then 

collected from the samples and centrifuged at 11000 g for 15 minutes. The 

supernatant was collected and used for the ELISA tests which were performed 

according to the manufacturer’s protocol. Briefly, 25 µl of samples and standard 

solutions were added to the osteocalcin antibody-coated strip- well plates. 100 µl of 

Anti-OST-HRP conjugate, respectively, were added to each correspondent well, 

and the plates were covered and incubated for 2 hours at room temperature. After 

incubation, the solutions in the wells were aspirated and the wells were washed 3 

times using a washing solution provided in the kit. Then, 100 µl of a chromogen 

solution (Tetramethylbenzidine) was added to each well and the plates were 

incubated for 30 minutes at room temperature in the dark. Finally, 100 µl of stop 

solution was added to each well. The optical density of each well was read at 450 

nm using a plate reader (MULTISKAN GO, Thermo Scientific). A standard curve 
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was plotted in Microsoft excel and the concentration of OCN was determined in 

each well according to the standard curve. 

5.5. Gene expression analysis 

For gene expression analysis the scaffolds were taken from the medium washed 

twice  with PBS, cut into small pieces and placed in an Eppendorf containing 750 

µL of TRIzol® (Invitrogen) and stored at -80ºC. In the case of partition analysis the 

gradient scaffolds were cut in order to separate the gradient zones and the 3 

samples were located in the same vial prior the addition of the TRIzol®, in order to 

ensure the collection of enough RNA. RNA isolation was performed by using a 

Bioke RNA II nucleospin RNA isolation kit (Bioke, Leiden, The Netherlands). 150 

µL of CHCl3 were added and the vials were vigorously mixed, followed by a 

centrifugation at 12000 g for 15 minutes at 4 ºC. The aqueous phase was 

transferred into a new tube and an equal amount of 70% ethanol was added. The 

mixture was transferred into a filter columns from the kit and the extraction was 

carried on by following the manufacturer’s protocol. RNA concentration and purity 

was evaluated via an ND1000 spectrophotometer (Nanodrop Technologies, USA); 

cDNA was synthetized using iScript™ (BIO-RAD, Veenendaal, The Netherlands) 

according to manufacturer’s protocol. Quantitative polymerase chain reaction 

(qPCR) was performed on the obtained cDNA by using the iQ SYBR®Gree 

Supermix (BIO-RAD, Veenendaal, The Netherlands) and the primers listed in Table 

1. PCR reaction was carried out on the MyiQ2 Two-Color Real-Time PCR 

Detection System (BIO-RAD, Veenendaal, The Netherlands) under the following 

conditions, the cDNA was denatured for 10 minutes at 95 ºC, followed by 45 

cycles, consisting of 15 seconds at 95ºC, 15 seconds at 60ºC and 15 seconds at 

72ºC. A melting curve was generated from each reaction to test the presence of 

primer dimers and aspecific products. The cycle threshold was calculated by the 

Bio-Rad iQ5 optical system software, in which the threshold was set in the lower 

log-linear region of the fluorescent signal. Ct values were normalized by the B2M 

housekeeping gene and ΔCt ((average of Ct control)-Ct value). Results were 
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expressed as fold induction in mRNA expression normalized to the gene 

expression of the NG500 control scaffolds cultured in basic medium. 

Gene Forward Primer Reverse Primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC 

Runx

2 
TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 

Osteo

calcin 
TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC 

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

OPN CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT 

Table 1. Osteogenic markers used for the qPCR expressed as forward and reverse primer. 

5.6. Histological, computed tomography and SEM analysis 

G and NG scaffolds were analyzed by scanning electron microscopy (SEM, Philips 

– XL 30 ESEM-FEG). Directly after plotting scaffold were punched, cut in half, gold 

sputtered and analyzed. SEM images were analyzed using Image J software in 

order to measure the fiber diameter, fiber spacing, and pore dimensions. Directly 

after plotting, scaffolds were also analyzed by computed tomography analysis 

using a source voltage and current of 40 kV and 250 µA respectively, 600 

projections with an exposure of 100 ms and image pixel size of 3.97 µm. 

Scaffolds cultured in mineralization medium for 28 days were fixed using 10% 

formalin, dehydrated by an increased series of ethanol concentration (50-60-70-80-

90-96-100%) and cut in half. The final dehydration step was carried out using a 

Balzers CPD 030 Critical Point Drier. 

Dry scaffolds were mounted on SEM stubs, gold sputtered (Cressington sputter 

coater 108 auto), and analyzed by Energy Dispersive X-Ray Analysis (EDAX, 

Ametek, USA). The picture of the area and the mapping of the localization of 

Calcium (Ca) and phosphate (P) element were acquired.  
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5.7. Calcium assay 

After 28 days in mineralization medium the scaffolds were collected, cut, 

sonicated and incubated in 1M HCl solution for 3 days under agitation in order 

to release the Calcium. A QuantiChrom Calcium assay kit (DICA-500) 

(BioAssay System) was used to measure the calcium levels in each sample. 

The analysis was performed following the supplier protocol. Briefly, reagent A 

and B (provided with the kit) were mixed by combining equal volumes in order 

to obtain the working reagent. Five µL of each sample were pipetted in a clear 

96 well plate and incubated for 3 minutes with 200 µL of working reagent. 

Optical density was read at 612 nm using a Multiscan Go (Thermo Scientific, 

Breda, The Netherlands) plate reader. 

5.8. Partition analysis 

In order to analyze the behavior of hMSCs with the different pore sizes, at the end 

of the culture the gradient scaffolds were cut and the biochemical analysis was 

carried on the gradient zones separately. Due to the lower fiber number and the 

difficulty of separate them the areas with the biggest pores (900/1100) were 

analyzed together. 

5.9. Statistical analysis 

All the quantitative data are expressed as mean ± standard deviation. Statistics 

were performed using IBM SPSS Statistics 20. A two-way ANOVA with Tukey 

as post-hoc test were used. Differences between experimental groups were 

considered significant when p≤0.05. 
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SUPPORTING INFORMATION 

Fiber spacing [µm] Porosity [%] Pore size [µm] Pore volume 
[mm

3
] 

500 58%   270 ± 10 0.015 ± 0.002 

700 70%    500 ± 30 0.055 ± 0.008 

900 77% 710 ± 20 0.098 ± 0.009 

1100 81% 870 ± 50 0.181 ± 0.026 
Table S1. Table displaying the pore volume per gradient zone. The average volume 

increased by 10 times from the smallest to the largest pore size area. 

Sample Porosity [%] 

G 67.83 ± 3.3 

NG 500 47.24 ± 6.9 

NG 1100 80.63 ± 2.3 
Table S2. Table displaying the porosity of the full scaffolds. As expected the porosity of the 

G scaffolds were in between the porosity of the controls. 

 

Figure S1. Cell seeding efficiency of 300PEOT55PBT45 after 8 hours. The two materials 

showed a similar cell seeding efficiency. 
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Figure S2. Plot showing the cell number per gradient zone related to the seeding direction. 

The highest number of cells is located in the area that at the seeding moment is located at 
the bottom. 
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Figure S3. ALP activity of D1 (a) and D2 (b) expressed as fold induction normalized by the 

ALP activity levels of NG1100. In D1 the ALP activity was increased by 25% and 
significantly increased by 2.5 times in D2. A normalization by NG500 gave the same fold 
induction. ** statistical significance p<0.01. 
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Figure S4. Osteocalcin production measured by ELISA assay on G, NG 1100 and NG 500 

scaffolds show significantly higher amounts of osteocalcin in G and NG 1100 scaffolds, 

compared to NG 500 scaffolds. * indicates statistical significance with p < 0.05.  
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Figure S5. Partition analysis of ALP activity of D1 (a, c) and D2 (b, d) in 300PEOT55PBT (a, 

b) and PCL (c, d) gradient scaffolds normalized by cell density.  

 

Figure S6. HIF-1α (a) and HIF-2α (c) expression in the different regions of gradient 

scaffolds, showing a decrease of HIF factors with increasing the pore size. (b, d) control 

experiments in 2D cell culture plates in normoxic and hypoxic conditions 
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Abstract 

Articular cartilage lesions have a limited ability to heal by themselves. Yet, golden 

standard treatments for cartilage repair such as drilling, microfracture and 

mosaicplasty provide further damage and an unstable solution that degenerates 

into fibrocartilage in time. Articular cartilage presents a number of gradients in cell 

number and size along with structural gradients in extra cellular matrix (ECM) 

composition. Therefore, creating scaffolds that display a structural gradient can be 

an appealing strategy for cartilage tissue regeneration treatments. In the present 

study, a scaffold with an in-built discrete gradient in pore size was produced by 

additive manufacturing. Human mesenchymal stromal cells (hMSCs) were seeded 

within the gradient scaffolds and their proliferation, differentiation and ECM 

deposition was evaluated with respect to 2 non-gradient scaffolds. 

Glycosaminoglycan (GAG) deposition was significantly higher in gradient scaffolds 

and non-gradient scaffolds with the smallest pore size compared to non-gradient 

scaffolds with the largest pore size. A gradual increase of chondrogenic markers 

was observed within the gradient structures with decreasing pore size, which was 

also accompanied by an increasingly compact ECM formation. Therefore, scaffolds 

displaying a structural gradient in pore size seem to be a promising strategy to aid 

in the process of hMSC chondrogenic differentiation and could be considered for 

improved cartilage tissue regeneration applications.  
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1. Introduction 

Cartilage is the tissue located at the extremity of long bones and is responsible for 

the transmission of forces from the articular surface to the underlying subchondral 

bone [1]. Cartilage can be affected by progressive degenerative diseases such as 

osteoarthritis, which involves the osteochondral or chondral tissue depending on 

the depth of the injury. This process can be triggered by a severe trauma, repetitive 

minor injuries or aging process [2]. Currently, an optimum treatment for such type 

of lesions is still under debate. Articular cartilage lesions generally do not heal, or 

heal only partially under certain biological conditions [3]. Among the available 

treatments, most of them are based on the disruption of the damaged site such as 

drilling, microfracture or spongialization [4, 5]. Bleeding from the subchondral bone 

would then ensure the delivery of mononuclear cells and growth factors contained 

in the bone marrow responsible for the temporary healing of the damaged site. 

Other proposed techniques consist in the transplantation of autologous cells [6, 7], 

perichondrial/periosteal grafts [8], and autologous or allogenic osteochondral 

transplantation [9, 10]. Since all these proposed solutions present several 

drawbacks related to morbidity, risks of infections, lack of available tissues, and re-

degeneration of the repaired tissue, the use of biomaterial-based strategies to 

promote and direct tissue growth emerged in the past decades. Several techniques 

have been proposed in literature to produce scaffolds, such as freeze drying [11], 

salt leaching [12, 13], solvent casting [13] and gas foaming [14]. The success of a 

scaffold resides in some characteristic features such as total porosity, pore size 

and interconnectivity, mechanical and physico-chemical properties. The fore 

mentioned techniques lack control of one or more of these characteristics. Additive 

manufacturing has been used to fabricate scaffolds due to its ability of overcoming 

these drawbacks and the possibility to fine tune scaffolds characteristics such as 

pore shape and size. Additionally, a gradual variation of the scaffolds 

characteristics can be achieved within the same construct, allowing the design and 

production of scaffolds displaying structural gradients [15, 16]. Gradients are also 

present in the human body from the developmental phase to adult life. Morphogen 

gradients are known to lead to the formation of the osteochondral tissue [17]. At 
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the tissue interface, the gradual variation from one tissue to the other is based on 

gradients. Skin and bone present a gradient structure in the axial direction and the 

radial direction, respectively.  Cartilage is a tissue which display an internal 

variation of properties such as stiffness [18-20], extracellular matrix (ECM) 

composition [2, 18] and cell shape and number [21, 22] along the axial direction as 

well. In particular, articular cartilage display a gradient in proteoglycans, collagen 

type II, and water content. While proteoglycan content increases from the calcified 

region to the surface plateau, collagen type II and water content increases from the 

surface plateau to the calcified zone [23]. Therefore, the use of gradient scaffolds 

could be a feasible solution for cartilage regeneration. In the present study, 

scaffolds with a discrete gradient in pore size in the axial direction were fabricated 

by additive manufacturing. The proliferation, ECM deposition and differentiation of 

human bone marrow derived mesenchymal stromal cells (hMSCs) toward the 

chondrogenic lineage were evaluated. Furthermore, we analyzed the differentiation 

of hMSCs within the compartments of the gradient in order to correlate their 

differentiation to the size of the pores. We hypothesized that a variation in pore size 

could indirectly result into a local gradient in nutrient availability during culture. 

Correspondently, this may result in gradual hypoxic culture conditions, which are 

known to facilitate chondrogenesis [24, 25]. hMSCs have been chosen due to their 

potential to differentiate into different skeletal lineages, among others [26, 27]. 

Their presence in the mononuclear cell fraction of the subchondral bone marrow 

further guarantees a potentially straightforward clinical application, as hMSCs are 

often thought to be responsible for cartilage repair in current clinical surgical 

procedures such as microfracture.  

2. Materials & Methods 

2.1 Scaffolds preparation 

Scaffolds were fabricated via 3D fiber deposition (Bioscaffolder, SysENG, 

Germany). Scaffolds made of poly(ethylene oxide therephtalate)/poly(butylene 
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therephtalate) (PEOT/PBT) were produced. PEOT/PBT is a family of block co-

polymers characterized by an aPEOTbPBTc nomenclature, where a is the 

molecular weight of the starting PEG block and b and c are the PEOT/PBT ratio. A 

300PEOT55PBT45 composition was chosen due to its proven potential for skeletal 

regeneration [28, 29]. Briefly, the polymer (300PEOT55PBT45, PolyVation, The 

Netherlands) was placed in a stainless syringe and processed at 200 °C. The 

molten polymer was extruded through a cartridge unit, by the application of a 

nitrogen flow with a pressure of 5 bar from a pressurized cap and an extrusion 

screw rotation of 200 rpm. 

During plotting, the needle diameter, layer thickness and speed were kept constant 

at 200 µm, 150 µm and 180 mm/min, respectively. The fiber spacing was kept 

constant to 500 µm and 1100 µm for non-gradient (NG) scaffolds and varied from 

500 µm to 1100 µm for gradient (G) scaffolds. The fiber spacing was changed 

every millimeter. The scaffolds were plotted in blocks of 20x20 mm and 4 mm in 

height. The tested samples were 4x4 mm cylinders punched out from the blocks. 

2.2 Cell expansion and culture 

hMSCs (male, age 22) were retrieved from the Institute of Regenerative Medicine 

(Temple, Texas). Briefly, a bone marrow aspirate was drawn and mononuclear 

cells were separated using density centrifugation. The cells were plated to obtain 

adherent hMSCs, which were harvested when cells reached 60-80% confluence. 

These were considered passage 0 (P0) cells. These P0 cells were expanded, 

harvested and frozen at passage 1 (P1) for distribution. Cells were grown in MSC 

proliferation medium, which contains minimal essential medium (α-MEM, Life 

Technologies, Bleiswijk, the Netherlands) supplemented with 10% fetal bovine 

serum (FBS, Lonza), 100 U/ml penicillin (Life Technologies, Bleiswijk, the 

Netherlands), 10 µg/ml streptomycin (Life Technologies, Bleiswijk, the 

Netherlands), 2 mM L-glutamin (Life Technologies, Bleiswijk, the Netherlands), 0.2 

mM L-ascorbic acid 2-phosphate magnesium salt (ASAp, Sigma-Aldrich, 

Zwijndrecht, The Netherlands) and 1 ng/ml of basic fibroblast growth factor-2 

(bFGF-2, Fisher Scientific, Landsmeer, the Netherlands) at 37°C in a humid 
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atmosphere with 5% CO2. Cells were expanded up to approximately 80% 

confluency and either frozen for further use or seeded on the scaffolds. 

2.3 Cell seeding on scaffolds 

After trypsinizaition with 0.25% trypsin (Life Technologies, Bleiswijk, the 

Netherlands), cells (passage 2-4) were counted using a Bückner chamber and re-

suspended in proliferation medium at a density of 500’000 cells in 40 µL. The day 

before seeding, scaffolds were disinfected in 70% EtOH for 30 min under stirring, 

washed 3 times in phosphate buffered saline solution (PBS) (Lonza, Breda, the 

Netherlands), and incubated overnight in proliferation medium to allow protein 

adsorption on the scaffold’s fibers. After protein adsorption, the 40 µL of cell 

suspension were placed on the scaffold in a drop wise fashion to account for a cell 

seeding density of 500’000 cells/scaffold. The seeded scaffolds were placed for 4 

hours in the incubator to allow cell adhesion before adding the cell culture medium. 

Cells were cultured on the G and NG scaffolds for 7 days in proliferation medium. 

At day 7, the proliferation medium was changed and the cell-seeded scaffolds were 

cultured for another 28 days in basic medium presenting the same formulation as 

the proliferation medium without bFGF, or chondrogenic medium consisting of 

DMEM supplemented with 50 mg/mL ITS-premix (Bexton Dickinson), 0.4 mM 

Proline (Sigma-Aldrich, Zwijndrecht, The Netherlands), 50 mg/mL ascorbic acid 

(ASAp, Sigma-Aldrich, Zwijndrecht, The Netherlands), 100 mg/mL sodium pyruvate 

(Sigma-Aldrich, Zwijndrecht, The Netherlands), 100 U/ml penicillin (Life 

Technologies, Bleiswijk, the Netherlands), 10 µg/ml streptomycin (Life 

Technologies, Bleiswijk, the Netherlands), 10 ng/mL transforming growth factor β3 

(TGF-β3) (Life Technologies, Bleiswijk, the Netherlands) and 10
-7

 M 

dexamethasone (Sigma-Aldrich, Zwijndrecht, The Netherlands). Scaffolds were 

flipped every day so to exchange “bottom” and “top” side of the scaffolds to take 

into account the possible effect of gravity on cell distribution, where the “top” side is 

considered as the one with the smaller pore size in the gradient scaffolds. 
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2.4 Partition analysis 

To see the differences within the hMSCs cultured in the different area of the 

gradient scaffolds, after 14 and 28 days under differentiation conditions, the 

constructs were collected, washed 3 times with PBS and cut in 3 portions of 1 mm 

in height. The division of the pore size 900 with the pore size 1100 was not 

possible due to the poor mechanical properties; therefore, the 2 pore size portions 

were analyzed together. Biochemical studies and gene expression analysis were 

performed to the full and partitioned scaffolds. 

2.5 Biochemical study 

2.5.1 DNA analysis. 

The cell number per scaffold was calculated from the µg of DNA, obtained by a 

Cyquant DNA assay kit (Life Technologies, Bleiswijk, the Netherlands). Briefly, 

each scaffold was cut to improve lysis efficiency and freeze-thawed 5 times. After 

the freeze-thawing process, cells within the scaffolds were lysated by diluting the 

20x lysis buffer provided with the kit using a saline buffer (180mM NaCl, 1 mM 

EDTA in distilled water). After 1h of lysis, samples were sonicated 2 times for 10 

seconds using a Branson sonifier 250 (Emerson Industrial Automation, USA). DNA 

content was quantified with a CyQuant kit (Life Technologies, Bleiswijk, the 

Netherlands) according to manufacturer’s protocol and fluorescence was measured 

at 480 nm using a spectrophotometer LS50B (Perkin Elmer, The Netherlands). 

DNA concentrations were calculated from a λ DNA standard curve. 

2.5.2 GAG amount 

To evaluate the differentiation toward the chondrogenic lineage, the GAG amount 

was quantified using 1,9-Dimethyl Methylene Blue (DMMB) assay. Therefore, 25 

μL of sample were placed into a transparent flat bottom 96 well plate and 5 μL of 

2.3M NaCl solution were added, then 150 μL of DMMB solution were added and 

absorbance was read using a Multiscan Go (Fisher Scientific, Landsmeer, the 
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Netherlands) plate reader at a wavelength of 525 nm. GAG content was 

quantified with a chondroitin standard curve and corrected for DNA content.  

2.5.3 Western Blot Analysis 

hMSC passage 2-4 were cultured in normoxic (21% oxygen) conditions on both 

petri dishes and 3D scaffolds, and in hypoxic (2,5% oxygen) conditions on petri 

dishes only (positive control). The cells were lysed in radio-immunoprecipitation 

assay (RIPA) lysis buffer (sc-24948, SantaCruz Biotechnology). The protein 

content was determined using a Pierce BCA protein assay kit (#23227, Thermo 

Scientific Pierce), with bovine serum albumin used as a standard. Each sample 

was mixed with 4x Laemmli Sample Buffer (#161-0737, BioRad) under denaturing 

conditions. 20 µg of protein sample were loaded per lane and resolved on a 4–20% 

precast polyacrylamide gel (#456-8094, BioRad). Proteins were transferred to a 

PVDF membrane for immunoblotting. After blocking 1h at room temperature with 

5% BSA in Tris-buffered saline containing 0.1% Tween-20 (Santa Cruz 

Biotechnology), the membranes were incubated overnight at 4ºC with HIF-1α (28b) 

antibody (#sc-13515, Santa Cruz Biotechnology), or HIF-2α antibody (#sc-46691, 

Santa Cruz Biotechnology), diluted 1:250 in Tris-buffered saline containing 0.1% 

Tween-20). GAPDH antibody (#sc-365062, Santa Cruz Biotechnologies) diluted 

1:2500 was used as loading control for normalization. Membranes were washed 

with Tris-buffered saline, and incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies (DAKO) diluted 1:2500 in Tris-buffered saline 

containing 0.1% Tween-20 for 45min at room temperature. After washing, blots 

were developed using Clarity Western ECL Substrate (#1705060, BioRad) and the 

HRP activity of the blots were imaged using a BioRad Chemidoc Touch imager. 

Finally, blots were semi-quantified using ImageJ. 

2.6 SEM analysis and computed tomography analysis 

G and NG scaffolds were analyzed by scanning electron microscopy (SEM, Philips 

– XL 30 ESEM-FEG). Directly after plotting, scaffolds were punched, cut in half, 

gold sputtered (Cressington sputter coater 108 auto) and analyzed. SEM images 
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were analyzed using Image J software in order to measure the fiber diameter, fiber 

spacing, and pore dimensions. Pore dimensions can be calculated by subtracting 

the fiber dimension from the fiber spacing in the x-y plane, while they are identical 

to the layer thickness in the z direction [30]. Scaffolds cultured in basic and 

chondrogenic media for 28 days were fixed using 10% formalin, dehydrated by an 

increasing series of ethanol concentration (50-60-70-80-90-96-100%) and cut in 

half. The final dehydration step was carried out via immersion in 

Hexamethyldisilazane (Sigma-Aldrich, Zwijndrecht, The Netherlands) and overnight 

evaporation. Dry scaffolds were mounted on SEM stubs, gold sputtered, and 

analyzed for tissue formation. Directly after plotting, scaffolds were analyzed by 

micro-computed tomography (CT). The X-ray measurements were performed 

using SkyScan 1172 (Bruker) with the following working parameters of X-ray tube: 

40 kV and 250 µA. For a 3.97 μm pixel size, 600 projections were taken with 

exposure time of 100 ms and 5 integrations for each exposition. The projections 

were reconstructed with the special software (NRecon, ver. 1.6.10.4, Bruker 

microCT) and then exported to CTAn (ver. 1.15.4.0+, Bruker microCT) for further 

3D image analysis. Reconstructed slices were processed, resulting in 3D binary 

images. Object volume, available surface and fiber spacing were calculated for the 

whole volume of analyzed scaffolds.  

2.7 Gene expression analysis 

For gene expression analysis, the scaffolds were taken from the medium, washed 

twice with PBS, cut into small pieces, placed in an Eppendorf containing 750 µL of 

TRIzol® (Invitrogen) and stored at -80 ºC. In case of partition analysis, the gradient 

scaffolds were cut in order to separate the gradient zones and the 3 samples were 

located in the same vial prior the addition of TRIzol®, in order to ensure the 

collection of enough RNA. RNA isolation was performed by using a Bioke RNA II 

nucleospin RNA isolation kit (Bioke, Leiden, The Netherlands). 150 µL of CHCl3 

were added and the vials were vigorously mixed, followed by a centrifugation at 

12000 g for 15 minutes at 4 ºC. The aqueous phase was transferred into a new 

tube and an equal amount of 70% ethanol was added. The mixture was transferred 
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into a filter column from the kit and the extraction was carried on following the 

manufacturer’s protocol. RNA concentration and purity was evaluated via an 

ND1000 spectrophotometer (Nanodrop Technologies, USA); cDNA was 

synthetized using iScript™ (BIO-RAD, Veenendaal, The Netherlands) according to 

the manufacturer’s protocol. Quantitative polymerase chain reaction (qPCR) was 

performed on the obtained cDNA by using the iQ SYBR®Green Supermix (BIO-

RAD, Veenendaal, The Netherlands) and the primers listed in Table 1. PCR 

reaction was carried out on a MyiQ2 Two-Color Real-Time PCR Detection System 

(BIO-RAD, Veenendaal, The Netherlands) under the following conditions: the cDNa 

was denatured for 10 minutes at 95 ºC, followed by 45 cycles, consisting of 15 

seconds at 95 ºC, 15 seconds at 60 ºC and 15 seconds at 72 ºC. A melting curve 

was generated from each reaction to test the presence of primer dimers and 

unspecific products. The cycle threshold was calculated by the Bio-Rad iQ5 optical 

system software, in which the threshold was set in the lower log-linear region of the 

fluorescent signal. Ct values were normalized by the B2M housekeeping gene and 

ΔCt ((average of Ct control)-Ct value). Results were expressed as fold induction in 

mRNA expression normalized to the gene expression of the gradient scaffolds 

cultured in basic medium. In the partition analysis, the relative RNA expression was 

normalized by the big pore region (900/1100) cultured under chondrogenic 

conditions. 

Gene Forward Primer Reverse Primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

Aggrecan AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC 

Sox9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG 

Collagen 

IIα 
CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG 

Table 1. List of primers used for the gene expression anlysis of hMSC differentiation toward 

the chondrogenic lineage. 
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2.8 Statistical analysis 

All the quantitative data are expressed as mean ± standard deviation. Statistics 

were performed using IBM SPSS Statistics 20. A two-way ANOVA with Tukey 

as post-hoc test was used. Statistical significance between the control group 

and the experimental groups is indicated with (*) which represents a p-value < 

0.05, (**) which represents a p-value < 0.01, and (***) which represents a p-

value < 0.001. 

3. Results 

3.1 Scaffold characterization 

Four zones in the gradient scaffold can be distinguished (Figure 1a and 1d), where 

the fiber spacing changed from bottom to top from 463 µm ± 17 µm, to 646 µm  ± 9 

µm ,  836 µm ± 23 µm, 1023 µm ± 26 µm. The resulting pore size was 326 µm ± 17 

µm when the fiber spacing was set at 500 µm, 540 µm ± 11 µm when the fiber 

spacing was set at 700 µm, 744 µm ± 16 µm and 968 µm ± 25 µm when the fiber 

spacing was set at 900 and 1100 µm respectively as analyzed from SEM. The fiber 

diameter was measured as 155 ± 20 µm. The µCT analysis showed a pore size of 

237.67 µm ± 7.77 µm when the fiber spacing was set at 500 µm, 389.33 µm ± 4.93 

µm with a fiber spacing of 700 µm, 509 µm ± 4.36 µm and 538.33 µm ± 50.64 µm 

when the fiber spacing was at 900 µm and 1100 µm respectively (Table 2b). 

Control scaffolds were plotted by keeping the fiber spacing constant at 500 µm and 

1100 µm, which was measured as 458 µm ± 15 µm and 939 µm ± 88 µm, 

respectively, by SEM (Figure 1 c, and d). By increasing the fiber spacing, the 

volume of the pore in the different zones correspondently increased by 50% from 

the smallest to the largest pore size. (Figure 1e). In parallel, by increasing the pore 

size the surface available decreased from 114.75 mm
2
 ± 11.34 mm

2
 in the smaller 

pore area to 44.72 mm
2
 ± 14.16 mm

2
 in the largest pore area (Table 2b). As 

expected, the overall porosity of the gradient scaffolds was in between the porosity 

of the controls (Figure 1f). The porosity of the different gradient areas increased 

from 57% ± 0.07% close to the porosity of the NG 500 (47.24% ± 6.9 %), to 80% ± 
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0.04% that matched with porosity values of NG 1100 (80.63% ± 2.3%). The 

porosity calculated with the µCT showed that the porosity of G scaffolds were close 

to the one of NG500 scaffolds, 69.52 % ± 0.31 % and 70.80 % ± 0.06 %. NG1100 

scaffolds displayed a porosity of 78.88 % ± 0.7 % (Table 2a). 

 

Figure 1. Micrograph of the gradient and control scaffolds; a - b) µCT reconstruction and 

SEM pictures of the G scaffold cross section. Pore size is increasing with the fiber spacing 
along the z axis (scale bar 2mm), SEM micrograph of the control scaffolds NG500 (c) and 
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NG1100 (d) (scale bar 500 µm). Graph displaying the increase in porosity (e) and pore 
volume (f) along the z axis in the gradient scaffold. 

 

A 

 
G 

 
NG500 

 
NG1100 

Objectiv
e 
volume 
(mm

3
) 

14.06 ± 2.79 15.47 ± 0.01 10.75 ± 0.98 

Availabl
e 
surface 
(mm

2
) 

292.91 ± 16.57 366.82 ± 1.94 198.57 ± 19.42 

Porosity 
(%) 

69.52 ± 0.31 70.80 ± 0.06 78.88 ± 0.70 

Structur
e 
thicknes
s (µm) 

218.42 ± 1.64 164.04 ± 0.39 235.54 ± 2.75 

Averag
e pore 
size 
(µm) 

464 ± 14.7 303.5 ± 0.7 650.3 ± 55.1 

 

b  GRADIENT 
Fiber 

spacing 

Pore 
size 
(µm) 

Porosity 
(%) 

Available 
surface 
(mm

2
) 

Pore 
volume 
(mm

3
) 

 

1100 
538.3 ± 

50.6 
81.8 ± 

0.8 
44.7 ± 14.2 

8.1 ± 
0.4 

900 
509 ± 
4.36 

76.0 ± 
0.7 

59.8 ± 7.6 
7.2 ± 
0.2 

700 
389.3 ± 

4.9 
69.6 ± 

1.5 
73.6 ± 6.0 

6.6 ± 
0.1 

500 
237.7 ± 

7.8 
55.1 ± 

1.4 
114.7 ± 

11.3 
5.5 ± 
0.3 

Table 2. Table depicting the structural properties of the entire scaffolds (a) and of the 

different zones of the gradient scaffolds (b). All the scaffold properties of the gradient 
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scaffolds, with exception of the porosity, are between the values of the controls. Along the z 
axis there is an increase in pore size from the 500 to the 1100 zone and a parallel decrease 
of the available surface.  

3.2 Cell seeding efficiency and cell number 

The presence of the gradient as well as the different pore size of the controls didn’t 

affect cell attachment at 8 hours from seeding (Fig. 2a). At 28 days of 

differentiation, scaffolds cultured in basic conditions displayed a higher cell number 

compared to the ones cultured under chondrogenic conditions (Fig. 2b). Even at 

this late time point the porosity didn’t affected the cell number per structure, since 

there was no statistical difference among gradient and non-gradient scaffolds. 

 

Figure 26. Graphs displaying the cell seeding efficiency of each construct after 8 hours (a) 

and the cell number per construct after 28 days of culture under basic and chondrogenic 
conditions (b). 

3.3 Induction of chondrogenic markers 

After 14 days under chondrogenic conditions 2 out of 3 markers chosen to detect 

chondrogenesis were upregulated (Fig. 3a). The early marker sox9 appeared 

highly upregulated with a 7-fold induction for the gradient and a 6- and 8-fold 

induction for the NG500 and NG1100, respectively. The late marker aggrecan was 

even more upregulated with a 38-fold induction for the gradient, and a 32- and 31-

fold induction for NG500 and NG1100 respectively. Collagen type II displayed an 

initial increase in its expression with an upregulation of 2 to 3 times fold. No major 

differences could be detected among the gradient and non-gradient structures. 

After 28 days under differentiation conditions the produced glycosaminoglycan 
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(GAG) displayed a trend in which the NG1100 scaffolds showed 13.08 ± 4.98 µg of 

GAG/DNA, which was significantly lower than the amount of GAG deposited by 

NG500 scaffolds (26.2 ± 2.07 µg of GAG/DNA) as shown in Figure 3b. G scaffolds 

showed an amount of GAG/DNA of 21.39 ± 2.92, which was significantly higher 

with respect to the amount produced in NG1100 scaffolds. 

 

Figure 3. Chondrogenic differentiation at genic level after 14 days (a) and in GAG deposited 

after 28 days (b) by hMSCs residing in G and NG scaffolds. The expression in chondrogenic 
markers did not show any statistical difference among the scaffolds. Small pores and the 
gradient displayed a beneficial effect on chondrogenic differentiation with respect to bigger 
pores. As expected the culture under chondrogenic conditions significantly enhanced the 
GAG/DNA amount with respect to the culture in basic media. * Statistical significance p < 
0,05 and *** p < 0,001. 

3.4 ECM analysis 

After 28 days, the constructs cultured in basic medium displayed cells adhering to 

the fibers with produced ECM bridging the pores and connecting subsequent fibers 

(Figure 4 a-f). When cultured under chondrogenic conditions, all the samples 

displayed the presence of ECM closing most of the pores (Fig 4 g-l). Samples 

cultured under chondrogenic conditions displayed a consistently higher ECM.  

As shown in Figure 4 (m-p) from the small pores to the big pores throughout the 

entire pore network, the gradient scaffolds were filled with ECM. The ECM 

organization seemed more compact in the area with fiber spacing of 700 µm and 

500 µm (Figure 4 n, o), and became looser when moving to the bottom part of the 

scaffolds characterized by the higher fiber spacing (Figure 4 p). Higher 
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magnification showed in both G and NG scaffolds spread cell morphology, yet with 

more ECM fibrillary bundles present in G scaffolds (Supporting Information, Figure 

S2). 

 

Figure 4. SEM micrograph displaying the ECM deposition of hMSCs cultured under basic 

(a-f) and chondrogenic medium (g-l) after 28 days. Under chondrogenic conditions, gradient 
scaffolds (h, k) displayed an increased amount of ECM deposited in respect of NG 500 (g, j) 
and NG 1100 (i, l) under the same conditions. Scaffolds cultured under basic medium 
displayed a very low amount of ECM without major differences among the constructs. Scale 
bar: 1 mm (a-c, g-i) and 500 µm (d-f, j-l) . In the lower part of the figure (m-p) micrographs 
displaying the ECM organization of the entire G scaffold cultured under chondrogenic 
conditions and SEM pictures taken at higher magnifications of the gradient zones. Scale bar: 
1mm (m) and 500 µm (n-p). 
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3.5 hMSC differentiation and ECM deposition in respect of the pore 

size zone 

3.5.1 Gene expression per gradient zone 

As showed in figure 5, the expression of aggrecan, collagen type II and sox9 genes 

were analyzed in each portion of the gradient scaffolds. The early marker Sox 9 

presented a 5-fold induction in the smallest pore region, significantly higher than in 

the biggest pore region. The portion with the fiber spacing of 700 µm presented a 

2-fold induction, similar to the largest pore region. Collagen type II showed a similar 

trend with a 7-fold increase when the fiber spacing was set at 500 µm and a 3-fold 

increase with a fiber spacing of 700 µm. Aggrecan displayed the highest 

differences between the portions with a 21- and a 4-fold increase in the 500 µm 

and 700 µm zones, respectively. 

 

Figure 5. Differentiation of hMSCs residing in the different compartments of the gradient 

scaffold at genic level. The smaller pores seemed to trigger a higher expression of 
chondrogenic markers. All the differences between the zones were statistically significant for 
all the genes. Aggrecan variation was significant also between the 700 µm and 900/1100 µm 
fiber spacing regions.  ** statistical significance p<0.01, ** * p<0.001. 
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3.5.2 Cellularity and ECM within the gradient  

After 28 days of culture, hMSC number decreased with increasing the pore size in 

chondrogenic medium (Figure 6b), while there was no difference in basic medium. 

GAG amount followed the same trend (Figure 6a). The portion with the smallest 

pore size was filled with a GAG/DNA amount of 65.06 ± 7.85 µg, which decreased 

to 19 ± 2.73 µg in the further porosity zone and to 7.27 ± 2.44 in the largest pore 

zone (Figure 6a). A similar trend was seen under basic conditions where the 

900/1100 µm portion showed a significantly lower amount of GAG/DNA with 

respect to the 700 µm and 500 µm zones, which had a similar amount. The same 

trend and statistical significances were maintained by normalizing the amount of 

GAG per zone when the structural properties were taken into consideration 

(Supporting Information, Figure S1). The cell number was the highest in the 500 

µm part, which displayed 87564 ± 16218 with respect to the 700 µm and 900/1100 

µm with 57708 ± 7470 and 44970 ± 7955, respectively. To further prove our 

hypothesis that protein gradient formation could be correlated to differential hypoxic 

conditions due to different cell nutrient availability in the different scaffold regions, 

we also analyzed the production of hypoxia inducible factors (HIF). Our results 

confirmed that in the smallest pore size region a higher HIF-1α and HIF-2α 

secretion was measured. Both HIFs production decreased with increasing pore 

size (Supporting Information, Figure 3). 
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Figure 6. GAG/DNA (a) and cell number (b) in the different compartment of the gradient 

scaffolds. Under chondrogenic conditions both the GAG/DNA and the cell number showed a 
decreasing trend from the zone with smaller pores to the zone with bigger pores. Under 
basic conditions no trend can be seen, the cell number was higher at the bottom and top 
part of the scaffolds, whereas GAG/DNA was lower in the portion with bigger pores. * 
statistical significance p<0.05, ** P<0.01 and *** P<0.001. 
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4. Discussion 

In the present study, scaffolds with a discrete gradient in pore size were fabricated 

and showed to influence hMSC chondrogenic differentiation. The pores increased 

in size along the longitudinal axis by increasing the fiber spacing by 200 µm every 

millimeter. As expected this led to an increase in porosity and pore volume. Despite 

some fluctuations in the fiber size, especially in the gradient scaffolds where the 

continuous change of the contact points between subsequent layers may have 

contributed to a different plastic deformation of the molten polymer during 

extrusion, the fabricated scaffolds displayed a controlled tunable pore network 

architecture. A further improvement on such fluctuations could be obtained, for 

example, by better controlling the heating path of the molten polymer from the 

cartridge where it is placed to the needle where it is extruded. Limiting the time 

window in which the polymer is heated would result in less thermal degradation, 

which would consequently result in less variations due to change of molten 

viscosity of the material. Other additive manufacturing technologies have been also 

used to create gradients in pore size, such as stereolithography [31]. In this 

respect, the technology that we have used is not necessarily better than other 

additive manufacturing technologies. The novelty of our study lies in the design of 

the pore size gradients specifically tuned for stem cell driven articular cartilage 

regeneration, while other studies using additive manufactured scaffolds focused 

only on improvement of cell entrapment or better cartilage regeneration with 

primary differentiated chondrocytes. 

We expected that the gradient along the z axis should have generated a sieve 

effect increasing cell adhesion due to an increased number of fiber connections. 

Sobral et al. [15] showed how a gradient structure can enhance the cell entrapment 

ability of a scaffold by increasing the fiber connections point where cell adhesion 

begins. Our findings are in contrast to this study, since no differences could be 

seen in cell number after 8 hours. Even though a sieve effect could be expected in 

our scaffolds, this did not affect the cell seeding with respect to the control 

scaffolds. Furthermore, to compensate as much as possible the effect of gravity on 

cell seeding distribution, scaffolds were flipped every day, which is known to 
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improve cell homogeneous distribution in additive manufactured scaffolds [32]. The 

different gradient direction of the fore mentioned study and the consequent number 

of fibers encountered along the z axis by the cells could have determined a sieve 

effect greater than the one showed by our scaffolds. As expected, by culturing the 

scaffolds in basic and chondrogenic medium a significant difference in cell number 

between the conditions was measured. Cell adhesion on the scaffolds is mediated 

by proteins such as laminin, fibronectin and vitronectin [33-35], which are 

commonly present in the FBS contained in the basic medium. As chondrogenic 

medium does not contain FBS, it is reasonable to expect a decrease in cell number 

with culturing time, which is also in line with the low cell density of articular cartilage 

tissue.  

The scaffold features in terms of porosity and pore size did not affect hMSC 

proliferation either. It is known that structural properties such as pore shape and 

size affect ECM deposition [16, 36]. In particular, from the study of Woodfield et al., 

when cells are cultured within structures with small pores, the release of GAG is 

significantly enhanced with respect to structures presenting bigger pores [16]. 

Similarly, in our study the scaffolds presenting a homogeneous fiber spacing of 500 

µm showed a significantly higher amount of GAG/DNA with respect to the NG1100 

scaffolds (Figure 3b). The gradient scaffolds supported an amount of GAG/DNA 

which is closer to the amount presented by the scaffolds with a homogenous pore 

size of 326 µm ± 17 µm  and significantly higher than the amount present in the 

scaffolds with a homogenous pore size of  968 µm ± 25 µm.  

In vivo, chondrogenesis begins from the condensation of hMSCs after the 

exposure to TGF-β, which leads to the expression of molecules involved in the 

condensation process such as tenacin C, fibronectin and N-chaderin [37, 38]. 

Condensation leads to the expression of the transcription factor sex determining 

region Y-box 9 (sox-9). The cells within the aggregates proceed to chondroblasts 

and begin to produce aggrecan and collagen type II, IX, and XI. This development 

is carried on by the effect of sox-9  in combination with the influence of a growth 

factor cocktail, including amongst others insulin growth factor-1, fibroblast growth 

factor-2, and bone morphogenetic proteins (BMPs) -2, -4, -7, and -14 [37, 39, 40]. 

A study of Steinert et al.[41] showed a correlation between the size of cell 
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aggregate, number of cells and GAG deposited. By increasing the size of the cell 

aggregate, the cell number and the GAG deposited also increased. In the present 

study, we hypothesized that the structural properties of the construct could have 

determined a faster filling of the smaller pores and the consequent aggregate-like 

state of hMSCs.  This may have led to a faster and more pronounced differentiation 

toward the chondrogenic lineage. In the full scaffolds, the pore geometry seemed 

to affect only the ECM deposition and not the differentiation, since no major 

differences could be seen in terms of chondrogenic markers at the genic level. The 

ECM produced seemed to be mainly based on proteoglycans, since the synthesis 

of coll II mRNA was not significantly induced, whereas ACAN gene expression was 

enhanced in all the constructs already after 2 weeks. 

A similar explanation can be proposed for the behavior of hMSCs residing in the 

different gradient compartments. The portion with a fiber spacing of 500 µm is the 

one presenting the smallest pore size and the highest cell number. It is known that 

the initial cell density can drive the differentiation of the hMSCs [42, 43]. The 

highest cell density per volume unit within the 500 µm part may have led the cells 

to assume an aggregate like state, such as the initial mesenchymal cell 

condensation stage of the chondrogenic differentiation. N-cadherin mediates cell-

cell interaction during cell condensation. Wnt-7a positively regulates N-cadherin 

expression in that stage, and it is regulated by TGF-beta. TGF-beta is added in the 

differentiation medium, it activates p38 MAPK pathway inhibiting the Wnt-7a/beta-

catenin-dependent degradation of Sox9, therefore favoring ECM deposition and 

chondrogenesis [44, 45]. Bigger pores determined a delay in the activation of this 

process, generating a gradient in expression of chondrogenic markers opposite 

than the pore size increase. At the genetic level as well as at the protein level, the 

same trend was visible with an over expression of sox9, collagen type II and 

aggrecan in the small pore area compared to the 700 µm and the 900/1100 µm 

fiber spacing zones. In the study by Oh et al. the chondrogenic differentiation of 

hMSCs increased by increasing the pore size. In a PCL scaffolds with a gradient in 

pore size ranging from 90 µm to 400 µm, the more favorable environment for 

chondrogenic differentiation was showed by the pore size ranging from 370-400 

µm after 21 days of culture [46]. Similarly, in the present study the highest 
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chondrogenic differentiation was displayed by the zone with pore size of 326 µm ± 

17 µm, close to the optimum presented in the fore mentioned study. A further 

increase in pore size depicted an inverted trend with respect to Oh’s study.  

The GAG deposited can be determined just by the higher cell number in one 

compartment with respect to another. In order to decouple the effect of cell 

number, normalization by DNA was performed. The amount of GAG produced 

within the gradient zones can be expressed as total amount of GAG measured in 

the 500 µm, 700 µm and 900/1100 µm zones. Therefore, normalization by pore 

volume unit was also performed. Independently from cell density and pore volume, 

the gradient zone with the smallest pore always resulted with the greater amount of 

produced GAG. The increased cell density in the 500 µm zone and the lower pore 

size may result in a decreased oxygen tension and nutrient availability. In literature 

several papers correlated the oxygen tension and chondrogenesis [47-49]. 

Recently, Lee et al.[50] showed the correlation between the survival pathway 

phosphatidylinositol 3-kinase (PI3K)/Akt/FoxO pathway, activated by hypoxia, and 

the increased chondrogenic differentiation of hMSCs. The low oxygen tension 

determines a cytosolic accumulation of hypoxia inducible factor 1 (HIF-1) and its 

consequent translocation in the nucleus where it acts as transcription factor. The 

full underlying  mechanism remains still unclear [50]. Exposure to hypoxic 

conditions activates the PI3K/Akt pathway, involved in terminal chondrocyte 

differentiation, promotes chondrocytes proliferation and inhibits their hypertrophic 

differentiation. The enhanced chondrogenic differentiation in the small pore 

compartment can be based on the generation of a hypoxic environment due to the 

cell density and pore size. This was further supported by the analysis of HIF-1α 

and HIF-2α, which both increased with decreasing pore size in our scaffolds 

(Supporting Information, Figure 3). 

Articular cartilage presents gradients in cell number, oxygen and nutrient 

availability and ECM components which follow different directions [1]. In particular, 

the top part of the scaffolds showed the highest cell number which is decreasing 

with the increasing in pore size. This would suggest the use of the small pores as 

superficial layer and the 900/1100 µm portion as deep zone. In the native articular 

cartilage the GAG amount decreases when moving from the deep to the superficial 
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layer where the chondrocytes show a lower differentiation degree. Also the nutrient 

availability and oxygen tension decrease from the superficial zone moving to the 

deep zone. According to our findings the 500 µm fiber spacing zone, corresponding 

to a pore size of ~300 µm, is the one showing the highest expression in 

chondrogenic markers, in glycosaminoglycans synthesis, as well as in HIF 

secretion. Despite Oh’s study showed that below 300 µm in pore size 

chondrogenesis is not improved, we could not exclude that by further decreasing 

the pore size below 300 µm a further increase in chondrogenic differentiation could 

have been observed with our scaffolds as they display a completely interconnected 

pore network. Further studies could look into such smaller pore size, taking into 

account that with this technique the pore size limitation is dictated by the fiber 

dimension and reaches a resolution limit of approximately 100 µm. Further studies 

will be aimed at identifying more components of the ECM in the different zones. 

Presence and structure of collagen type II fibrils can be markers to correlate the 

structure of the native cartilage with the one formed within the scaffold. 

Additionally, an analysis on the expression of collagen X may clarify if the state of 

hypertrophic cartilage is reached and may contribute deciding which direction to 

choose for the implantation of the gradient scaffold in an in vivo model. 

Supplementary studies are still needed to understand if the hMSCs within a 

porosity gradient are able to reach the state of mature cartilage and if the gradients 

found in the native cartilage are formed in vivo. A further application could be the 

use of such scaffolds for osteochondral regeneration, where the small pores are 

indeed used for chondrogenesis, while the larger pores are used for osteogenesis. 

In this respect, we have conducted additional studies on the influence of such 

gradient scaffolds on the osteogenic differentiation of MSCs and found out that with 

increasing pore size osteogenic differentiation was enhanced [51]. Nonetheless, 

fabricating scaffolds with structural gradients seems a promising approach to 

support a hierarchical chondrogenic differentiation of adult stem cells.  
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6. Conclusions 

Articular cartilage can be seen as a gradient tissue. Therefore, the use of gradient 

scaffolds in combination with undifferentiated cells can be foreseen as tools for its 

regeneration. In the present study, a scaffold presenting a gradient in porosity was 

successfully produced and the differentiation of hMSCs showed enhanced 

chondrogenic gene expression and an increased GAG deposition with decreasing 

the pore size, likely due to a related higher cell density and the consequent 

generation of hypoxic conditions. The cells growing within the gradient scaffolds 

seemed to support a higher ECM deposition in comparison with the NG scaffolds. 

The same trend was observed among the gradient zones. Structural gradients 

could, thus, be considered as a promising strategy for the design of scaffolds 

aiding to the process of adult stem cell chondrogenic differentiation.  
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Supporting information 

 

Figure S1. Graphs displaying the GAG deposited per zone (a) and the GAG deposited per 

zone normalized by the pore volume (b). The normalization performed did not influence the 
trend, the gradient portion with the smallest pore is the one displaying a greater amount of 
GAG in respect to the other gradient zones. *** statistical significance p<0,001. 

 

Figure S2. High magnification SEM images showing more ECM fibrillary bundles in 

Gradient scaffolds, while only spread cell morphology in Non-Gradient scaffolds. 
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Figure S3. Partition analysis of (A) HIF-1α and (C) HIF-2α on different pore size regions of 

the gradient scaffolds show higher HIF expression for lower pore size. (C, D) Cells were also 

cultured in 2D in normoxic and hypoxic conditions as negative and positive controls, 

respectively. 
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Abstract 

Guiding bone regeneration poses still unmet challenges due to several drawbacks 

of current standard treatments in the clinics. A possible solution may rely on the 

use of three-dimensional (3D) scaffolds with optimized structural properties in 

combination with human mesenchymal stem cells (hMSCs). Bone presents a radial 

gradient structure from the outside, where the cortical bone is more compact 

(porosity ranging from 5% to 10%), toward the inner part, where the cancellous 

bone is more porous (porosity ranging from 50% to 90%). Here, we present a new 

scaffold design with a built-in gradient in porosity, which approximate the radial 

bone structure. The pores of the outer ring were 500 µm, the ones in the middle 

zone were 750 µm and the inner part presented pores of 1000 µm. The porosity of 

each scaffold region resembled the gradient present in bone, with the outer ring 

having a porosity of 29.6% ± 5%, the middle and inner regions a porosity of 50.8% 

± 8.1% and 77.6% ± 3.2% respectively. hMSC behavior was analyzed in terms of 

growth, extracellular matrix (ECM) deposition and differentiation toward the 

osteogenic lineage. A trend was displayed by the hMSCs residing in different 

zones of the gradient scaffolds after 7, 14 and 28 days of culture in mineralization 

medium. Osteogenic differentiation was influenced by pore size and location in 

scaffolds displaying a radial porosity gradient. Cell differentiation was confirmed by 

gene expression with upregulation of Runx2 and bone sialoprotein markers. 

Mineralization staining further confirmed the maturation of cell differentiation, as 

indicated by the presence of calcium and phosphate mineral deposits.  
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1. Introduction 

Bone is the second most common transplanted tissue in the clinics. Bone is also 

one of the few tissues in our body with the highest capacity to regenerate after an 

injury. Yet, for severe critical sized defects, such regenerative capacity is impaired. 

Hence, bone regeneration is still a key field among regenerative medicine 

applications. The golden standard for bone replacement relies on autografts and 

allografts, the use of biological material harvested mainly from the iliac crest of the 

patient or from a deceased donor [1]. Among their advantages, the former possess 

desirable properties such as osteoinductivity and osteoconductivity [2], which are 

needed in order to promote bone repair. The latter present a lower percentage of 

graft incorporation and lower osteogenic properties. Beside their common use, 

these biological substitutes present several drawbacks such as donor-site 

morbidity (autograft), limited tissue availability and surgery complications [3]. 

Furthermore, allografts present the additional problem of risk of immune rejection 

and of pathogen transmission from donor to host [4]. In order to overcome these 

problems, a considerable effort has been done for developing convenient 

alternatives that will promote the regenerative ability of the host body [5]. Among 

these, the use of 3D scaffolds able of guiding and supporting cell activity has 

gained a lot of interest.  

Several techniques such as gas foaming [6, 7], freeze drying [8], solvent casting 

and salt leaching have been used to generate scaffolds [9, 10]. Even though they 

are easy to implement, the resulting scaffolds lack several key properties, such as 

pore interconnectivity and mechanical properties, and present limitations in terms 

of tuning their pore network architecture. In order to overcome these limitations, in 

the past decade additive manufacturing (AM) emerged as alternative technique for 

scaffolds production. Thanks to the computer aided design and computer aided 

manufacturing (CAD-CAM) process, pore size and shape, fiber size and material 

composition can be varied during scaffold fabrication allowing, for example, the 

generation of gradient structures. In particular, extrusion-based AM technologies 

involve the use of a moving extrusion head that operates in the X and Y axes. The 

biomaterial of choice, typically a polymer, is heated above its melting temperature 
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to reach a viscous state, and extruded from a nozzle in thin layers onto a stage. 

After the completion of each layer, the height of the extrusion head is increased 

and the next layer is plotted [11]. It has been already proved that this technique 

can be used to produce complex 3D scaffolds with defined porosity, pore size and 

interconnectivity [12].  

Another important factor in tissue regeneration relies on the choice of a specific cell 

type. For bone regeneration already terminally differentiated cells such as 

osteoblasts can be used and would be the most logical choice. However, a further 

bone defect would be needed to obtain these cells. A valid alternative to 

osteoblasts is represented by mesenchymal stem cells (MSC), also known as 

skeletal stem cells or bone marrow stromal cells [13]. It has been proved that these 

progenitor cells can differentiate into osteogenic, chondrogenic and adipogenic 

lineages [14] and preserve this differentiation potential after in vitro expansion [15]. 

Bone marrow, periosteum, adipose tissue, umbilical cord and placenta are 

considered possible human MSC sources [16]. Their differentiation can be driven 

by several environmental cues such as material physico-chemical properties 

(stiffness, surface energy) [17, 18], scaffold structural properties (porosity and pore 

shape) [19, 20], and the presence of soluble factors (BMPs, TGF-βs) [21-23].   

Apart from the general desirable characteristics of biocompatibility, osteoinductivity 

and osteoconductivity, the ideal scaffold for bone tissue regeneration should 

possess adequate mechanical and structural properties [24]. The scaffold should 

have enough mechanical strength to maintain the proper architecture withstanding 

the hydrostatic pressure [25]. Once implanted, the construct should theoretically 

also match the mechanical properties of the living bone to allow an early 

mobilization of the injured site [26]. Regarding the scaffold architecture, the 

construct should have pores within the range of 200-900 μm and a fully 

interconnected pore network to allow cell and tissue in-growth and an efficient 

distribution of nutrients and oxygen [26]. However, it must be considered that an 

increase of the porosity coincide with a decrease of the mechanical properties [27], 

therefore a proper balance between these two elements is needed. Bones of the 

adult skeleton don’t have a homogeneous structure, as they are composed by two 

regions that display different architectures. The outer highly dense region, known 
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as cortical bone, has a porosity that ranges from 5% to 30% (mostly in the range 

5%-10%) whereas the inner region, called cancellous bone, has a porosity that 

ranges from 50% to 90%. Due to the differences in porosity, cancellous bone has 

an elastic modulus and an ultimate compressive strength 10 times lower that the 

one of the cortical bone [28].  

Considering these gradient structural properties related to bone porosity and pore 

size, an appealing new strategy to design scaffolds for bone regeneration could 

rely on approaching such structure to promote regional cell differentiation. We have 

already shown that axial gradients in pore size and architecture can improve hMSC 

differentiation toward the osteogenic or chondrogenic lineages [29]. Therefore, in 

the present study we hypothesized that it is unlikely that a uniform porous 

biomaterial can be suitable for cortical bone regeneration either. Inspired by cortical 

bone architecture, we fabricated for the first time hierarchical scaffolds with a new 

radial graded porosity in order to mimic the variation in bone density from the 

cortical bone to the cancellous bone. We studied whether such graded pore size 

and porosity has an influence on human MSCs behaviour. 

2. Materials and Methods 

2.1 Scaffold design, plotting and characterization 

2.1.1 Scaffold plotting 

Scaffolds were fabricated via an extrusion-based AM technology (Bioscaffolder, 

SysENG, Germany). Scaffolds were made of poly(ethylene oxide 

therephtalate)/poly(butylene therephtalate) (PEOT/PBT). PEOT/PBT is a family of 

block co-polymers characterized by an aPEOTbPBTc nomenclature, where a is the 

molecular weight of the starting PEG block and b and c are the PEOT/PBT ratio. 

Briefly, the syringe was filled with the polymer (300PEOT55PBT45, PolyVation, 

The Netherlands), heated at 190 °C, and extruded by applying a pressure of 5 bar, 

an auger screw rotation of 100 rpm and a cartridge translation speed of 250-325 

mm/min. The scaffold architecture was determined by a 0-90 layer configuration 

where fibers were deposited with a 90° orientation steps between successive 
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layers. The final scaffold was characterized by a cylindrical shape with a height of 

3.75 mm and an outer diameter of 12 mm (the inner and middle diameter were 4 

and 8 mm, respectively). The fiber diameter and height was kept constant at 250 

µm and 150 µm. To produce the radial porosity gradient (RPG) constructs, the fiber 

spacing was varied from 500 µm in the outer region to 750 µm in the middle region, 

and to 1000 µm in the inner region. Three types of scaffold were used as control. 

Two were fabricated with a homogeneous porosity, in particular maintaining the 

smallest (500 µm) and the biggest (1000 µm) fiber spacing of the RPG scaffolds. 

The third one was designed with an inverted gradient of porosity (IPG), with the 

biggest pore volume outside and the smallest inside. 

2.1.2 Porosity Evaluation 

The porosity of the RPG and control scaffolds was evaluated following Landers et 

al. theoretical approach [30]: 

 

𝑃 = 1 −
𝑉 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝑉 𝑐𝑢𝑏𝑒
= 1 −

𝜋

4
∗

𝑑1
2

𝑑2 ∗ 𝑑3

 

 

Where, P is the scaffold porosity, while d1 is the fiber diameter, d2 is the fiber 

spacing, and d3 is the layer thickness of each scaffold. 

2.1.3 Mechanical Characterization 

The mechanical properties of RPG scaffolds and relative controls in wet and dry 

conditions were evaluated through uniaxial compression tests. For each 

configuration, 4 samples were analyzed. The length-to-diameter (L/d) aspect ratio 

(1/3) provided a uniform compression stress in the region where the strain was 

measured. This value is the best compromise for cylindrical samples to avoid 

spurious bending or buckling (if L/d >> 1/3) or a state of not uniaxial compression 

(if L/d << 1/3). In our case, L/d ≈0.319≈ 1/3 for the fabricated scaffolds. Samples 

were positioned in a standard compression block and aligned to the 500 N load cell 

of a Zwick testing machine. To evaluate the influence of an aqueous environment 
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and possible perfusion effects, tests were performed under two different 

environmental conditions: in a nitrogen atmosphere (dry condition) and in culture 

medium (alpha-MEM) at 37°C (wet condition). In the second case, the samples 

were left overnight in the medium at 37°C. All the specimens were preloaded with 

0.1N and preconditioned by a series of ten cycles until reaching a strain of 5% with 

a strain rate of 1mm/min to reduce the hysteresis. Subsequently, the scaffolds 

were compressed at 1 mm/min until failure. From the stress-strain curve, the elastic 

region and the Young’s Modulus (E) were evaluated. 

2.2 Cell Seeding and Culture 

2.2.1 Cell Expansion and Culture Conditions 

Pre-selected hMSCs (male, age 22) were purchased from Prockop laboratories 

(Temple, Texas). Cells at passage 2 were expanded at initial seeding density of 

about 1000 cells/cm
2
 in proliferation medium at approximately 80% confluency 

prior the seeding on 3D scaffolds. Cells were grown at 37 °C in a humidified 

atmosphere with 5% CO2. Basic medium (BM) was used after cell seeding on the 

scaffolds as control for mineralization medium (MM). BM consisted of alpha 

minimum essential medium (MEM-α, Gibco) supplemented with 10% fetal bovine 

serum (FBS, Lonza), L-glutamine (2mM, Gibco), penicillin (100 U/ml, Gibco) and 

streptomycin (100 μg/ml, Gibco), and ascorbic acid (0.2 mM, Sigma). MM, used for 

cell differentiation toward the osteogenic lineage, consisted of BM containing 10 

nM dexamethasone (Sigma) and 0.01M β- 

glycerophosphate (BGP, Sigma). During cell expansion, proliferation medium, 

which consisted of BM supplemented with basic fibroblast growth factor (1ng/ml, 

bFGF, Instruchemie) was used. 

2.2.2 Cell Seeding and Culture on FDM-scaffolds 

The scaffolds were sterilized in 70% ethanol for 45 minutes, subsequently washed 

twice in PBS for 5 minutes and finally incubated in BM overnight to pre-wet them 

and promote protein adsorption. Before seeding, scaffolds were dried and placed 

in a non-treated 24-well plate (NUNC). Harvested P3 hMCs were seeded on 
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scaffolds with a density of 500000 cells in 100 μl of BM. To obtain a homogeneous 

distribution in static conditions, the scaffolds were ideally divided into 4 quadrants 

and the initial seeding volume was split into 4 drops of 25 μl (125000 cells/drop), 

one for each quadrant. After 4 hours of incubation in which cells were allowed to 

adhere, the medium was filled up to 1.5 ml. The next day, medium was changed to 

the experimental culture conditions (BM and MM). The media were refreshed every 

2-3 days and every time the scaffolds were rotated of 180° in order to reduce the 

effect of the gravity force. Cells were grown at 37 °C in a humidified atmosphere 

with 5% CO2. 

2.3 Biochemical Analysis 

All the biochemical studies were performed after 7, 14 and 28 days of culture in 

MM and BM. DNA and ALP assays were performed in a “partition” manner: the 

three different areas of the scaffold (outer, middle and inner part) were divided 

using a cutter and analysed separately in order to have a better understanding of 

how cellular behaviour is affected by each porosity.  Triplicates were used for each 

condition at each time point. 

2.3.1 DNA Assay 

Cell number per area was obtained from the μg of DNA, calculated with CyQuant 

DNA assay kit (Molecular Probes, Invitrogen) according to the manufacturer’s 

description. Briefly, after the separation of the three areas of the scaffolds, they 

were further cut in order to improve the lysis efficiency. Samples were stored at -20 

°C and freeze-thawed 5 times. Afterwards, cells within the scaffolds were lysated 

using the same cell lysis buffer used for the ALP activity assay. After 1 hour of 

incubation at room temperature, the samples were sonicated (Branson Sonifier) 

twice for 15 seconds. To avoid the interference caused by the binding of the dye to 

the RNA, 100 µl of the samples were incubated for one hour at room temperature 

with 100 µl of lysis buffer provided by the kit (Component B diluted in 180 mM 

NaCl, 1 mM EDTA in distilled water in the ratio 1:20) in which RNAse was diluted 

1000 times. Quantification of the total DNA was performed using a green 
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fluorescent dye provided by the kit (excitation 480nm, emission 520 nm). 

Fluorescence was measured at 480 nm using a spectrophotometer LS50B (Victor 

3, Perkin Elmer) and DNA concentrations were calculated from a λ DNA standard 

curve. Cell density in each area of the gradient scaffolds was calculated by 

measuring the DNA content of each area, which was normalized by the pore 

volume of total amount of pores in that area of the scaffold. 

2.3.2 ALP Activity Assay 

Constructs were incubated for one hour at room temperature in a cell lysis buffer 

composed of 0.1 M KH2PO4 and 0.1% Triton X-100 (Acros Chemicals), at pH 7.8. 

ALP activity quantification was performed using a CDP-Star kit (Roche), according 

to the manufacturer’s protocol. Briefly, 40 µl of CDP-Star reagent were added to 10 

µl of cell lysate. After 15 minutes of incubation at room temperature in the dark, 

ALP activity was measured with a spectrophotometer LS50B (Victor 3, Perkin 

Elmer). The obtained values were normalized to the DNA amount per area and to 

the single pore volume in order to take into account also the structural differences 

between the areas. Average conditions were represented as a relative value as all 

the results were compared to the ALP activity found in the inner part of the radial 

scaffold cultured in BM for 7 days. 

2.4 Gene Expression Analysis 

Gene expression studies were performed after 7, 14 and 28 days of culture in MM 

and BM. Also in this case the analyses were performed in a partition manner, 

dividing the three areas with different porosity. Quadruplicates were used for each 

condition at each time point. 

2.4.1 RNA Isolation and cDNA Synthesis 

In order to analyze the expression of osteogenic markers, samples were cut and 

transferred to 2 ml eppendorf tubes. Before storing at -80 °C, 750 µl of TRIzol® 

(Invitrogen) were added. In order to isolate the RNA, 150 µl of chloroform were 

added to all the samples and mixed by vigorously shaking the tubes. The obtained 
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mixture was centrifuged at 12,000 g for 20 minutes at 4 °C. The aqueous clear 

phase containing the RNA was transferred into a new eppendorf tube and mixed 

with an equal quantity of 70% ethanol. The product was transferred to the filter 

columns taken from ISOLATE II RNA mini kit (Bioline) for RNA isolation and the 

following steps were performed according to the manufacturer’s protocol. RNA was 

eluted in 40 µl of RNAse-free water and its concentration and purity was 

determined using an ND1000 spectrophotometer. For cDNA synthesis, iScript™ 

(Bio-Rad) was used according to manufacturer’s protocol. 

2.4.2 Quantitative Polymerase Chain Reaction (qPCR) 

The obtained cDNA was used to perform qPCR with an iQ SYBR®Green Supermix 

(Bio-Rad). Primers are listed in Table 1. PCR reactions were performed using CFX 

Connect™ Real-Time System (Bio-Rad) under the following conditions: cDNA was 

denaturated for 10 minutes at 95 °C, followed by 40 cycles consisting of 15 

seconds at 95 °C, 15 seconds at 60 °C and 15 seconds at 72 °C. A melting curve 

was generated for each reaction in order to test primer dimer formation and non-

specific amplification. The cycle threshold (CT) values were determined using the 

Bio-Rad iQ5 optical system software, in which a threshold value was set for the 

fluorescent signal in the lower log-linear part above the baseline. The obtained CT 

values were normalized to the ones of the housekeeping gene (B2M) and to the 

ΔCT, which is the subtraction of the CT value from the average of the CT of the 

control condition. The results were expressed as the relative mRNA 

expression calculated as 2-ΔCT, and successively normalized to the gene 

expression level determined in the inner part of the radial scaffold after 7 days of 

cell culture in BM. 

Gene Forward primer Reverse primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

Table 1. List of primers used for gne expression analysis in RPG and control scaffolds.   
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2.5 Imaging 

2.5.1 Scanning Electron Microscopy (SEM) and Energy-Dispersive 

X-Ray Spectroscopy (EDX) Analysis 

Cell attachment and distribution after 24 hours, 7, 14 and 28 days were observed 

using a Philips XL ESEM-FEG. Scaffolds were rinsed twice with PBS and fixed in 

10% formalin for 30 minutes. Subsequently, the samples were cut in progressive 

sections and dehydrated in sequential ethanol series (50%, 60%, 70%, 80%, 90%, 

96% and 100%), 30 minutes for each concentration. For the final dehydration step, 

scaffolds were immersed in hexamethyldisilazane (Sigma-Aldrich) 

and the solvent was left to evaporate overnight. Finally samples were gold 

sputtered (Cressington) prior to SEM analysis. SEM images were obtained under 

high vacuum with an acceleration voltage of 10 kV and a working distance of 25 

mm. An EDX (Ametek, USA) system integrated to the SEM was used in order 

analyze the possible co-localization of Calcium (Ca) and Phosphate (P) in the 

extracellular matrix. The spectra were taken under high vacuum with an 

acceleration voltage of 10 kV and a working distance of 10 mm. 

2.5.2 Alizarin Red S Staining 

Calcium mineralization was qualitatively determined by alizarin red S staining after 

28 days of culture. Samples were fixed in 10% formalin for 30 minutes and washed 

twice with distilled water. Subsequently, scaffolds were cut in progressive sections 

in order to analyze calcium deposition also in the inner part. Each section was 

stained with alizarin red S for 2 minutes and washed several times with distilled 

water. Pictures were taken using a stereomicroscope (Nikon SMZ800 with Q-

imaging Retiga 1300 camera). 

2.6 Statistical Analysis 

A one-way statistical analysis of variance (ANOVA) followed by a Tukey’s post hoc 

test was used with a significant level p of 0.05 to determine differences between 

the groups. To evaluate the differences between BM and MM, a two-tailed 
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Student’s t-test was performed. The confidence level was set to 0.05. Values in this 

study are reported as mean and standard deviation. 

3. Results 

3.1 Scaffold Characterization 

3.1.1 Real Porosity Evaluation 

SEM images were used in order to measure the real values of fiber diameter (d1), 

fiber spacing (d2) and layer thickness (d3) (Figure 1). The values of d1 and d3 

were theoretically kept constant in the different areas and their values were set to 

250 μm and 150 μm, respectively. The layer thickness revealed consistency 

between the theoretical and the real values. Moreover, it was constant in the 

different areas of the scaffold as d3 real values were 153 μm ± 12 μm, 157 μm ± 10 

μm and 154 μm ± 12 μm in the internal, middle and external areas, respectively. 

Higher differences were observed in the fiber diameter, as d1 was 202 μm ± 15 μm 

in the internal part, 282 μm ± 29 μm in the middle part and 261 μm ± 43 μm in the 

external one. Fiber spacing was the only parameter that changed in order to have 

different pore volumes in the three areas of the RPG scaffolds. The obtained 

values were consistent with the theoretical ones, as d2 was 475 μm ± 4 μm in the 

external part, 750 μm ± 26 μm in the middle part and 939 μm ± 20 μm in the 

internal one. The real porosities of each region are listed in Table 2. 
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Figure 1. Figure 1. SEM micrograph showing the different areas of the RPG scaffolds. (a) 

represents a top view whereas (b)–(d) represent side views of the different areas of the RPG 
scaffolds, namely the inner (b), the middle (c), and the outer (d) ones respectively. Scale 
bars: (a) 1 mm; (b)–(d) 200 μm. 

 Inner Region Middle Region Outer Region 

Theoretical 

Porosity (%) 
68 56 35 

Experimental 

Porosity (%) 
77.6 ± 3.2 50.8 ± 8.1 29.6 ± 5.0 
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Pore Volume 

(mm
3
) 

7*10
-2

 ± 1.8*10
-2

 2.2*10
-2

 ± 7.1*10
-3

 5.9*10
-3

 ± 1.7*10
-3

 

d1 (µm) 201.8 ± 14.6 282 ± 29.1 261 ± 43 

d2 (µm) 938.6 ± 20.4 750.2 ± 26.5 474.4 ± 4.4 

d3 (µm) 153.4 ± 11.7 157.2 ± 9.8 154.8 ± 11.6 

Table 2. Table displaying the experimentally evaluated structural parameters of the RPG 

scaffolds. 

 

3.1.2 Mechanical Characterization 

The mechanical properties of RPG and control scaffolds were tested in order to 

evaluate the influence of the different porosities. In order to take into account the 

structural differences between the scaffolds, the same cross-sectional area (CSA) 

was considered for each type of scaffold. In particular, the CSA was defined as the 

total surface of the scaffold considered as a bulk structure. The stress was then 

defined as the ratio between the applied force and the CSA. Therefore, the use of 

the same CSA implied a different stress value and finally a different Young’s 

Modulus, which was related to the real structure of the scaffold. Comparing the 

Young’s Modulus in dry conditions, the control with the smallest porosity showed a 

significantly higher value compared to the RPG and the IPG scaffolds (Figure 2, 

Tables 3 and 4). In wet conditions, no differences were observed among the 

samples, apart from the control with the bigger pore volume and the IPG scaffolds. 

Considering the RPG scaffolds, no differences were found between dry and wet 

conditions. When comparing the Young’s Modulus of RPG scaffold with the 

controls with homogenous pore volume, a lower value was measured in dry 
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conditions, whereas RPG scaffolds had a higher modulus similar to the 

homogeneous controls in wet conditions.  

 

Figure 2. Young’s Modulus was evaluated both in dry and wet conditions in order to 

simulate the culture conditions for the RPG and the controls. In dry conditions, the 500 
control scaffold showed the highest Young’s Modulus, whereas these differences decreased 
in wet conditions. * indicates statistical significance (P<0.05). RPG means radial porosity 
gradient; IPG means inverted radial porosity gradient; 500 and 1000 refer to scaffolds with 
homogenous pore size, where a fiber spacing of 500 µm produced scaffolds with the 
smallest pore size and a fiber spacing of 1000 µm produced scaffolds with the largest pore 
size analysed in the RPG and IPG scaffolds. 

DRY 
CONDITIONS 

Young’s modulus [MPa] Linearity range 

1000 19.17 ± 3.73 16-26 

500 25.43 ± 7.6 19-27 

IPG 14.68 ± 1.46 18-26 

RPG 15.47 ± 1.46 11-18 
Table 3. Young's modulus of the gradient and control scaffolds under dry conditions along 

with the linearity range. 

 

WET 
CONDITIONS 

Young’s modulus [MPa] Linearity range 

1000 22.68 ± 6.09 16-26 

500 20.83 ± 8.46 18-30 

IPG 12.26 ± 2.39 14-22 

RPG 20.46 ± 5.41 18-25 
Table 4. Young's modulus of the gradient and control scaffolds under wet conditions along 

with the linearity range. 
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3.2 Cell Seeding Efficiency and Distribution 

Cell seeding efficiency (CSE) was evaluated after 24 hours (Figure 3). CSE values 

ranged from 23.6% ± 4.8 to 35.8% ± 7.3% and no statistically significant 

differences were found among the controls and the RPG scaffolds. Once it was 

proved that both in controls and RPG scaffolds there was approximately the same 

initial amount of cells, the effect of the pore size architecture on cell distribution 

inside the RPG scaffold was evaluated. The DNA quantification showed that there 

were no statistically significant differences among inner, middle and outer region. 

This result further confirmed that the differences in pore size and porosity did not 

affect cell distribution. The cells seemed to be homogeneously distributed inside 

the samples. In order to evaluate cell morphology and distribution, both controls 

and RPG scaffolds were cut in 3 progressive sections and each one was analysed 

using SEM. The adhered cells appeared well spread on the fibers and 

homogeneously distributed (Figure 3C). hMSCs seeded in the area with the lowest 

porosity already started to create bridges between the fibers. No cell clusters due 

to the cell seeding were observed. This could be due to the high surface available 

compared to the number of seeded cells. 
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Figure3. Graphs representing cell seeding efficiency after 24 h in the full scaffolds (a) and in 

each portion of the gradient (b). SEM pictures of the 3 zones are also shown (c).No 
differences were observed between the RPG scaffolds and the controls, indicating that the 
architecture did not affect the CSE (a). Consistently, no differences were observed between 
the three areas with different porosities of the RPG scaffold (b). Cell spatial distribution in 
the three different areas after 24 h (c).No clusters were reported and hMSCs appeared 
homogeneously distributed. Scale bar: first row 500 μm, second row 50 μm. RPG means 
radial porosity gradient; IPG means inverted radial porosity gradient; 500 and 1000 refer to 
scaffolds with homogenous pore size, where a fiber spacing of 500 μm produced scaffolds 
with the smallest pore size and a fiber spacing of 1000 μm produced scaffolds with the 
largest pore size analyzed in the RPG and IPG scaffolds. ext, mid, and int refer to the 
external, middle, and internal regions in the different analyzed scaffolds. 

3.3 Effect of Porosity and Pore Size on hMSC Differentiation 

3.3.1 Evaluation of ALP Activity 
ALP activity was evaluated after 7, 14 and 28 days (Figure 4). When considering 

only normalization with respect to cell content, a statistically higher ALP activity 

was measured in MM compared to BM only after 28 days. A general trend showing 



122 

a higher ALP/DNA ratio in the external region of the scaffolds was measured at all 

time points. Such trend was statistically significant in MM at day 14 in the 500 

control scaffolds and at day 28 in 1000 control scaffolds as well as in IPG and 

RPG. Cell density in each area of the RPG and the control scaffolds was calculated 

at each time point. Higher densities were observed in the internal part of IPG 

scaffolds. Similarly, higher densities were found in the external region of RPG 

scaffolds, though at lower levels than IPG internal regions. No differences were 

observed between the densities of the two control scaffolds with a homogeneous 

porosity after 7 and 14 days. After 28 days of culture cell densities in the different 

areas of the control with the smallest pore size became significantly higher 

compared to the ones of the control with the biggest pore size (Figure 5). However, 

no variations were observed between the different areas within the same scaffold. 

In order to have a visual confirmation of the data obtained for the cell density, the 

samples were cut in progressive sections and analyzed with the SEM. Figure 5 

shows representative pictures for each pore size and time point. The images 

confirmed that the pore closure process started earlier and proceeded faster in the 

scaffold with the smallest porosity. 
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Figure 4. Plots displaying the ALP activity normalized by DNAat 7 d (a), 14d(b) and 28 d (c), 

in the different zones of the non-gradient, IPG andRPG scaffolds. *** statistical significance 
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versus other zones within the same scaffold and under the same conditions, p<0.001. In (b), 
IPGe scaffolds cultured in basic medium showed statistical significance toward all the other  
conditions and scaffold zones with exception to IPGe scaffolds in mineralization medium. 
RPG means radial porosity gradient; IPG means inverted radial porosity gradient; 500 and 
1000 refer to scaffolds with homogenous pore size, where a fiber spacing of 500 μm 
produced scaffolds with the smallest pore size and a fiber spacing of 1000 μm produced 
scaffolds with the largest pore size analyzed in the RPG and IPG scaffolds. e, m, and i refer 
to the external, middle, and internal regions in the different scaffolds analyzed. 

When considering also the different pore volume in the IPG and RPG scaffolds, 

however, a significantly higher ALP activity was observed in the external region of 

the IPG scaffolds, corresponding to the largest pore size, at all time points (Figure 

6). A similar trend was observed for RPG scaffolds for the internal region, again 

corresponding to the largest pore size, though not statistically significant compared 

to the other regions.  

 



125 

 

Figure 5. Cell density in the different area of control scaffolds and RPG and IPG scaffolds 

along time, (a)7d, (b) 14 d and (c) 28 d. On the right side of each plot SEM micrograph of 
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the cells residing in small pores (500 μm), medium pores (750 μm) and large pores (1000 
μm) at different times. IPG and RPG scaffolds displayed differences in cell density from 7 d 
whereas in scaffolds with constant pore size the differences become significant after 14 d. * 
significance between mineralization conditions, # significance between basic conditions, 
p<0.05. Scale bar in SEM micrograph 500 μm. RPG means radial porosity gradient; IPG 
means inverted radial porosity gradient; 500 and 1000 refer to scaffolds with homogenous 
pore size, where a fiber spacing of 500 μm produced scaffolds with the smallest pore size 
and a fiber spacing of 1000 μm produced scaffolds with the largest pore size analyzed in the 
RPG and IPG scaffolds. ext, mid, and int refer to the external, middle, and internal regions in 
the different scaffolds analyzed. 

3.3.2 Gene Expression Analysis 

Gene expression of BSP and Runx 2 was evaluated after 7, 14 and 28 days of 

culture for RPG and IPG scaffolds. All values were normalized against the 

expression obtained after 7 days of culture in BM in the inner part of RPG scaffolds 

in order to compare the upregulation of the two genes in the different areas 

throughout the culture period (Figure 7). Generally, osteogenic gene expression 

was more upregulated in the external region of RPG and IPG scaffolds. After 14 

and 28 days a higher expression of Runx2 was observed in the outer region of the 

RPG scaffolds characterize by smaller pore size. Consistently with Runx2 

upregulation, also BSP showed an upregulation after 14 and 28 days with higher 

fold change in the outer region of the RPG scaffolds. In IPG scaffolds, Runx2 

expression was higher in the inner part characterized by lower pore size after 14 

days of culture. At day 28, however, its expression became significantly higher in 

the outer region characterized by larger pore size. This increase corresponded to a 

significant increase of BSP expression in the outer region.  
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Figure 6. Graphs displaying ALP activity normalized by cell density at 7 days (a), 14 days 

(b) and 28 days (c), in the different zones of the non-gradient, IPG and RPG scaffolds. *** 
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statistical significance versus other zones within the same scaffold and under the same 
conditions, p<0.001. In (a), IPGe scaffolds cultured in basic medium showed statistical 
significance toward all the other conditions and scaffold zones with exception to IPGe 
scaffolds in mineralization medium. RPG means radial porosity gradient; IPG means 
inverted radial porosity gradient; 500 and 1000 refer to scaffolds with homogenous pore 
size, where a fiber spacing of 500 µm produced scaffolds with the smallest pore size and a 
fiber spacing of 1000 µm produced scaffolds with the largest pore size analyzed in the RPG 
and IPG scaffolds. e, m, and i refer to the external, middle, and internal regions in the 
different scaffolds analyzed. 

 

Figure 7. Runx2 and BSP expression in RPG (a, b) and IPG (c, d) scaffolds. In both types of 

scaffolds Runx2 showed the highest upregulation (up to 12 fold induction in the inner part of 
IPG scaffolds) after 14 days. BSP expression seemed to correlate with Runx2, especially in 
the RPG scaffolds. * indicates significantly differences (P<0.05) between regions. 
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3.3.3 Alizarin Red S staining and Qualitative Observation of 

Calcium Deposition 

An Alizarin Red S staining after 28 days of culture was employed in order to 

determine the presence of calcium minerals in the scaffold and analyze matrix 

mineralization. Despite at a first glance it was hard to observe differences between 

the scaffolds cultured in BM and MM, at higher magnification it was possible to 

identify calcium deposition only on the fibers of scaffolds cultured in MM (Figure 8). 

No main differences were observed among the different areas of RPG scaffolds. 

To confirm the presence of mineralization nodules, a point analysis with the EDX 

was performed on the sample cultured in MM, revealing the presence of both 

calcium and phosphate. 

 

Figure 8. Calcium phosphate presence confirmed by alizarin red staining (A) and SEM-EDX 

analysis (B). White arrows (A) indicate the presence of calcium on the matrix. Only few 
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deposit were seen in cells after 28 days of culture in BM. Scale bars represent in the main 
pictures 500 μm and in the insertion 100 μm. SEM image (B) shows a mineralization nodule. 
The EDX analysis confirmed the presence of both calcium and phosphate. 

4. Discussion 

A scaffold with a radial gradient structure was designed, plotted and analyzed for 

its capacity to guide the differentiation of hMSCs in presence and absence of 

osteogenic soluble factors. The experimental values of the structural parameters 

characterizing RPG scaffolds were similar to the designed ones and within the 

range of natural bone. Cortical bone has a porosity that ranges from 5% to 30% 

(mostly in the range of 5%-10%) whereas cancellous bone displays a porosity that 

ranges from 50% to 90% [28]. Consistently with this data, porosities of 77.6% ± 

3.2%, 50.8% ± 8.1% and 29.6% ± 5% were displayed by the outer, middle and 

inner region, respectively. For the inner region, the experimental porosity was 

higher compared to the expected one, whereas it was smaller for the middle and 

outer region. This difference was mainly due to the variation in fiber diameter (d1), 

which was higher than expected in the middle and external areas whereas it was 

smaller in the internal one. The possibility to tailor structural properties like pore 

size, porosity and pore distribution within the same scaffold have always appeared 

as an appealing tool for fundamental studies on the interactions between cells and 

such structural parameters as well as for more practical tissue regeneration 

applications. The use of gradient structures, for example, could facilitate the 

implant capability of withstanding different mechanical loads at specific regions 

minimizing stress-shielding [31]. Several materials and different techniques have 

been used in order to obtain a controlled structural gradient. Oh et al, for example, 

fabricated a gradient scaffold with a range of porosities from 80% to 94% exploiting 

the centrifugation of a cylindrical mould containing fibril-like polycaprolactone (PCL) 

followed by fibril bonding by heat treatment to study the interactions between 

different cell types and pore size [32]. Similarly to this work, Tampieri et al. tried to 

fabricate porous hydroxyapatite (HA) bodies in order to mimic bone tissue 

morphology varying the characteristics of starting HA powders and the 

impregnation strategy of cellulosic sponges with rheologically optimized slurries 
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[33]. Despite the remarkable results obtained in these studies highlighting the 

advantages of using gradients in scaffold design, there are only few examples in 

literature of their actual applications. This could be due to long and complex 

manufacturing procedures and to the lack of complete control over the scaffold 

internal architecture of the biofabrication approaches so far developed. The novelty 

of this study is the design and fabrication of a radial porosity graded structure 

exploiting AM technology. Using this technique, it was possible to overcome the 

above mentioned drawbacks, as the plotting procedure consisted in a less complex 

one-step method which allowed an excellent control over pore size, shape, 

orientation, and interconnection [31]. Despite this technique has already been used 

to produce gradient structures aimed at maximizing cell seeding efficiency [34], 

only another study showing the effect of pore size and porosity on chondrocyte 

differentiation was performed [35]. More recently, we have reported on the 

fabrication of axial gradient scaffolds, where pore size was changed longitudinally 

along the scaffolds, and showed the influence of such structural gradients on 

hMSCs skeletal differentiation [36, 37]. In this respect, the analysis of radial 

structural pore size and porosity gradients on the osteogenic differentiation 

capacity of hMSCs is here reported for the first time on AM scaffolds. The RPG 

scaffolds were characterized by a complex structure with porosity variation 

between regions. This implied a different cross-sectional area (CSA) in the different 

regions, which influenced the stress distribution on the scaffold. For this reason, 

the same CSA was considered for each type of analyzed scaffold in order to 

evaluate the influence of the structural differences. RPG scaffolds displayed a 

similar stiffness with respect to the controls; this is probably due to structural 

factors such as the orientation and relative positioning of the fibers along the 

scaffold, which can play a role in determining the final mechanical performance 

[34]. RPG and IPG scaffolds showed no statistical differences, probably because of 

the similar total CSA.  

The initial cell seeding procedure is a critical step in a tissue engineering process. 

CSE and cell distribution analysis were performed in order to exclude the possibility 

that the further obtained results could be related to a different initial experimental 

condition among the RPG scaffolds and the controls. In order to minimize cell loss, 
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the seeding parameters were chosen following Leferink et al. [38]. CSE values 

ranged from 23.6% ± 4.8 to 35.8% ± 7.3%, which correlated well with values in 

literature [39]. In contrast to recent studies, which have highlighted that in AM 

scaffolds the pore structure and scaffold architecture can play an important role in 

CSE of human osteosarcoma cells [34], no statistically significant differences were 

found among the controls and RPG scaffolds. Similar results were obtained by 

Leferink et al. comparing the CSE of hMSCs on three types of cylindrical scaffolds 

characterized by the same outer dimensions but different porosities. In particular, 

structure with porosities of 48%, 65% and 90% were investigated [38].  

To evaluate cell differentiation, ALP activity was used as first readout. The increase 

in ALP activity along the entire culture period in mineralization medium represented 

a first indication of hMSC differentiation toward the osteogenic lineage. When 

taking into consideration only the cell amount in each region of the gradient 

scaffolds, the ALP activity seemed to be independent from the sequence of the 

pore size regions in the RPG And IPG scaffolds. ALP activity was significantly 

higher always in the external regions, being the large pore size region in the IPG 

scaffolds and the small pore size region in the RPG scaffolds, thus suggesting a 

stronger influence of nutrient (e.g. oxygen) availability compared to the scaffold’s 

graded structural properties This difference in the enzyme activity, however, could 

be also correlated to different cell densities in the three regions of the RPG and the 

IPG scaffolds, as shown in Figure 5. Goldstein proved that in 2D the initial cell 

seeding density influenced both hMSC proliferation and differentiation. Dense 

seeding (8*10
4
 cells/cm

2
) reduced cells proliferation, growth and collagen synthesis 

whereas it appeared to enhance differentiation markers like ALP activity and 

mineralization [40]. Consistently with the above mentioned studies, when cell 

density was also taken into consideration in our studies, the ALP activity was 

significantly higher in the largest pore size regions (Figure 6). Cell migration could 

represent a possible explanation to these differences between areas: growing 

inside the scaffold, cells are filling the pores, thus reducing the diffusion of nutrient 

and oxygen. It might be that limitations in nutrient availability and the consequent 

hypoxic conditions led hMSC migration toward the outer part of the scaffold, 

creating an area of higher cell density near the edges [41]. The controls with the 
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biggest pore size and the RPG scaffolds could be less affected by hMSC migration 

because the higher porosity of the central part of the scaffolds might allow better 

diffusion. Similar trends were also displayed by these scaffolds when cultured in 

basic medium, although the level of ALP activity expression were much lower 

compared to mineralization medium. Further investigations need to be performed in 

order to analyze oxygen and nutrient diffusion inside the different types of scaffold 

to confirm this hypothesis.  

Despite ALP is a widely used marker in osteogenic differentiation of hMSCs, high 

levels of ALP activity not always correlate with the differentiation toward the 

osteogenic lineage. Kollmer et al. demonstrated that several markers (e.g ALP, 

collagen type I and osteopontin) currently used to investigate hMSC differentiation 

toward the osteogenic lineage are also shared with the adipogenic lineage [42]. In 

order to understand if the different ALP activity in the areas of the scaffolds 

corresponded to a heterogeneous hMSC differentiation, the gene expression of 

two additional markers was analyzed. Runt-related transcription factor Runx2 is an 

essential regulator of hMSC differentiation into the osteogenic lineage [43]. In vitro 

studies indicated that Runx2 triggers the expression of major bone protein genes 

like collagen type I (Col1a1), osteopontin, bone sialoprotein and osteocalcin during 

the early stage of osteoblast differentiation. Therefore, Runx2 lead to mesenchymal 

cells acquiring an osteoblastic phenotype, inhibiting at the same time the 

differentiation into adypocytes and chondrocytes. However, it also maintains 

osteoblastic cells in an immature stage, preventing their maturation and their 

transition into osteocytes [44]. Bone sialoprotein (BSP) is a phosphorylated and 

sulphated glycoprotein that constitutes from 8 to 12% of the total non-collagenous 

proteins in bone. Although BSP function has not been fully characterized yet, its 

expression is highly specific for mineralizing tissues [45]. After the preliminary 

screening phase, only IPG was used as control for the gene expression analysis, 

as ideally it allows monitoring at the same time the contribution of both the 

variables considered in this study - the pore size and the spatial distribution - on 

hMSC differentiation. In both RPG and IPG scaffolds, Runx2 expression decreased 

after 28 days of culture in mineralization medium. This might be associated with a 

maturation of osteoblastic phenotype, as it has been proved that Runx2 expression 
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must be downregulated to mature from pre-osteoblasts to differentiated osteoblasts 

[46]. BSP upregulation was found consistently with Runx2 upregulation in 

mineralization medium, probably due to the presence OSE2 (osteoblast-specific 

cis-acting element, which is the binding site of Runx2)-like elements in the 

promoter of BSP gene [47]. The late upregulation of Runx2 and BSP in the outer 

part of IPG scaffolds might be explained with a delay in hMSC differentiation in the 

area with the higher pore volume. The trend showed by the gene analysis 

highlighted an increased fold induction in the area with smallest pore, 

independently from their localization within the scaffold. Since from the ALP and 

gene analysis, hMSC seemed to be proceeding toward a mature osteogenic 

differentiation, a late markers analysis was performed. EDX and alizarin red 

staining were used to analyze the mineralization of the ECM matrix. During bone 

mineralization, transient amorphous calcium phosphates and poorly crystalline 

apatite are formed. Later, these precursors undergo several crystalline phase 

transitions before the more stable crystalline hydroxyapatite (HA) finally forms. 

Anionic proteins attached to collagen are believed to be responsible for the 

stabilization of amorphous calcium phosphate in the early stage of bone 

mineralization, and the subsequent formation of nanometer-sized particles [48]. 

Early stage of mineralized calcium phosphate deposits could be found in RPG 

scaffolds in mineralization medium culture conditions (Figure 7). The identification 

of these firsts mineralization nodules represented a clear evidence of late hMSC 

maturation toward the osteoblastic phenotype [49]. Despite EDX is not ideal for 

making definitive statements about the stoichiometry of calcium phosphates on 

gold-coated samples since gold will confound the EDX phosphorus signal, the 

atomic spectrum together with the Alizarin Red images were clear indicators that 

hMSCs have deposited calcium and phosphate on the scaffold’s surface [50]. SEM 

analysis further confirmed that the pore closure process started earlier and 

proceeded faster in the scaffold with the smallest porosity. Therefore, the earlier 

differentiation of these areas could be associated with the earlier reaching of a 3D 

confluence. Even though in the areas with a bigger pore size the pores were not 

completely closed by the bridging hMSCs, a more homogeneous tissue ingrowth 

was observed especially in the outer and middle part of the IPG scaffolds. In 
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contrast with these observations, in the areas with the smallest pore size cells 

appeared to be more confluent in some part of the scaffolds but less 

homogeneously distributed. Similar results were obtained also by Mygind et al. 

[51]. These findings could provide a possible explanation for the absence of 

differences in cell densities between the control scaffolds and among their three 

areas. Therefore, it is plausible that, even though the cell number in the different 

area was the same, their spatial distribution affected their density locally, which 

could have promoted hMSC differentiation. It was proved that cadherins and cell-

cell gap junctions are required for full expression of the osteoblastic phenotype. For 

this reason it is thought that a higher cell density, which finally resulted in a higher 

degree of cell–cell communication, could lead to a higher rate of differentiation [52]. 

Although cell density seemed to supply a possible explanation for the collected 

data, other factors could have contributed to influence hMSC behaviour. Several 

studies showed that hMSC differentiation could be affected by hypoxia, as under 

hypoxic condition the degradation of HIF-1α is prevented. This finally leads to the 

induction of pluripotent genes like Oct-4 and klf-4 and to the inhibition of cell 

terminal differentiation [53]. It is possible that the cells in the inner part of the 

scaffolds and in the areas with a lower pore volume are under hypoxic condition as 

the oxygen and the nutrient diffusion is affected by the pore closure during the 

culture time [54]. Therefore, a more in depth analysis of the cause of this different 

hMSC behavior related to the different pore size is required to assess whether cell 

density or local availability of oxygen could be the cause of the observed influence 

of pore size on hMSC osteogenic differentiation. Further studies should also aim at 

understanding if these results are dependent only from the structural radial 

gradient, or also from the chemical composition of the scaffolds. From our previous 

experience with axial gradients, the effect of pore size gradients on hMSC 

osteogenic differentiation was evident on both PEOT/PBT as well as PCL scaffolds 

[36]. Therefore, we could speculate that also in case of radial gradients the effect of 

structural properties may be predominant over the chemical composition of the 

scaffolds. Despite a further confirmation of these promising in vitro studies should 

be performed with more hMSC donors and in preclinical animal models, 
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engineering structural radial gradients in 3D scaffolds could be an appealing new 

strategy to support adult stem cell driven bone regeneration. 

5. Conclusions 

A scaffold with an in-built radial interconnected porosity gradient was fabricated. To 

evaluate if hMSC behavior could be affected by the porosity and pore size of RPG 

scaffolds, several markers were investigated. ALP activity showed a higher activity 

in the areas with the larger pore size both in the RPG and IPG scaffolds when the 

pore architecture is taken into consideration. However, ALP activity seemed also to 

be dependent from the geometric location (inside vs outside) of the pore region 

when cellular activity is analyzed. These evidences suggested that the pore size 

and location could influence hMSC differentiation toward the osteoblastic 

phenotype. RUNX2 and BSP gene upregulation, with higher fold change in the 

regions with the smaller pore volume, further confirmed hMSC differentiation 

toward the osteogenic lineage. To have a better understanding of the maturation 

stage of hMSCs, a mineralization staining was performed, which highlighted the 

presence of calcium phosphate deposits. The presence of colocalized calcium and 

phosphate was confirmed through point analyses by EDX. A possible explanation 

for this different hMSC behavior can be related to the different cell density 

according to the different pore sizes in the internal, middle, and external regions of 

RPG scaffolds. Therefore, tailoring scaffolds’ pore size might be a good strategy to 

affect hMSC osteogenic differentiation.  
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Abstract 

Osteochondral regeneration remains nowadays a major problem since the 

outcome of current techniques is not satisfactory in terms of functional tissue 

formation and development. A possible solution is the combination of human 

mesenchymal stem cells (hMSCs) with additive manufacturing (AM) technologies 

to fabricate scaffolds with instructive properties. In this study, the differentiation of 

hMSCs within a scaffold presenting a gradient in pore shape is presented. The 

variation in pore shape was determined by varying the angle formed by the fibers 

of two consequent layers. The fiber deposition patterns were 0-90, which 

generated squared pores, 0-45, 0-30 and 0-15, which generated rhomboidal pores 

with an increasing major axis as the deposition angle decreased. Within the 

gradient construct, squared pores supported a better chondrogenic differentiation 

whereas cells residing in the rhomboidal pores displayed a better osteogenic 

differentiation. When cultured under osteochondral conditions the trend in both 

osteogenic and chondrogenic markers was maintained. Engineering the pore 

shape, thus creating axial gradients in structural properties, seems to be an 

instructive strategy to fabricate functional 3D scaffolds able to influence hMSC 

differentiation for osteochondral tissue regeneration. 
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1. Introduction 

Severe injuries in the human body result in a healing process that leads to scar 

formation and a loss of function of the injured area. The purpose of tissue 

regeneration is to repair the targeted tissue restoring the function of the injured site, 

by combining engineer fundamentals and biological factors [1]. In the past couple 

of decades stem cells gathered the attention of the scientific community due to 

their ability to differentiate into multiple lineages [2, 3]. Human mesenchymal 

stromal or stem cells (hMSCs) can differentiate into osteoblasts, chondrocytes and 

adipocytes, among other cell types, their use does not raise the same ethical 

concerns of embryonic stem cells [2] and are safer in terms of potential tumor 

formation. Furthermore, when used in combination with biomaterials, one could 

think of designing three-dimensional (3D) scaffolds with instructive properties that 

can harness hMSC differentiation potential directly at the site of implantation. 

Several environmental cues influence hMSC differentiation, such as oxygen and 

nutrient availability [4, 5], substrate characteristics such as physico-chemical and 

mechanical properties [6, 7], porosity and pore geometry [8-10], and the addition of 

soluble factors [2]. In their natural state, cells grow and solve their function in a 3D 

environment. For tissue regeneration purposes, many strategies have been applied 

to generate 3D structures providing a macroscopic environment that allows to 

lodge cells and let them produce the required proteins forming tissue extracellular 

matrix. Among others, salt leaching, solvent casting and gas foaming have been 

extensively used in the past decades [11, 12]. The major limitation of these 

techniques is the impossibility to tune the size, interconnectivity and geometry of 

the pore structure, hence impeding the perfusion of the inner part of the construct 

by nutrients and the migration of cells within the scaffold. A set of possible tools 

that enables to overcome this problem consists of additive manufacturing (AM) 

technologies, emerged in the regenerative medicine field in the past years due to 

the possibility of tuning structural parameters like the diameter, distance and 

orientation of the struts comprising the final 3D scaffolds. By doing this in a layer-

by-layer manner, the resulting scaffolds have a fully interconnected pore structures 

with tunable pore size and shape [10]. 
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Gradients are present all over the body, leading a number of events and processes 

in the embryonic as well as in the adult stage of life. For example, processes such 

as the development of osteochondral, tendon and ligament tissues are governed 

by morphogens and oxygen gradients [13]. Structural gradients can be found in the 

body mainly at the interface between tissues. The osteochondral tissue, in 

particular, represents an interesting biological interface to take into consideration, 

both from a biological and a clinical point of view. From the subchondral bone side 

of the osteochondral tissue, the ECM passes from a mineralized collagen type I, to 

a less mineralized collagen type X and a non-mineralized collagen type II in the 

deep zone of the articular cartilage. This variation in ECM composition continues 

throughout the entire articular cartilage tissue with an increase in collagen type II 

content and a parallel decrease of glyscosaminoglycans (GAGs) from the deep to 

the superficial zone. Mechanical properties and nutrient availability follow a similar 

trend [14]. Biologically, the mechanism at the base of stem cell driven 

osteochondral differentiation is not fully dissected. It is known that the presence of 

certain soluble factors are able to start hMSC differentiation toward the osteogenic 

(dexamethasone, BMP-2) [15, 16] or the chondrogenic lineage (insulin, TGF-β1 

and TGF-β3) [17, 18]. The regeneration of the osteochondral tissue requires, 

therefore, 3D scaffolds able to present the right cues in a spatially defined way. 

Clinically, current therapies to regenerate the osteochondral tissue are not yet 

completely successful. All the currently available treatments such as reparative 

surgery, allografts, autografts and the implantation/transplantation of autologous 

chondrocytes inflict further tissue destruction in other healthy tissue sites before 

any therapeutic effect can be achieved. Furthermore, some of these clinical 

treatments are additionally limited to the availability of donor supply and lead to the 

formation of fibrocartilage, thus not restoring the proper function of hyaline cartilage 

[19, 20].  

Among all the cues influencing cell behaviour, scaffold’s pore geometry and shape 

is known to play an important role. Pore geometry is known to have an effect on 

tissue growth within a pore in vitro and in vivo [21, 22]. The study of Berner et al. 

showed increased cranial bone healing and mechanical properties when the fiber’s 

laydown pattern was 0º/90º with respect to 0º/60º/120º [22]. Bidan et al. showed 
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that when the MC-3T3 pre-osteoblasts were seeded into scaffolds displaying 

squared and cross-shaped pores, a different profile of ECM deposition could be 

observed, with an initial ECM deposition increased in cross shaped pores [21]. 

Hence, the design of scaffolds with structural gradients such as pore shape may 

stimulate the differentiation of hMSCs and lead to improved tissue regeneration 

strategies. 

The concept of gradient has been applied already in different studies in 2D and 3D 

[23-30]. The work of Woodfield and Sobral displayed an improved cell seeding 

efficiency on AM scaffolds presenting a pore-size gradient for already differentiated 

cells such as bovine chondrocytes and human osteosarcoma cells (SaOs-2), 

respectively  [10, 31]. Yet, no study focused on the effect of scaffolds’s structural 

gradients on the differentiation of hMSCs. Here, we present 3D scaffolds with a 

gradient in pore shape and we analyse the influence of such structural gradients on 

seeded hMSC activity for osteochondral tissue regeneration. We further dissect the 

structural gradient in order to highlight the differences in behaviour among the 

compartment of the construct based on changes in pore shape. 

2. Results 

2.1. Construct Analysis 

A gradient structure was plotted by varying the fiber deposition pattern along the Z 

axis. The resulting fiber diameter and fiber height were not affected by the angle 

deposition, being 150 µm ± 20 µm and 140 µm ± 20 µm, respectively. On the other 

hand the fiber spacing varied from one gradient region to another. Squared pores 

displayed a fiber spacing of 510 µm ± 30 µm, 0-45 deposition pattern showed a 

fiber spacing of 490 µm ± 40 µm, 0-30 and 0-15 had a fiber spacing of 530 µm ± 20 

µm and 480 µm ± 20 µm respectively. As showed in Table 1, the change of the 

fiber deposition pattern resulted in a variation of the pore shape and size whereas 

the porosity was not affected. The 0-90 configuration determined squared pores 

and a porosity of 74% ± 3%, which became rhomboidal with a porosity of 72% ± 

5% by varying the deposition pattern to 0-45. The further decrease in angle 

deposition resulted in stretching the rhomboidal pores with an increase of the major 
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diagonal and a parallel decrease of the minor diagonal. The fiber deposition pattern 

0-30 and 0-15 showed a porosity of 75% ± 7% and 73% ± 6%, respectively. Beside 

the variation in pore shape all the pore features (perimeter, area and volume) 

changed along the gradient direction with a minor difference between 0-90 and 0-

45 angle depositions and a marked one among 0-45, 0-30, and 0-15 angle 

depositions. Scaffolds with constant pore geometry (0-90 and 0-15) were plotted 

and used as controls. The scaffolds were cylindrical in shape with a diameter of 6 

mm and a height of 3.6 mm. The porosity of the gradient (G) scaffolds was 74% ± 

5%, while 0-90 non-gradient (NG90) and 0-15 non-gradient (NG15) scaffolds 

showed a porosity of 74% ± 3% and 73% ± 6% respectively. Mechanical properties 

analysis (Figure 1) indicated that G scaffolds have a stiffer response to 

compression for a force range of 1N compared to NG90 and NG15 scaffolds, 

respectively. The recovery of gradient scaffolds appeared less prone to hysteresis 

effects compared to non-gradient scaffolds. However, for a force range between 

5N and 10N, the loading and unloading response became similar (Figure 1b). The 

total deformations upon compression were in the range of 2% to 6% of height 

reduction, thus well within the elastic region. 
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Table 1. The variation in pore size determined an increase in pore perimeter, area and 

volume from squares to rhomboids without significantly affecting the porosity. 
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Figure 1. Mechanical response of gradient and non-gradient (0/15º and 0/90º) scaffolds to 

axial compression load and unload with 1µm/s in the axial z direction at 37°C up to (left) 1N 

and (right) 10N. 

2.2. Cell seeding, growth, and ECM deposition 

Cell seeding efficiency was not significantly affected by the geometry of the 

construct (Figure S1). The NG15 scaffolds showed a lower cell adhesion, about 

60%, in the first 8 hours. The gradient and the NG90 scaffolds showed a cell 
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seeding efficiency of about 75-80%. The direction of the gradient didn’t affect cell 

attachment after 8 hours (Figure S1). For the rest of the study, the chosen gradient 

direction during the seeding was maintained with squared pores at the bottom and 

rhomboidal on top of the scaffolds. 

Cell number increased in the first week under proliferation conditions and kept 

increasing also in the first week of differentiation. During the following 3 weeks of 

differentiation, the cell number decreased in the first week and remained stable for 

the last 2 weeks of culture (Figure 2). Under osteogenic and chondrogenic 

conditions the cell number maintained the same trend (Figure S2). 

Despite the absence of differences in cell number, after 35 days of culture (7 days 

in proliferation medium followed by 28 days in basic, osteogenic, or chondrogenic 

medium) the gradient constructs showed an increased ECM production compared 

to the controls (Figure 3a), with a more rounded cell morphology on the 0-90 areas 

compared to the 0-15 regions (Figure S3). In NG15 and NG90 scaffolds, cells 

mainly wrapped the fibers (Figure 3e, f)  and in some cases bridged some fibers in 

NG90 (Figures 3e, h). In the gradient construct the ECM was not only bridging the 

fibers, but filling the pores as well (Figures 3a, d, g). 

 

Figure 2. Cell number over time in the constructs cultured in basic medium. The same trend 

was shown by all the constructs over time. No major differences could be seen among the 
scaffolds at the same time point, with the exception of NG15B at 7 days that was 
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significantly higher in respect to the other conditions and time points. * Statistical 
significance p < 0,05; ** p < 0,01. 

 

Figure 3. ECM production at day 28 in basic medium. A full view and close-up of G (a, d, g), 

NG 90 (b, e, h) and NG 15 (c, f, i) scaffolds, respectively, is displayed at increasing 
magnifications. Despite the absence of differences in cell number after 28 days, the gradient 
constructs showed an increased ECM deposition, probably due to an increased number of 
fiber contact points. Scale bar 1 mm (a-f), 500 µm (g-i). 

2.3. hMSC differentiation 

Under chondrogenic conditions the structural pore shape gradient of the scaffolds 

was correlated with an enhanced expression of chondrogenesis related genes after 

14 days (Figure 4a). Aggrecan and collagen II alpha were 4 to 5 times higher 

compared to the controls, whereas Sox-9 displayed a 3-fold increase with respect 

to NG15. In terms of biochemical analysis, no major differences could be seen for 

GAGs synthesis among the groups at the same time point, even though there was 

a significant increase of GAGs production during culture under chondrogenic 

conditions (Figure 5a). Collagen type II production was also increased in G 

scaffolds after 2 weeks (Figure S5). Under basic conditions, as expected, the 
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increase in GAG amount was less pronounced. During the first 2 weeks, GAGs 

production increased significantly, while in the last 2 weeks it remained constant. 

Under osteogenic conditions no major differences could be seen among 

osteogenesis related genes for the different constructs, with the exception of BMP-

2 which was significantly increased in G scaffolds compared to NG15 and NG90 

scaffolds (Figure 4b, Figure S4). Bone sialoprotein seemed to be significantly 

enhanced in NG90 with respect to NG15. The ALP activity didn’t show any 

significant difference among the gradient scaffolds and controls at any time point 

(Figure 5b). Osteocalcin production was increased in NG15 and G scaffolds 

compared to NG90 scaffolds (Figure S5). hMSCs cultured in basic medium 

displayed an increase in ALP activity in the first seven days followed by a decrease 

during the rest of the study. 

 

Figure 4. Fold increase of chondrogenic (a) and osteogenic (b) markers under chondrogenic 

and osteogenic conditions respectively. Under chondrogenic conditions the gradient greatly 
enhanced the expression of chondreogenic markers in comparison to the controls. Under 
osteogenic conditions the NG 90 scaffolds enhanced the expression of BSP after 14 days. 
The fold induction was normalized by the gene expression of hMSCs cultured in gradient 
scaffolds in basic medium. * p < 0,05.  



152 

 

Figure 5. GAGs amount over time normalized by DNA amount (a) and ALP activity over 

time normalized by DNA amount (b). Under chondrogenic conditions an increase in GAGs 
was detected, even though no significant differences could be seen among the constructs 
within the same time point. Similarly, under mineralization conditions the ALP activity 
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increase over time without significant differences among the G and the NG scaffolds. # 
shows statistical significance with respect to previous time points, p<0.05. 

2.4. hMSC differentiation within the gradient zones 

To better understand if any difference is present among the cells residing in the 

different gradient zones, a partition analysis was performed after 14 and 28 days of 

differentiation, followed by gene expression analysis and biochemical analysis 

respectively. Chondrogenic markers displayed a significant difference among the 

rhomboidal region and the squared pore region, in which the genes were 

overexpressed (Figure 6a). The same trend was shown by the biochemical 

analysis in terms of GAGs synthesis (Figure 7a). The amount of GAG deposited 

was normalized by the cell density intended as DNA amount per pore volume 

(Figure S6a) and by the pore volume only (Figure S6b). The trend remained 

unvaried also when the pore volume was considered in the analysis, thus 

suggesting that the observed enhanced differentiation is dependent only from the 

pore shape. Under osteogenic conditions an opposite trend with respect to the 

chondrogenic one could be observed, in which the rhomboidal shapes enhanced, 

the expression of osteogenic differentiation related genes (Figure 6b). Also ALP 

activity (Figure 7b) was significantly higher in the rhomboidal pores (0-30/15) with 

respect to the other zones.  

The culture of gradient structures in medium containing both osteogenic and 

chondrogenic soluble signals resulted in an increased of GAGs deposition (Figure 

7c) in the squared pore region (0-90) and of ALP (Figure 7d) activity in the 

rhomboidal pore (0-30/0-15) shaper zone, thus confirming the results obtained in 

single differentiation medium. As displayed in Figure S7a and b, the trend did not 

vary when the structural component was considered for chondrogenic analysis. A 

possible reason for the observed trends could be due to the local variations in 

nutrients availability, in particular oxygen, which could result in different degree of 

hypoxia in the gradient scaffolds regions. To test this hypothesis, hypoxia inducible 

factor (HIF)-1α and HIF-2α were measured (Figure S8), showing an increased 

expression in the more chondrogenic squared pore region. 
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Figure 6. Fold increase of chondrogenic (a) and osteogenic (b) markers under chondrogenic 

and osteogenic conditions respectively after 28 days in the different gradient zones. Under 
chondrogenic conditions the squared shape gradient greatly enhanced the expression of 
chondrogenic markers. Under osteogenic conditions the trend was inverted. * Statistical 
significance with respect to the rhomboidal squared area, p < 0,05; ** p < 0,01. 
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Figure 7. After 28 days, the ALP activity was significantly increased by the rhomboidal 

geometry (b) whereas the GAG deposition was greater in the squared pore area (a). GAGs 
(c) and ALP (d) analysis of gradient scaffolds cultured under osteochondral conditions. 
Briefly, the hMSCs within the scaffolds were cultured in a medium composed by 
chondrogenic and osteogenic medium in a 1:1 ratio.  The opposite trend in differentiation 
was maintained. The rhomboidal pores supported a better ALP activity while the squared 
pores displayed a higher GAG deposition. * Statistical significance with respect to the 
rhomboidal squared area, p < 0,05; *** p < 0,001. 

3. Discussion 

In this study, we presented a novel strategy to generate a structural gradient in 

pore size and shape in 3D scaffolds fabricated by AM, in which the fiber deposition 

pattern was changed every 0.9 mm. The conventional plotting setting 0-a is 

determined by “0” as the starting direction of the layer and “a” as the increase in 

the angle between the fibers of one layer and the subsequent one [12, 22]. 

Conventional plotting has lead so far mainly to squared pores in the 0-90 pattern 

and honeycomb like pore shape in the other patterns, in which pores are defined 

by several fibers from different layers [32]. In this study, the pattern 0-a-0-a was 

used (for example 0-45-0-45) in order to have a pore defined by 2 subsequent 



156 

layers and have a constant pore shape for 6 layers (0.9 mm). The variation in fiber 

deposition pattern determined a variation in the pore geometry and size, where 

decreasing the angle of deposition resulted in an increased rhomboidal shape and 

a consequent increase in pore perimeter, area, and volume. The increase was not 

continuous, since it was a discrete gradient in which 4 zones could be identified, 

whereas the control scaffolds showed the same pore geometry and size along the 

longitudinal axis. The scaffolds were made by PCL, since this material was already 

applied in surgery and clinical trials are currently ongoing [33, 34]. When 

considering the mechanical analysis of the fabricated scaffolds, different 

deformations or slopes between the loading and unloading phases highlighted the 

characteristic damping effects at corresponding response times. Different 

reductions in the stiffness compared to a solid cylinder arise from the complex 

order and geometry of the AM scaffolds. Thus, the angle variations in the layer 

deposition led to variations in the mechanical response, which is dominated by the 

interactions of individual strands within the regular ordered shapes of the scaffolds. 

The mechanical behavior can be understood and explained from structural 

mechanics, where the layer dimensions and directions have to be taken into 

account. 

In literature, the improved cells seeding efficiency in plotted scaffold showing a 

gradient in porosity has been already reported [31]. In our constructs no major 

differences could be seen among the samples in which the cell seeding efficiency 

was within the 60-80% range. Even though the cell number profile was the same in 

the gradient constructs and controls, enhanced ECM deposition could be seen in 

gradient scaffolds. The geometry seemed not to affect the cell number after 

seeding or the hMSC proliferation trend (Figure 2). In control scaffolds cells 

covered the fibers and in the 0-90 configuration bridged the fibers through the 

pores, whereas in gradient scaffolds ECM was present all over the structure 

independently from the pore geometry. Bidan et al. observed different pore closure 

patterns of scaffolds seeded with MC3T3-E1 pre-osteoblasts depending on the 

pore geometry. Pore closure began at the edges and moved toward the center of 

the pore [21]; in this study, the increased number of fiber connections of the 

gradient scaffolds might have brought to a faster and higher pore closure with 
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respect to the controls, probably due to an increased number of fiber connections 

where the pore closure could begin. 

Several scaffolds based on PLGA microspheres were studied, which presented a 

gradient in order to promote hMSC differentiation (i.e. stiffness and growth factors) 

[30, 35, 36]; the solely pore geometry was never studied as a cue supporting 

hMSC differentiation. After 14 days of culture, we showed that the chondrogenic 

markers aggrecan, sox9 and collagen IIα were significantly upregulated with 

respect to the non-gradient scaffolds. Despite a continuous increase in GAGs 

amount in all the scaffolds tested with culture time, evidencing the correct 

chondrogenic differentiation of hMSCs in presence of soluble factors, differences 

among gradient and non-gradient scaffolds were not visible at a bulk biochemical 

level when measuring GAGs deposition. 

No major differences were shown by hMSCs growing in gradient or non-gradient 

scaffolds in relation to early gene osteogenic markers such as runx2 and late 

markers such as osteocalcin after 14 days. Also at the protein level no major 

differences were shown between the ALP activity of cells cultured in G and NG 

scaffolds. According to Yilgor et al., a link between the geometry of the construct 

and the osteogenic differentiation of hMSCs might be established and the scaffold 

geometry could be optimized to improve hMSC osteogenic differentiation [37]. Our 

findings are in line with this hypothesis. In Yilgor’s study, PCL scaffolds made with 

different architectures were analyzed. It was shown that the 0-90 conformation with 

an offset of 380 µm ± 20 µm (the size of 1 fiber) displayed the highest ALP levels 

compared to other scaffolds with 0-90 and 0-45 angle deposition. During the 

culture time here analyzed, the ALP levels started to increase after 7 days from the 

beginning of the differentiation and continued to increase until 28 days, which is in 

line with what can be found in literature for PCL scaffolds [38, 39]. 

To investigate the differences between the hMSCs residing in each pore geometry 

region within the gradient scaffold, a partition analysis was performed. After 14 

days of culture, aggrecan, sox9 and collagen type IIα presented a 3-fold induction 

in squared pores (0-90 design) and 2-fold increase in the 0-45 pattern with respect 

to the 0-30/0-15 patterns. The trend was maintained after 28 days of differentiation 

at the biochemical level, since GAG/DNA amount was significantly higher in the 
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squared pores compared to rhomboidal pores. An opposite trend was found in 

literature in studies correlating the behavior of chondrocytes in 3D plotted scaffolds 

displaying a pore-size gradient both at the genetic and biochemical levels [40], 

where genetic and biochemical markers increased with increasing the pore size. 

Similarly, Oh et al. showed an increase of chondrogenic markers expression such 

as sox-9 and collagen type IIα from small pores (90-105 µm) to larger pores (370-

400 µm) in adipose derived stem cells [41]. Our pore dimensions increased from 

the squared-pore to the rhomboidal ones. The squared pore size is defined by the 

side, while each rhomboidal pore size is defined by the minor diagonal (d), which 

did not vary significantly, and the major diagonal (D), which varied greatly. Squared 

pores had a dimension of 560 µm ± 30 µm in size, the 0-45 plotting pattern 

generated pores with a d of 500 µm ± 40 µm and a D of 1350 µm ± 90 µm, 

whereas the 0-30 and 0-15 showed a d of 540 µm ± 40 µm and 470 µm ± 20 µm 

and a D of 1970 µm ± 80 µm  and 3010 µm  ± 130 µm,  respectively. The height of 

the pores remained constant at 140 µm ± 10 µm.  In our scaffolds, the smallest 

pores were bigger than the larger pores of the Oh’s study and the trend observed 

was opposite. The different range in pore size and the effect of the pore shape 

might explain this discrepancy. Several studies [21, 42, 43] proved that the pore 

shape can influence ECM deposition, cellular cytoskeleton architecture and speed 

of pore closure. In this study, both pore size and shape changed along the z axis. 

GAGs are one of the major components of chondrocyte-deposited ECM. To 

distinguish between the influence of cellular density and scaffold architecture on 

GAGs formation, we normalized by DNA amount and by pore volume (Figure S7), 

respectively. The pore size was included by normalizing the GAG amount by the 

cell density intended as DNA amount per volume unit. Results displayed the same 

trend with the same statistical significance, defining the pore shape as the main 

justification for the different behaviour of hMSCs residing in the compartment of the 

G scaffolds.  

An opposite trend was found for hMSC osteogenic differentiation. At the genetic 

level a trend could be seen for bone sialoprotein, collagen type I and osterix, 

suggesting an enhanced osteogenic differentiation in the rhomboidal pores 

compared to the squared ones. The results were confirmed by the biochemical 
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analysis that showed an increased ALP activity in the rhomboidal 0-30/0-15 pore 

geometry when compared to the 0-45 rhomboidal or the 0-90 squared pore 

geometry. In literature there are no studies, to the best of our knowledge, relating 

pore shape to hMSC osteogenic differentiation that, in accordance to some studies 

[9, 44, 45], is not affected by the overall porosity of the construct. In this respect, 

the overall porosity of the gradient zones is the same, therefore it could be 

concluded that the differences present within the gradient scaffolds may be 

attributed to the variation in pore shape and size. In case of ALP, we didn’t dissect 

the specific role of pore size by that of pore shape by normalizing for pore volume 

as we did for GAG deposition, because the ALP test measures the activity of the 

protein and not its production. 

It was already proved that by supplementing the medium with soluble factors 

stimulating the osteogenic and chondrogenic hMSC differentiation simultaneously, 

both lineages will be generated in culture [46]. To further confirm the correlation 

between pore shape and the differences in hMSC differentiation lineages, gradient 

scaffolds were seeded with hMSCs and cultured in a medium providing 

differentiation signal toward the osteogenic and the chondrogenic lineage. To do 

so, the osteogenic and chondrogenic medium were combined in a 1:1 ratio. The 

results further confirmed the findings of our previous tests. Rhomboidal pores 

displayed a significantly higher ALP activity, whereas the highest amount of GAGs 

was located in the squared pores. The effect of pore shape was confirmed with the 

normalization by cell density (Figure S7).  

A further possible explanation for the observed influence of pore shape gradients 

could be due to the local differences in oxygen availability to the cells. As in 

developmental biology it is known that in presence of hypoxia chondrogenesis is 

facilitated, we reasoned that in these pore shape gradient scaffolds a change of 

pore shape could result in a change of local oxygen available, thus affecting the 

expression of hypoxia inducible factors. In particular, HIF-1α and HIF-2α were 

measured. Hypoxia-inducible factors, including HIF-1α and HIF-2α induce 

glycolysis and angiogenesis in order to try restoring oxygen homeostasis. Hypoxia-

inducible expression of some genes, such as Glut-1, p53, p21 or Bcl-2, is 

dependent on HIF-1α translocation to the cell nucleus. HIF-2α regulates the 
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vascular endothelial growth factor (VEGF) expression and its expression levels 

influence the relative contribution of aerobic and anaerobic cellular metabolism. 

Results showed, indeed, an increase of HIF-1α and HIF-2α with decreasing the 

pore rhomboidal geometry from 0-15 to 0-90 degrees (Figure S8), corresponding to 

the increased chondrogenesis observed by genetic and protein analysis.   

The combination of the pore shape gradient in combination with pre-differentiated 

cells in a pre-osteochondral construct may be considered as future perspective for 

the improved outcome of implants for osteochondral lesion treatment. According to 

our findings, gradient scaffolds should be implanted with the squared pores on the 

chondral side and the rhomboidal on the bone side. Further studies in animal 

models aiming to a better understanding if such behavior is maintained in vivo are 

needed. Additional research should be aimed at the analysis of the ECM 

composition in order to understand to which extent the construct mimics the 

anatomical and molecular transition from the subchondral bone to the chondral 

side in vivo. From a biofabrication perspective, it would be very interesting to show 

whether different pore size and shape gradients would result in a similar influence 

on stem cell activity in combination with soluble factors. In this respect, other AM 

technologies like stereolithography might be also considered, as this would allow to 

expand the geometrical features of the fabricated pore network. Melchels et al., for 

example, showed the creation of sinusoidal-like pore network patterns and how 

varying such network resulted in better cell seeding efficiency [47]. The palette of 

biomaterials could be also expanded to determine if the observed effects are 

independent from the material chemistry or, more likely, can be further modulated 

by it. 

In the past years microfracture technique was applied as surgical treatment of 

osteochondral lesions [48], its application in combination with scaffolds displayed 

an enhanced healing of osteochondral defects [49]. A possible study aiming at 

clinical translation, for example, could foresee the use of our gradient scaffolds in 

an orthotopic osteochondral defect with the squared pores facing the cartilage side 

and the rhomboidal ones facing the bone side, as previously suggested, where 

MSCs could be retrieved from the bone marrow through microfracture procedures. 

Practical examples where such scaffolds could be used in osteochondral locations 
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comprise defects in long bone joints such as knees, hips, and ankles, which are 

typically affected more frequently from traumatic accidents or ageing. 

4. Conclusion 

In this study a construct produced via additive manufacturing and presenting a 

gradient in pore shape was produced and its effect on hMSC proliferation and 

differentiation was analyzed. A new fiber deposition pattern was presented, 

allowing the generation of pores of different shapes within the same construct. The 

0-90 fiber alignment generated squared pores that supported enhanced 

differentiation of hMSCs toward the chondrogenic lineage, as shown by GAGs 

deposition and the expression of chondrogenic related genes. The variation in the 

fiber deposition pattern led to an increasing rhomboidal pore conformation by 

switching to 0-45, 0-30 and 0-15 angle depositions. The most rhomboidal pore 

geometry sustained enhanced ALP activity and osteogenic related genes 

expression with respect to the other gradient zones. This trend was maintained 

when the gradient scaffold was cultured in a medium supporting both osteogenic 

and chondrogenic differentiation. The study confirmed that the pore shape can play 

a role as a modulator of cell differentiation in vitro. 

5. Experimental Section 

Scaffold preparation: Scaffolds were fabricated via additive manufacturing with a 

Bioscaffolder (SysENG, Germany). Scaffolds made of poly(ε-caprolactone) (PCL, 

Sigma-Aldrich, USA) were produced. Briefly the polymer was placed in a stainless 

syringe and processed at 100 °C. The application of 5 bars of pressure via a 

nitrogen flow from a pressurized cap drove the molten polymer through an 

extrusion screw rotating at 200 rpm. 

During plotting, the needle diameter, layer thickness, fiber spacing and speed were 

kept constant at 200 µm, 150 µm, 800 µm and 180 mm/min, respectively. The fiber 

deposition pattern was kept constant at 0-90 (NG 90) and 0-15 (NG 15) for the 

control scaffolds, while the gradient scaffold was plotted by varying the fiber 

deposition pattern every millimeter from 0-90 to 0-45, 0-30, and 0-15. The scaffolds 

were plotted as cylinders of 6 mm in diameter and 3.6 mm in height. 
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Mechanical analysis: Compression tests were conducted using a rheometer 

(Discovery Hybrid Rheometer DHR-1, TA Instruments, US), which is equipped with 

a force rebalanced transducer (FRT) for axial forces up to 50N and sensitivity of 

0.01N. Cylindrical specimens of about 4 mm in height were placed in between 

parallel metal plates of 25 mm in diameter. The vertical gap height and axial force 

were recorded at 37 °C during controlled deformation speed experiments with 1 

µm/s up to maximum forces of 1N as well as 10N and converted to an apparent 

compression strain. The unloading phase was also recorded with 1 µm/s in order to 

obtain information on the recovery behavior and possible hysteresis effects. 

Cell expansion and culture: hMSCs (male, age 22) were retrieved from the Institute 

of Regenerative Medicine (Temple, Texas). Briefly, a bone marrow aspirate was 

drawn and mononuclear cells were separated using density centrifugation. The 

cells were plated to obtain adherent hMSCs, which were harvested when cells 

reached 60-80% confluence. These were considered passage 0 (P0) cells. These 

P0 cells were expanded, harvested and frozen at passage 1 (P1) for distribution. 

Cells were grown in MSC proliferation medium, which contains minimal essential 

medium (α-MEM, Life Technologies, Bleiswijk, the Netherlands) supplemented with 

10% fetal bovine serum (FBS, Lonza), 100 U/ml penicillin (Life Technologies, 

Bleiswijk, the Netherlands), 10 µg/ml streptomycin (Life Technologies, Bleiswijk, 

the Netherlands), 2 mM L-glutamine (Life Technologies, Bleiswijk, the 

Netherlands), 0.2 mM L-ascorbic acid 2-phosphate magnesium salt (ASAp, Sigma-

Aldrich, Zwijndrecht, The Netherlands) and 1 ng/ml of basic fibroblast growth 

factor-2 (bFGF-2, Fisher Scientific, Landsmeer, the Netherlands) at 37°C in a 

humid atmosphere with 5% CO2. Cells were expanded up to approximately 80% 

confluency and either frozen for further use or seeded on the scaffolds. 

Cell seeding on scaffolds: Cells were seeded under static condition within the G 

and NG scaffolds. Briefly, after trypsinization with 0.25% trypsin (Life Technologies, 

Bleiswijk, the Netherlands), cells (passage 2-4) were counted using a Bückner 

chamber and re-suspended in proliferation medium at a density of 500’000 cells in 

40 µL. The day before seeding, scaffolds were disinfected in 70% EtOH for 30 min 

under stirring, washed 3 times in phosphate buffered saline solution (PBS) (Lonza, 

Breda, the Netherlands), and incubated overnight in cell proliferation medium to 
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allow protein adsorption on the scaffold’s fibers. After protein adsorption, the 40 µL 

of cell suspension were placed on the scaffold in a drop wise fashion to account for 

a cell seeding density of 500’000 cells/scaffold. The seeded scaffolds were placed 

for 4 hours in the incubator to allow cell adhesion before adding the cell culture 

medium. 

Cells were cultured on the G and NG scaffolds for 7 days in proliferation medium. 

At day 7, the proliferation medium was changed and the cells within the scaffolds 

were cultured for another 28 days in basic medium, mineralization medium 

consisting of basic medium supplemented with 10 nM dexamethasone (Sigma-

Aldrich Zwijndrecht, The Netherlands) and 10 mM β-glycerol-phosphate (Sigma-

Aldrich, Zwijndrecht, The Netherlands), and chondrogenic medium consisting of 

DMEM supplemented with 50 mg/mL ITS-premix (Bexton Dickinson), 0.4 mM 

Proline (Sigma-Aldrich, Zwijndrecht, The Netherlands), 50 mg/mL Ascorbic acid 

(ASAp, Sigma-Aldrich, Zwijndrecht, The Netherlands), 100 mg/mL sodium pyruvate 

(Sigma-Aldrich, Zwijndrecht, The Netherlands), 100 U/ml penicillin (Life 

Technologies, Bleiswijk, the Netherlands), 10 µg/ml streptomycin (Life 

Technologies, Bleiswijk, the Netherlands), 10 ng/mL transforming growth factor β3 

(TGF-β3) (Life Technologies, Bleiswijk, the Netherlands) and 10
-7

 M 

dexamethasone (Sigma-Aldrich, Zwijndrecht, The Netherlands). For the culture of 

the G scaffolds under osteochondral conditions osteogenic and chondrogenic 

medium were mixed in a ratio 1:1 immediately prior the medium change. The 

medium was refreshed every 2 days. 

Biochemical assays: The cell number per scaffold was calculated from the µg of 

DNA, obtained by a Cyquant DNA assay kit (Life Technologies, Bleiswijk, the 

Netherlands). Briefly, each scaffold was cut to improve lysis efficiency and freeze-

thawed 5 times. After the freeze-thawing process, cells within the scaffolds were 

lysated by diluting the 20x lysis buffer provided with the kit using a saline buffer 

(180mM NaCl, 1 mM EDTA in distilled water). After 1h of lysis, samples were 

sonicated 2 times for 10 seconds using a Branson sonifier 250 (Emerson Industrial 

Automation, USA). DNA content was quantified with a CyQuant kit (Life 

Technologies, Bleiswijk, the Netherlands) according to manufacturer’s protocol and 

fluorescence was measured at 480 nm using a spectrophotometer LS50B (Perkin 
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Elmer, The Netherlands). DNA concentrations were calculated from a λ DNA 

standard curve. 

To evaluate hMSC differentiation toward the osteogenic lineage, alkaline 

phosphatase (ALP) activity was measured using a CDP star kit (Roche, Almere, 

The Netherlands). For this purpose, 10 μL of sample was added to a well of a white 

96-well plate and 40 μL of substrate was added. After 15 minutes incubation, 

luminescence was read using a spectrophotometer LS50B (Perkin Elmer, The 

Netherlands). ALP activity was corrected for DNA content. 

To evaluate the differentiation toward the chondrogenic lineage, 

glycosaminoglycans (GAGs) amount was quantified using 1,9-Dimethyl Methylene 

Blue (DMMB) assay. Specifically, 25 μL of sample were placed into a transparent 

flat bottom 96 well plate and 5 μL of 2.3M NaCl solution were added. Then, 150 μL 

of DMMB solution were added and absorbance was read using a Multiscan Go 

(Fisher Scientific, Landsmeer, the Netherlands) plate reader at a wavelength of 

525 nm. GAGs content was quantified with a chondroitin standard curve and 

corrected for DNA content. 

Osteocalcin (OCN) and collagen type-II hMSC production was analysed after 

14 days of culture using ELISA (human osteocalcin and collagen type II ELISA 

kits, Invitrogen). The test was performed on 5 samples per condition. In short, 

the medium was removed and samples were washed using ice cold PBS. A 

buffer was prepared using 890 volumes of miliQ water, 100 volumes of RIPA 

buffer (Cell Technologies) and 10 volumes of Halt™ protease and phosphatase 

inhibitor (Thermo Scientific). 150 microliters of the buffer was added to each 

samples and the samples were incubated on ice for 10 minutes. The buffer was 

then collected from the samples and centrifuged at 11000 g for  15 minutes. The 

supernatant was collected and used for the ELISA tests which were performed 

according to manufacturer’s protocol. Briefly, 25 µl of samples and standard 

solutions were added to the osteocalcin and collagen type II antibody-coated 

strip- well plates. 100 µl of Anti-OST-HRP  and 100 ul of Anti-Col2-HRP 

conjugates, respectively, were added to each correspondent well, and the 

plates were covered and incubated for 2 hours at room temperature. After 

incubation, the solutions in the wells were aspirated and the wells were washed 
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3 times using a washing solution provided in the kit. Then, 100 µl of a 

chromogen solution (Tetramethylbenzidine) was added to each well and the 

plates were incubated for 30 minutes at room temperature in the dark. Finally,  

100 µl of stop solution was added to each well. The optical density of each well 

was read at 450 nm using a plate reader (MULTISKAN GO, Thermo Scientific). 

A standard curve was plotted in Microsoft excel and concentration of OCN and 

collagen type II were determined in each well according to the standard curves. 

Western Blot analysis: hMSC passage 2-4 were cultured in normoxic (21% oxygen) 

conditions on both petri dishes and AM scaffolds, and in hypoxic (2,5% oxygen) 

conditions on petri dishes only (positive control). The cells were lysed in radio-

immunoprecipitation assay (RIPA) lysis buffer (sc-24948, SantaCruz 

Biotechnology), and the protein content was determined using Pierce BCA protein 

assay kit (#23227, Thermo Scientific Pierce), with bovine serum albumin as the 

standard. Each sample was mixed with 4x Laemmli Sample Buffer (#161-0737, 

BioRad) loaded per 

lane and resolved on a 4–20% precast polyacrylamide gel (#456-8094, BioRad). 

Then, proteins were transferred to a PVDF membrane for immunoblotting. After 

blocking 1h at room temperature with 5% BSA in Tris-buffered saline containing 

0.1% Tween-20 (Santa Cruz Biotechnology), the membranes were incubated 

overnight at 4ºC with HIF-1α (28b) antibody (#sc-13515, Santa Cruz 

Biotechnology), or HIF-2α antibody (#sc-46691, Santa Cruz Biotechnology), diluted 

1:250 in Tris-buffered saline containing 0.1% Tween-20). GAPDH antibody (#sc-

365062, Santa Cruz Biotechnologies) diluted 1:2500 was used as loading control 

for normalization. Membranes were washed with Tris-buffered saline, and 

incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies 

(DAKO) diluted 1:2500 in Tris-buffered saline containing 0.1% Tween-20 for 45min 

at room temperature. After washing, blots were developed using Clarity Western 

ECL Substrate (#1705060, BioRad) and the HRP activity of the blots were imaged 

using a BioRad Chemidoc Touch imager. Finally, blots were semi-quantified using 

ImageJ. 

Microscopy analysis: G and NG scaffolds were analyzed by scanning electron 

microscopy (SEM, Philips – XL 30 ESEM-FEG). Directly after plotting, scaffolds 
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were cut in half, gold sputtered and analyzed. SEM images were analyzed using 

Image J software in order to measure the fiber diameter, fiber spacing, and pore 

dimensions.  

Scaffolds cultured in basic medium for 28 days were fixed using 10% formalin, 

dehydrated by an increased series of ethanol concentration (50-60-70-80-90-96-

100%) and cut in half. The final dehydration step was carried out via immersion in 

Hexamethyldisilazane (Sigma-Aldrich, Zwijndrecht, The Netherlands) and overnight 

evaporation. Dry scaffolds were mounted on SEM stubs, gold sputtered 

(Cressington sputter coater 108 auto), and analyzed using 10 kV and a working 

distance of 25 mm. 

Gene expression analysis: For gene expression analysis, the scaffolds were taken 

from the medium, washed twice with PBS, cut into small pieces, placed in an 

Eppendorf tube containing 750 µL of TRIzol® (Invitrogen), and stored at -80ºC. In 

the case of partition analysis the gradient scaffolds were cut in order to separate 

the gradient zones and the 3 samples were located in the same vial prior to the 

addition of TRIzol®, in order to ensure the collection of enough RNA. RNA isolation 

was performed by using a Bioke RNA II nucleospin RNA isolation kit (Makerey-

Nagel). 150 µL of CHCl3 were added and the vials were vigorously mixed, followed 

by a centrifugation at 12000g for 15 minutes at 4 ºC. The aqueous phase was 

transferred into a new tube and an equal amount of 70% ethanol was added. The 

mixture was transferred into a filter columns from the kit and the extraction was 

carried on by following the manufacturer’s protocol. RNA concentration and purity 

was evaluated via an ND1000 spectrophotometer (Nanodrop Technologies, USA); 

cDNA was synthetized using iScript™ (BIO-RAD) according to the manufacturer’s 

protocol. Quantitative polymerase chain reaction (qPCR) was performed on the 

obtained cDNA by using the iQ SYBR® Green Supermix (BIO-RAD) and the 

primers listed in Table S1, in supporting information. PCR reaction was carried out 

on the MyiQ2 Two-Color Real-Time PCR Detection System (BIO-RAD) under the 

following conditions: the cDNa was denatured for 10 minutes at 95 ºC, followed by 

45 cycles, consisting of 15 seconds at 95 ºC, 15 seconds at 60 ºC and 15 seconds 

at 72 ºC. A melting curve was generated from each reaction to test the presence of 

primer dimers and a specific product. The cycle threshold was calculated by the 
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Bio-Rad iQ5 optical system software, in which the threshold was set in the lower 

log-linear region of the fluorescent signal. Ct values were normalized by the B2M 

housekeeping gene and ΔCt ((average of Ct control)-Ct value). Results were 

expressed as fold induction in mRNA expression normalized to the gene 

expression of the gradient scaffolds cultured in basic medium. In the partition 

analysis, the relative RNA expression was normalized by the squared pore region 

(0-90) for the osteogenic analysis and the rhomboidal region (0-30/15) for the 

chondrogenic analysis. 

Statistical analysis: All the quantitative data are expressed as mean ± standard 

deviation. Statistics were performed using IBM SPSS Statistics 20. A two-way 

ANOVA with Tukey as post-hoc test were used. Statistical significance between 

the control group and the experimental groups is indicated with (*) which 

represents a p-value < 0.05, (**) which represents a p-value < 0.01, and (***) 

which represents a p-value < 0.001. 
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Supporting Information  

Gene Forward Primer Reverse Primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

Aggrecan AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC 

Sox9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG 

Collagen IIα CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG 

Collagen Iα GAGGGCCAAGACGAAGACATC 
CAGATCACGTCATCGCACAAC 

Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 

Osteocalcin TGAGAGCCCTCACACTCCTC 
CGCCTGGGTCTCTTCACTAC 

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

Osterix CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG 

BMP-2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT 

Table S1. Primer list used for the differentiation analysis at genetic level. β-2- microglobulin 

(B2M) was used as housekeeping gene, aggrecan, SRY (sex determining region Y)-box 9 
(sox 9) and collagen type II as chondrogenic markers and collagen type I, Runt-related 
transcription factor 2 (runx2), osteocalcin, bone sialoprotein (BSP), osterix, and bone 
morphogenetic protein-2 (BMP-2) as osteogenic markers. 
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Figure S1. No major differences were seen between the samples after 8 hours from cell 

seeding and between the 2 gradient directions. When gradient scaffolds were seeded with 

the 0-90 region on top or with the 0-15 region on top, no difference in cell seeding efficiency 

was found, indicating that gravity didn’t play a role with the cell culture method used.  
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Figure S2. Cell number over time in the constructs cultured in chondrogenic (a) and 

osteogenic (b) medium. The same trend is shown by all the constructs over time, no major 

differences can be seen among the scaffolds at the same time point.  
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Figure S3. SEM images showing more rounded cells in the 0-90 regions and more spread 

cells in the 0-15 regions of the scaffolds. 

 

Figure S4. PCR analysis of BMP-2 gene expression in G, NG90, and NG15 scaffold after 2 

weeks of culture in mineralization medium. Fold induction is expressed after normalization to 

NG90 scaffolds. * p< 0.05. 
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Figure S5. Collagen type II (A, B) and osteocalcin (C, D) production of hMSCs cultured in 

chondrogenic or osteogenic media after 2 weeks of culture. Protein production was 

normalized for DNA (A, C) as well as for cell density (B, D) to take into account both different 

cell number and pore network volume in the gradient and non-gradient scaffolds. * p<0.05; 

** p<0,01; *** and ### p<0.001.  

 

Figure S6. GAG amount in basic (B) and chondrogenic (C) medium normalized by the cell 

density calculated as µg of DNA per pore volume (a) and normalized by pore volume only 

(b). The normalization didn’t affect the trend no matter the conditions. *** statistical 

significance with respect to the other conditions; p < 0.001. 
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Figure S7. GAG amount in double medium normalized by the cell density calculated as µg 

of DNA per pore volume (a) and normalized by pore volume only (b). The normalization 

didn’t affect the trend no matter the conditions. *** statistical significance with respect to the 

other conditions; p < 0.001. 

 

Figure S8. HIF-1α (A, B) and HIF-2α (C, D) protein expression in the different regions of the 

pore shape gradient scaffolds (A, C) as well as in 2D culture conditions (B, D). Scaffold 

cultures were performed in basic media, while 2D cultures were performed both in normoxia 

as hypoxia conditions as controls. 
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Abstract 

Swift progress in biofabrication technologies has enabled unprecedented progress 

in the application of developmental biology design criteria in three-dimensional 

scaffolds for regenerative medicine. Considering that tissues and organs in the 

human body develop following specific physico-chemical gradients, we 

hypothesized in this study that additive manufacturing technologies would 

significantly aid in the constructions of 3D scaffolds encompassing such gradients. 

Specifically, we considered surface energy and stiffness gradients and analyzed 

their effect on adult bone marrow derived mesenchymal stem cell differentiation 

into skeletal lineages. Discrete step-wise macroscopic gradients were obtained by 

sequentially depositing different biodegradable biomaterials in the additive 

manufacturing process, namely poly(lactic acid) (PLA), polycaprolactone (PCL), 

and poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) 

copolymers. At the bulk level, PEOT/PBT homogeneous scaffolds supported a 

higher alkaline phosphatase (ALP) activity compared to PCL, PLA, and gradient 

scaffolds, respectively. All homogeneous biomaterial scaffolds supported also a 

significantly higher amount of glycosaminoglycans (GAGs) production compared to 

discrete gradient scaffolds. Interestingly, the analysis of the different material 

compartments revealed a specific contribution of PCL, PLA, and PEOT/PBT to 

surface energy gradients. Whereas PEOT/PBT regions were associated to 

significantly higher ALP activity, PLA regions correlated with significantly higher 

GAG production. These results show that cell activity could be influenced by the 

specific spatial distribution of different biomaterial chemistries in a 3D scaffold and 

that engineering surface energy discrete gradients could be considered as an 

appealing criterion to design scaffolds for osteochondral regeneration.  
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1. Introduction 

The osteochondral interface is the tissue allowing the transition from articular 

cartilage to the underneath trabecular bone. Gradients in structural and physico-

cemical properties such as stiffness, surface energy, and mineral content are 

important to determine a smooth transition (1-3) between skeletal tissues with great 

differences in structural and mechanical properties, resulting consequently in 

different functions. Nowadays, the most common pathological state of the 

osteochondral tissue is osteoarthritis (OA). Currently available treatments in the 

clinics to regenerate osteochondral tissues, such as reparative surgery, allografts 

(4), autografts (5) and the implantation/transplantation of autologous chondrocytes 

(6) are not yet completely successful. Besides limitations like the formation of 

fibrocartilage and lack of donor supply, these treatments inflict further tissue 

damage before any therapeutic effect can be achieved (6-8). In the last couple of 

decades regenerative medicine has focused on possible alternatives to improve 

current therapies. In particular, the use of scaffolds to support and direct the growth 

of already differentiated cells or precursor cell, such as human mesenchymal stem 

or stromal cells (hMSCs), has gained a lot of interest. When successful, in fact, this 

strategy could lead to the implantation of instructive scaffolds only, thus limiting 

patient discomfort of multiple surgeries and healthcare costs. To serve this 

objective, scaffolds need to match functional requirements such as allowing 

nutrient in-flow and metabolites out-flow, facilitating cell migration and ECM 

formation, provide sufficient mechanical properties and adequate surface 

properties to orchestrate cell activity.  

Different materials can be used for the production of scaffolds. In osteochondral 

tissue regeneration, polymers such as poly-lactic-acid (PLA) (9, 10), 

polycaprolactone (PCL) (11-13) and poly(ethylene oxide terephthalate)/ 

poly(butylene terephthalate) PEOT/PBT copolymers (14, 15) seem promising 

biomaterial candidates owing to their physico-chemical properties apted to skeletal 

applications. Furthermore, these polymers have been already approved from 

regulatory bodies for targeted applications in the orthopedic field, thus offering a 

more facile route towards clinical translation. Among scaffold production 
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techniques, several have been applied for osteochondral regeneration such as gas 

foaming (16), salt leaching (17) and freeze-drying (18). Yet, these techniques 

generate constructs that lack fundamental features such as pore interconnectivity, 

tailored and controlled pore size and shape, and resulting mechanical properties. 

In the past decade, additive manufacturing (AM) emerged as a powerful technology 

for scaffold design and fabrication, due to its ability to overcome these limitations. 

Via computer assisted design (CAD), AM allows to generate scaffolds with the 

desired shape, which is then converted in a program that is read by computer 

assisted manufacturing (CAM) software. The resulting scaffolds have a fully 

interconnected pore structure and features such as pore size, shape and fiber 

diameter can be varied during the entire manufacture process.  

In recent years, hMSCs have found momentum in the proposed therapies for 

osteochondral regeneration. From a developmental point of view, both bone and 

cartilage originate from stem cells (19-21). Several studies proved the ability of 

hMSCs to differentiate toward, among others, the osteogenic and chondrogenic 

lineage in vitro (22-25). Their differentiation can be driven by different 

environmental cues such as nutrient and oxygen availability (26), surface and pore 

geometry (27, 28), presence of soluble factors (29-34) or substrate physico-

chemical properties. In this respect, a number of studies demonstrated that the 

interaction between cells and substrates determines changes in the cytoskeleton 

which may trigger differentiation processes (27, 35, 36). Among physico-chemical 

properties, the surface energy of a biomaterial substrate determines the amount of 

adsorbed protein (37) and, consequently, the anchor points that cells will encounter 

at the moment of attachment, eventually determining their final shape and 

spreading degree. Cell shape is known to regulate cell fate: hMSCs with rounded 

shape tends to differentiate toward the chondrogenic lineage (38) whereas a 

spread shape leads to an osteogenic differentiation (39). Another cue that may 

trigger hMSC differentiation via a cytoskeleton modification is the substrate 

stiffness, in a process known as mechanotransduction (40, 41). Cells cultured on a 

stiffer substrate will display a molecular expression pattern that leads to osteogenic 

differentiation (40), whereas cells grown on a softer substrate lead to differentiation 

toward a softer tissue lineage, such as chondrogenic differentiation (42).  
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Despite a number of studies showing the influence of surface energy and stiffness 

in two-dimensional substrates, limited work has been performed in three-

dimensional (3D) scaffolds (43, 44). Here, we present a multi-material 3D scaffold 

fabricated by AM and based on three biodegradable polymers arranged in order to 

present a macroscopic step-wise discrete gradient either in surface energy or in 

stiffness. The influence of such 3D gradients on hMSC differentiation toward the 

osteogenic and chondrogenic lineages was evaluated as potential scaffold design 

criteria to aid in steering stem cell activity for osteochondral tissue regeneration. 

2. Materials & Methods 

2.1 Scaffolds preparation 

Scaffolds were fabricated via AM with a Bioscaffolder (SysENG, Germany). 

Scaffolds made of PEOT/PBT, PCL, and PLA alone (used as controls) or in 

combination in the same scaffold construct were produced. PEOT/PBT copolymers 

belong to the group of block co-polymers characterized by an aPEOTbPBTc 

nomenclature, where a is the molecular weight of the starting PEG block and b and 

c are the PEOT/PBT ratio. Briefly, the polymers were placed in a stainless syringe 

and processed at 190 °C (300PEOT55PBT45, PolyVation, The Netherlands), 100 

°C (PCL, Sigma-Aldrich, USA), or 210 °C (PLA, PLAtimer 228, PolyVation, The 

Netherlands). The molten polymers were extruded through a cartridge unit, by the 

application of a nitrogen flow with a pressure of 5 bars from a pressurized cap and 

an extrusion screw rotation of 200 rpm. During plotting, the needle diameter and 

layer thickness were kept constant at 250 µm, 200 µm and 180 mm/min, 

respectively. The fiber spacing was kept constant at 750 µm. The translation speed 

of the printing arm was 180 mm/min for PLA, 250 mm/min for PCL, and 550 

mm/min for 300PEOT55PBT45. The plotted and tested samples were 6x6x3 mm 

blocks. The plotting process of the gradient scaffolds was based on the filling of 3 

syringes, each with one polymer, heated to the right temperature. The CAD/CAM 

program was written for the manufacturing of 6 layers of each polymer and then 
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change the syringe. The sequence of the surface energy (wettability) gradient was 

PLA-300PEOT45/PBT55-PCL (WG), while the stiffness gradient followed the order 

PLA-PCL-300PEOT45/PBT55 (SG). 

2.2 Polymer films and contact angle measurements 

In order to determine the surface energy, static contact angle measurements with 

water were performed by the sessile drop technique using an optical contact angle 

device equipped with an electronic syringe unit (OCA15, Dataphysics, Germany). 

To have a flat surface and to maintain the same temperature treatment as in AM 

processing, a film of each polymer was made via hot embossing. We reasoned 

that, being wettability a surface property related to how the material is processed, 

contact angle measurements on such hot embossed films could be equivalently 

representative of contact angle values of 3D scaffolds. Contact angle 

measurements on 3D scaffolds were otherwise challenging to test, due to the fact 

that water droplets were immediately entrapped in the scaffolds’ pore network due 

to capillary forces. Specifically, PCL, 300PEOT55PBT45 and PLA discs of 500 μm 

thickness were made by a hot-embossed compression moulding technique. 

Granules of each polymer were distributed inside circular punched moulds of 

stainless steel and placed between two silicon wafers functionalized with 

1H,1H,2H,2H-perfluorodecyltrichorosilane (FDTS, Sigma-Aldrich). The wafer-

mould-wafer stack was placed in the aperture of the temperature hydraulic press 

(Fortune Holland) at 80 °C for PCL, 180 °C for 300PEOT55PBT45 and 230 °C for 

PLA and 10 bar. After 5 minutes the system was cooled to 60 °C and the pressure 

was released. The mould and wafer were manually separated to provide smooth 

discs. The discs were used for contact angle analysis, as above described. 

2.3 Mechanical testing at the macroscopic length scale 

The mechanical properties of the gradient scaffolds and the controls in wet and dry 

conditions were evaluated by uniaxial compression tests. For each configuration, 6 

samples were analyzed. Samples were positioned in a standard compression block 

and aligned to the 500 N load cell of a Zwick materials-testing machine. To 
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evaluate the influence of an aqueous environment and possible perfusion effects, 

tests were performed under two different environmental conditions: in a nitrogen 

atmosphere (dry condition) and in culture medium (alpha-MEM) at 37 °C (wet 

condition). In the second case, the samples were left overnight in the medium at 37 

°C and a modified compression block was used to perform the test. All specimens 

were preloaded with 0.1 N and preconditioned by a series of ten cycles until a 

strain of 5%, with a strain rate of 1mm/min to reduce the hysteresis. Subsequently, 

they were compressed at 1 mm/min until failure. A stress–strain curve representing 

the mechanical properties of the samples can be obtained from the cross-sectional 

area and the strain measurements. From the stress-strain curves, the following 

parameters were obtained: Young’s modulus (Pa), defined as the slope of the 

linear region of the stress-strain curve, ultimate stress (Pa), ultimate strain (%) and 

strain energy density (Pa) at failure. 

2.4 Mechanical testing at the microscopic length scale 

Force measurements were performed on 3D scaffolds in air using a Dimension 

3100 AFM equipped with a hybrid scanner and a NanoScope IVa controller 

(Veeco/Digital Instruments (DI), Santa Barbara, CA, USA). Commercially available 

silicon cantilevers (PointProbe® Plus silicon probes, PPP-NCH, Nanosensors, 

Neuchatel, Switzerland) with a spring constant of around 42 Nm
-1

 were used in the 

experiments. Force measurements were carried out with a z-ramp size of 2 μm, a 

scan rate of 1 Hz, and a deflection trigger of 200 nm. For every material around 

1000 force curves were taken (n=1000). The stiffness of the materials was defined 

as the slope of the approach curve from the point of contact up to an indentation 

force of 1 μN. 

2.5 Cell expansion and culture 

Pre-selected hMSCs (male, age 22) were retrieved from the Institute of 

Regenerative Medicine (Temple, Texas). Briefly, a bone marrow aspirate was 

drawn and mononuclear cells were separated using density centrifugation. The 

cells were plated to obtain adherent hMSCs, which were harvested when cells 
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reached 60-80% confluence. These were considered passage 0 (P0) cells. These 

P0 cells were expanded, harvested and frozen at passage 1 (P1) for distribution. 

Cells were grown in MSC proliferation medium, which contains minimal essential 

medium (α-MEM, Gibco, Breda, The Netherlands) supplemented with 10% fetal 

bovine serum (FBS, Lonza), 100 U/ml penicillin (Gibco, Breda, The Netherlands), 

10 µg/ml streptomycin (Gibco, Breda, the Netherlands), 2 mM L-glutamine (Gibco, 

Breda the Netherlands), 0.2 mM L-ascorbic acid 2-phosphate magnesium salt 

(ASAp, Sigma-Aldrich, Zwijndrecht, The Netherlands) and 1 ng/ml of basic 

fibroblast growth factor-2 (bFGF-2, Fisher Scientific, Landsmeer, the Netherlands) 

at 37 °C in a humid atmosphere with 5% CO2. Cells were expanded up to 

approximately 80% confluency and either frozen for further use or seeded on the 

scaffolds. 

2.3 Cell seeding on scaffolds 

Briefly, after trypsinizaition with 0.25% trypsin (Life Technologies, Bleiswijk, the 

Netherlands), cells (passage 2-4) were counted using a Bückner chamber and re-

suspended in proliferation media at a density of 500’000 cells in 40 µL.  

The day before seeding, scaffolds were disinfected in 70% EtOH for 30 min under 

stirring, washed 3 times in phosphate buffered saline solution (PBS, Lonza, Breda, 

the Netherlands), and incubated overnight in cell proliferation media to allow 

protein adsorption on the scaffold’s fibers. After protein adsorption, the 40 µL of cell 

suspension were placed on the scaffold in a drop wise fashion to account for a cell 

seeding density of 500’000 cells/scaffold. The seeded scaffolds were placed for 4 

hours in the incubator to allow cell adhesion before adding the cell culture media. 

Cells were cultured on the gradient (G) and non-gradient (NG) scaffolds for 7 days 

in proliferation media. At day 7, the proliferation media was changed and the cells 

within the scaffolds were cultured for another 7 and 28 days in basic media, 

mineralization media consisting of basic media supplemented with 10 nM 

dexamethasone (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 10 mM β-

glycerol-phosphate (Sigma-Aldrich, Zwijndrecht, the Netherlands), and 

chondrogenic media consisting of DMEM supplemented with 50 mg/mL ITS-premix 
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(Bexton Dickinson), 0.4 mM Proline (Sigma-Aldrich, Zwijndrecht, the Netherlands), 

50 mg/mL ascorbic acid (ASAp, Sigma-Aldrich, Zwijndrecht, the Netherlands), 100 

mg/mL sodium pyruvate (Sigma-Aldrich, Zwijndrecht, the Netherlands), 100 U/ml 

penicillin (Life Technologies, Bleiswijk, the Netherlands), 10 µg/ml streptomycin 

(Life Technologies, Bleiswijk, the Netherlands), 10 ng/mL transforming growth 

factor β3 (TGF-β3) (Life Technologies, Bleiswijk, the Netherlands) and 10
-7

 M 

dexamethasone (Sigma-Aldrich, Zwijndrecht, the Netherlands). 

2.6 Biochemical study 

2.6.1 DNA analysis 

The cell number per scaffold was calculated from the µg of DNA, obtained by a 

Cyquant DNA assay kit (Life Technologies, Bleiswijk, the Netherlands). Briefly, 

each scaffold was cut to improve lysis efficiency and freeze-thawed 5 times. After 

the freeze-thawing process, cells within the scaffolds were lysated by diluting the 

20x lysis buffer provided with the kit using a saline buffer (180 mM NaCl, 1 mM 

EDTA in distilled water). After 1h of lysis, samples were sonicated 2 times for 10 

seconds using a Branson sonifier 250 (Emerson Industrial Automation, USA). DNA 

content was quantified with a CyQuant kit (Invitrogen, Breda, the Netherlands) 

according to manufacturer’s protocol and fluorescence was measured at 480 nm 

using a spectrophotometer LS50B (Perkin Elmer, The Netherlands). DNA 

concentrations were calculated from a λ DNA standard curve. 

 

2.6.2 ALP activity 

To evaluate hMSC differentiation toward the osteogenic lineage, ALP content was 

measured using a CDP star kit (Roche, Woerden, the Netherlands). For this 

purpose, 10 μL of sample was added to a well of a white 96-well plate and 40 μL of 

substrate (Disodium 2-chloro-5-(4-methoxyspiro [1,2-dioxetane-3,2’-(5’-

chloro)tricycle[3.3.1.13.7]decan]-4-yl)-1-phenyl phosphate) was added. After 15 
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minutes incubation, luminescence was read using a spectrophotometer LS50B 

(Perkin Elmer). ALP activity was corrected for DNA content.  

2.6.3 GAG amount 

To evaluate the differentiation toward the chondrogenic lineage, 

glycosaminoglycans (GAG) amount was quantified using 1,9-Dimethyl Methylene 

Blue (DMMB) assay. Specifically, 25 μL of sample were placed into a transparent 

flat bottom 96 well plate and 5 μL of 2.3M NaCl solution were added. Then, 150 μL 

of DMMB solution were added and absorbance was read using a Multiscan Go 

(Thermo Scientific, USA) plate reader at a wavelength of 525 nm. GAG content 

was quantified with a chondroitin sulphate standard curve and corrected for 

DNA content. 

2.7 Microscopy analysis – optical stereo and SEM 

G and NG scaffolds were analyzed by optical stereo microscopy and scanning 

electron microscopy (SEM, Philips – XL 30 ESEM-FEG). Directly after plotting, 

scaffolds were cut in half and pictures were taken with a stereological microscope. 

Afterwards, the samples were gold sputtered and analyzed by SEM. Scaffolds 

cultured in mineralization media for 3, 7 and 28 days were fixed using 10% 

formalin, dehydrated by an increased series of ethanol concentration (50-60-70-80-

90-96-100%) and cut in half. The final dehydration step was carried out via 

immersion in hexamethyldisilazane (Sigma Aldrich) and overnight evaporation. Dry 

scaffolds were mounted on SEM stubs, gold sputtered (Cressington sputter coater 

108 auto), and analyzed using 10 kV and a working distance of 25 mm. 

2.8 Statistical analysis 

All quantitative data are expressed as mean ± standard deviation (SD). 

Statistics were performed using IBM SPSS Statistics 20. A two-way statistical 

analysis of variance (ANOVA) with a significant p level of 0.05 was used to 

determine differences between the groups and test conditions. Tukey’s multiple 

comparisons test was used to perform post hoc analysis. Statistical significance 
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between the control group and the experimental ones is indicated with (*) which 

represents a p-value < 0.05, (**) which represents a p-value < 0.01, and (***) which 

represents a p-value < 0.001. 

3 Results 

3.1 Discrete gradient generation – contact angle measurements 

To determine the surface energy gradient, the contact angle of the single material 

was measured on polymer films. PLA showed a contact angle of 66.5° ± 3.1°, 

followed by PEOT/PBT 68.4° ± 9.4° and PCL with the highest value 77.6° ± 8.6°. 

The chosen polymer sequence for the surface energy discrete gradient was PLA-

PEOT/PBT-PCL (Figure 1a). 

 

Figure 1. Graph showing the contact angle of the different polymers (a) and the stiffness 

measured in the middle of one fiber of the scaffold per polymer (b). The contact angle 
increases along the discrete gradient from PLA to 300PEOT55PBT45 and PCL. The 
stiffness gradient showed a sequence from 300PEOT55PBT45 to PCL, and PLA.  



188 

 

Figure 2. Steromicroscopical pictures of the cross section of the stiffness gradient scaffolds 

(a) and the wettability gradient scaffolds (b). Scale bar: 2 cm. 

3.2 Gradient generation – stiffness 

The local surface mechanical properties of the 3 different polymers used to 

fabricate discrete gradient scaffolds were measured by AFM over 1000 different 

locations per scaffold region (Figure 1b). PEOT/PBT displayed a stiffness of 4.73 ± 

0.35 µN/nm, PCL of 10.07 ± 3.74 µN/nm, and PLA of 32.41 ± 2.34 µN/nm. The 

chosen sequence following the stiffness gradient was, therefore, PEOT/PBT-PCL-

PLA (Figure 2).  

The mechanical properties of the discrete gradient scaffolds and relative 

homogenous scaffold controls in wet and dry conditions were evaluated to further 

characterize the fabricated constructs at a structural level. Comparing the Young’s 

modulus in dry conditions, the three materials showed a different mechanical 

behaviour (Figure 3). PEOT/PBT showed the lowest value (17.07 ± 0.99 MPa), 

followed by PCL (50.62 ± 1.38 MPa) and PLA (107.86 ± 9.8 MPa), respectively. 

The discrete gradient scaffolds displayed in dry and wet conditions a Young’s 

modulus close to the most compliant PEOT/PBT scaffolds (Figure 3). In addition, 

the WG scaffolds showed a higher ultimate stress both in dry and wet conditions 

compared to SG ones. However, an opposite trend was detected for the ultimate 

strain in dry and wet conditions. Finally, the SG scaffolds showed a higher strain 

energy density both in dry and wet conditions compared to the WG ones. 
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Figure 3. Mechanical analysis of single material and gradient scaffolds. Results are 

expressed as plot showing the Young’s modulus, the ultimate stress, ultimate strain, and 
strain energy density. @ means that PLA in wet condition is statistically different (p-value < 
0.001) compared to the other materials in the same conditions. α means that PCL in wet 
condition is statistically different (p-value < 0.001) compared to the other materials in the 
same condition. β means that PA in dry condition is statistically different (p-value < 0.001) 
compared to the other materials in the same condition. γ means that PCL in dry condition is 
statistically different (p-value < 0.001) compared to the other materials in the same 
condition. 

3.3 Cell seeding efficiency and cell shape 

Cell seeding efficiency was not affected by the material or the type of gradient 

(Supporting Information, Figure S1). All structures presented a cell seeding 

efficiency between 40 and 50%, with a slight increase for the wettability gradient 

constructs. Cells displayed a different shape depending on the material they 
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adhered on (Figure 4). After 3 days of culture, hMSCs appeared homogeneously 

distributed in all the samples, their shape was elongated in PCL and PEOT/PBT, 

while on PLA their morphology looked more spread. 

 

Figure 4. SEM micrograph depicting the cell shape on the materials. On PLA hMSCs 

present a spread phenotype on the fibers with part of them bridging two fibers (a, b, c). On 
PCL (d, e, f) and PEOT/PBT (g, h, i) hMSCs showed an elongated shape. Scale bar 500 µm 
(a, d, g), 50 µm (b, e, h) and 20 µm (c, f, i). 

3.4 Osteogenic and chondrogenic differentiation 

The ALP activity profile over time was the same for gradient and non-gradient 

scaffolds. ALP activity increased over time. After 28 days of culture in 

differentiation conditions, PEOT/PBT scaffolds outperformed the other constructs. 

When cultured under basic conditions, no major differences could be seen among 

the samples cultured for the same amount of time. Yet, an increase in ALP activity 

was observed after 28 days of culture in all the scaffolds compared to 7 days of 

culture. 

Similarly, the GAG amount produced by the cells within the samples cultured in 

basic media did not show significant differences. When hMSCs were grown under 
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basic conditions the single material constructs displayed a decreased (PCL, PLA) 

or a stable (PEOT/PBT) GAG amount. The GAG amount increased in the gradient 

scaffolds over time, yet not showing consistent differences with the single material 

scaffolds. Under chondrogenic conditions, the surface energy gradient (WG) 

outperformed the other constructs including the stiffness gradient at day 7. This 

beneficial effect was lost after 28 days, in which the GAG content of the single 

material constructs was significantly higher with respect to the gradient samples. 

 

Figure 5. Graphs showing ALP activity (a, b) and GAG amount (c, d) in the full scaffolds at 7 

(a, c) and 28 (b, d) days of culture. The ALP activity in all the samples was significantly 
increased over time. 300PEOT55PBT45 scaffolds showed the highest ALP activity after 28 
days in differentiation media (b). At 7 days under chondrogenic conditions WG scaffolds 
showed the highest GAG content (c). After 28 days under chondrogenic conditions the 
single material scaffolds outperformed the gradient scaffolds in GAG content (d). *** 
statistical significance, p<0.001 
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3.5 Osteogenic and chondrogenic differentiation partition analysis 

To study whether the presence of these specific biomaterials in different regions of 

the gradient scaffolds had a net influence on cell differentiation, the scaffolds were 

segmented in the different material regions and analysed. After 7 days under 

mineralization conditions cells residing in the 300PEOT55PBT45 zone of the 

stiffness gradient showed the highest ALP activity level (Figure 6) compared to the 

other regions. No other significant changes were, however, observed for the 

stiffness gradient constructs. Interestingly, in surface energy gradient scaffolds the 

300PEOT55PBT45 region supported a significantly higher amount of produced 

GAGs compared the other material zones under chondrogenic conditions ay day 7, 

whereas the PLA region outperformed the other materials at day 28 (Figure 7). 

When cultured in mineralization medium, cells adhering on the PEOT/PBT regions 

showed significantly higher levels of ALP activity with respect to the levels 

displayed on PCL and PLA compartments.   
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Figure 67. Plots showing the osteogenic and chondrogenic differentiation of hMSCs 

expressed as ALP activity (a, b) and GAG amount (c, d) at day 7 (a, c) and day 28 (b, d) per 
region of the stiffness gradients. At 7 days, the 300PEOT55PBT45 showed a significantly 
higher ALP activity in the stiffness gradient. In the wettability gradients no major differences 
could be depicted after 7 days, whereas after 28 days the 300PEOT55PBT45 region 
outperformed the other material regions. Under chondrogenic conditions no major 
differences could be seen in the stiffness gradient at 7 and 28 days. In the WG scaffolds 
300PEOT55PBT45 showed a greater amount of GAG after 7 days. After 28 days PLA was 
the material with the highest GAG amount. 
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Figure 7. Graphs showing the osteogenic and chondrogenic differentiation of hMSCs 

expressed as ALP activity (a, b) and GAG amount (c, d) at day 7 (a, c) and day 28 (b, d) per 
region of the surface energy gradients. No major differences could be depicted after 7 days, 
whereas after 28 days the 300PEOT55PBT45 region outperformed the other material 
regions for ALP activity. Under chondrogenic conditions, PLA was the material with the 
highest GAG amount after 28 days of culture. 

4 Discussion 

Several physico-chemical cues provided by biomaterials may act on the 

differentiation pattern of hMSCs. Among these, surface chemistry and mechanical 

properties are known to play an important role in two-dimensional substrates (45, 

46). In the present study PCL, PLA and 300PEOT55PBT45 were plotted within the 

same scaffold in order to obtain a discrete gradient in surface energy and stiffness. 

The chosen polymers are FDA approved and widely used in osteochondral tissue 
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engineering. PCL and PLA scaffolds alone or in combination with biological signals 

and cells have already shown promising results in vivo for bone regeneration (47, 

48), whereas 300PEOT55PBT45 was studied for cartilage regeneration, reaching 

clinical evaluation (49, 50). The design of the surface energy gradient scaffolds 

was based on the analysis of the biomaterials wettability via water contact angle. 

The three materials chosen showed a similar surface energy, though a trend was 

observed with an increasing contact angle spanning from PLA to 

300PEOT55PBT45 and PCL (Figure 1a). In the design of the stiffness gradient 

scaffolds, differences in both bulk and surface mechanical properties were more 

pronounced and. While bulk mechanical properties were measured to characterize 

the structural mechanical behavior of the fabricated scaffolds, local surface 

mechanical properties were determined to decide the order of the 3 biomaterials in 

the final discrete gradient scaffolds. As expected, the local stiffness results 

revealed a greater stiffness of PLA followed by PCL and 300PEOT55PBT45. This 

was also confirmed at a scaffold macrostructural level by uniaxial compression, 

which becomes more relevant as the cells start to produce their ECM and occupy 

the pore volume.  

The obtained mechanical properties adequately match the initial ones of the 

complex osteochondral structure (51, 52). The use of the same geometry and 

scaffold layers for the scaffold macrostructure allowed obtaining a similar cross 

sectional area among the three different regions that promoted a discrete gradient 

of structural properties. During uniaxial compression test, the trimaterial scaffold 

regions are subjected to the same stress. For this reason, in first approximation, 

the mechanical behavior of the trimaterial scaffolds could be homogenized using a 

Reuss model. In this case, the mechanical response is described by equation 1: 

𝐸𝑡𝑜𝑡 =
3 ∙ 𝐸𝑃𝐸𝑂𝑇/𝑃𝐵𝑇 ∙ 𝐸𝑃𝐶𝐿 ∙ 𝐸𝑃𝐿𝐴

𝐸𝑃𝐸𝑂𝑇/𝑃𝐵𝑇 ∙ 𝐸𝑃𝐶𝐿 + 𝐸𝑃𝐶𝐿 ∙ 𝐸𝑃𝐿𝐴 + 𝐸𝑃𝐸𝑂𝑇/𝑃𝐵𝑇 ∙ 𝐸𝑃𝐿𝐴
 (1) 

From equation 1, it is possible to conclude that the total Young’s modulus is 

strongly dependent from the PEOT/PBT region that has the lowest Young’s 

modulus.  
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In 2005, Yeung et al. were among the first to show the correlation between 

substrate stiffness and cell shape (53). The stiffness of the substrate is known to 

determine cytoskeleton modifications, in particular on the stress fibers. This 

modification results in a change of cell shape, which for stem cells is associated to 

a variation of their activity (54). Cells on stiffer substrates showed a more spread 

phenotype compared to cells adhering on softer ones. In this study hMSCs showed 

spread morphology on all biomaterials, which might also explain the apparent lack 

of influence of the biomaterial stiffness in the evaluated range. Cells adhering on 

stiffer PLA showed a flatten morphology, which appeared more spindle-like on 

300PEOT55PBT45 and on PCL (Figure 4). The adsorption onto the material 

surface of serum and ECM proteins plays also an important role in cell adhesion 

and consequently cell morphology (55). Protein adsorption is influenced by the 

material surface properties such as surface charge and chemistry, ultimately 

resulting in a different wettability. Tamada et al. studied protein adsorption onto 

several polymeric surfaces and found that the maximum amount of protein 

adsorbed on culture substrates was on surfaces with water contact angles ranging 

between 60° and 80° (56). The materials used in this study presented a contact 

angle in the range identified by Tamada (Figure 1a). The contact angle was optimal 

for cell adhesion whereas the differences in surface stiffness determined a 

variation in cell morphology on the materials composing the discrete gradient 

scaffolds. 

Although gradient scaffolds did not show any beneficial effect in the differentiation 

of hMSCs in absence of differentiation soluble factors over a culture period of 4 

weeks, an effect of the different material regions in the gradient scaffolds was 

observed. Cell culture in mineralization medium is known to increase the 

osteogenic differentiation and the ALP activity levels are often considered as an 

early marker indicating osteogenic differentiation (57). Only 300PEOT55PBT45 

scaffolds supported an increased ALP activity compared to the gradient constructs 

and the other control scaffolds after 28 days under osteogenic conditions. WG 

scaffolds seemed to have an effect on GAG deposition after 7 days under 

chondrogenic conditions. This effect was not visible anymore at 28 days, however, 

when the single-material scaffolds showed a greater amount of GAG compared to 
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both WG and SG scaffolds. To elucidate the effect of each surface on hMSC 

differentiation, a partition analysis was performed. According to previous studies, a 

trend in differentiation driven by the differences in polymer stiffness was expected. 

In 2011 Dupont et al. described the role of YAP and TAZ, transducers of the Hippo 

signaling pathway, in the mechanotransduction and osteogenic differentiation of 

MSC adhering on stiffer substrates (58). When growing on a stiff substrate, the 

YAP/TAZ localization was predominantly nuclear, whereas on softer substrate was 

cytoplasmic. The YAP/TAZ complex works as transcription factor and is involved in 

the osteogenic differentiation of hMSCs, by activating the Hippo pathway through 

modulating the cytoskeletal tension. On stiffer substrates hMSCs are more spread 

with a higher number of stress fibers, resulting in higher cytoskeletal tension that is 

expected to cause the translocation of YAP/TAZ in the nucleus and enhances the 

expression of osteogenic related genes.  

While it is known that the stiffness of cell culture substrates can influence stem cell 

fate in 2D on soft hydrogels varying in the range between 0,1 – 100 kPa (45), 

limited knowledge is available in 3D and still circumscribed to hydrogels (43) where 

cells are embedded in biomaterial. In case of stiffer scaffolds where cells are able 

to freely interact with the underneath biomaterial and to populate the pore network, 

much less is known. We have recently shown that hMSCs are able to sense the 

different stiffness of 3D scaffolds made of PCL with different molecular weight: 

lower molecular weight, associated to a lower stiffness in the MPa range, resulted 

in a higher hypertrophic chondrogenic differentiation (44). In this study, in SG 

scaffolds the softer 300PEOT55PBT45 showed the highest ALP activity after 7 

days under osteogenic conditions. In WG scaffolds no major differences could be 

seen among the materials at 7 days, but at 28 days 300PEOT55PBT45 again 

showed the highest ALP activity level with respect to the other materials. Under 

chondrogenic conditions the materials within the SG scaffolds did not show any 

major difference in GAG amount at 7 and 28 days. In WG scaffolds, however, the 

stiffer PLA region exhibited greater GAG amount with respect to the other materials 

after 28 days of chondrogenic culture. A possible explanation to the results may 

rely in the differentiation activation of soluble factors and mechanical cues. The 

differentiation media have the purpose of forcing the cell differentiation toward a 
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certain lineage. Culture media and growth factors were refreshed every 2 days, 

affecting cell differentiation; hence cell shape and cytoskeleton organization. 

Plausibly, soluble factors have a stronger effect on hMSC differentiation compared 

to mechanical cues in the stiffness range that was here considered. Additionally to 

soluble factors and mechanical properties, the chemistry of the different materials 

used and, in the specific case of WG scaffolds the gradual surface energy variation 

in the constructs, may have played a role in steering ALP activity and GAG 

production.  

Further studies are needed to better characterize the effect of graded substrate 

stiffness and surface energy on stem cell activity at a molecular level. From an 

engineering perspective, a more continuous gradient could be obtained by 

changing the biomaterial composition every layer or by feeding two or more 

compositions into the extrusion chamber of the 3D printer with controlled and 

tailorable feeding rates. While the first option would be directly applicable to current 

AM technology, the second approach would require the design and fabrication of 

new printer heads. From a biological perspective, a longer study in basic conditions 

with more intermediate time points may highlight the solely effect of the substrate 

on which hMSCs are growing on. Additionally the “priming” of hMSCs on stiff 

polystyrene cell culture substrates, a needed step to expand cells and obtain a 

sufficient number before scaffold seeding, might be a critical factor. Yang et al., in 

fact, proved that hMSCs have a so called “mechanical memory’ (59), since their 

culture for long period on stiff substrate may alter their differentiation ability 

hampering those lineages triggered by a soft substrate. Furthermore, in vivo 

studies will also be conducted in the future to confirm these findings in a more pre-

clinical setting. Nonetheless, the possibility to fabricate 3D printed scaffolds with 

multiple materials components and changing the sequence with which specific 

physico-chemical properties are presented to cells seems to be an exciting new 

strategy to engineer material gradients in scaffolds’ design and may contribute to 

further steer tissue formation.  
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5 Conclusion 

Additive manufacturing was successfully used to fabricate scaffolds displaying 

either a stiffness or a surface energy discrete gradient by depositing multiple 

biodegradable biomaterials in different sequential orders. While stiffness gradients 

didn’t seem to affect the behavior of seeded hMSCs in the investigated range, 

surface energy gradients resulted in enhanced early osteogenic differentiation on 

PEOT/PBT copolymer regions and improved chondrogenic differentiation in PLA 

regions. The creation of scaffolds with built-in engineered physico-chemical 

gradients could therefore be an appealing novel strategy in the design of 3D 

scaffolds for tissue regeneration applications. 
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Recent research in tissue engineering and regenerative medicine is increasingly 

revolving around effective fabrication techniques to create functional scaffolds for 

cell manipulations. Specifically, 3D supports presenting temporal and spatial 

control over the exposure of protein cues are desirable as they would allow spatial 

control over cell behavior.
[1, 2]

 To achieve this objective, a number of methods have 

been proposed to create synthetic extra-cellular matrices (ECMs) with gradient-like 

chemical compositions, thus mimicking the continuous variation characteristic of 

natural ECM. 

The production of biomolecular gradients on 2D supports was proven as an 

effective approach to spatially adjust cell adhesion, migration and proliferation on 

planar substrates.
[3-7]

 Following the development of increasingly sophisticated 3D 

synthetic ECMs, diverse methodologies for the fabrication of protein gradients in 

3D environments have been also proposed. These biomaterials are obtained by 

employing hydrogel-supports
[8-11]

 and electrospun fibers
[12, 13]

 but they commonly 

require complicated multi-steps preparations without achieving spatial control of the 

biomolecules. 

The simple exposure of 3D supports to different protein solutions with variable 

composition
[14, 15]

 consented the production of biomaterials showing a continuous 

variation of protein coverage but just along one main scaffold axis. Following such 

preparations, electrospun fibers with varying composition could be deposited on a 

movable stage while changing feed, in order to create (bio)chemical gradients 

along the horizontal or the vertical direction.  

Protein gradients were alternatively fabricated within photo-crosslinked hydrogels 

by gradually or locally exposing different parts of the matrix to light
[8, 9]

, followed by 

bio-conjugation. Analogous mono-axial hydrogel-supported gradients were also 

successfully produced by electrochemically-controlled enzymatic polymerization
[16]

.  

Higher control over the compositional changes characterizing synthetic ECMs was 

accomplished via layer-by-layer
[10]

 or “gradient maker”-assisted
[17-19]

 fabrications. In 

these processes hydrogels presenting gradient compositions along their 

deposition/building direction were formed.
[10, 20]

 

The above-mentioned methods yielding gradient compositions necessitated 

multiple processing steps and/or time-consuming chemical treatments. These 



207 

drawbacks would render them unsuitable for clinical use where fast and low-cost 

manipulations to reproduce and directly apply scaffolds on patients are needed. In 

addition, these techniques supported the formation of mono- or bi-directional 

gradients, while the development of concentration changes in 3D still remained a 

challenge. 

Synthetic supports which mimicked the multi-axial compositional gradients, 

characteristic of natural ECM in vivo, would be needed to reproduce the 

compositional diversity of tissue environments within simplified and easily 

accessible matrices. These supports could be applied not only as scaffolds for the 

regeneration of complex tissues, but also as 3D architectures for studying cells and 

bacteria adhesion and migration
[9, 12, 16]

 in 3D environments. 

Triggered by this challenge, we introduce here a novel fabrication strategy which 

features a practical and affordable construction of 3D ECMs that display multi-

directional variations of (bio)chemical environments. Specifically, we coupled rapid 

prototyping (RP)
[21-23]

 to surface modification strategies based on surface-initiated 

polymerizations (SIP)
[24, 25]

 in order to fabricate microporous and highly-functional 

3D architectures  which could be subsequently locally decorated with different 

types of biomolecules. In this process, poly(ε-caprolactone) (PCL) scaffolds 

characterized by a regularly layered network of microfibers (Scheme 1a) were 

modified by surface-initiated atom transfer radical polymerization (SI-ATRP) of 

poly(oligo (ethylene glycol) methacrylate) (POEGMA) (Scheme 1b). The so-formed, 

sub-100 nm POEGMA brushes uniformly covered the scaffold surface and allowed 

protein coupling at the exposed hydroxyl functions of the grafted polymer
[26, 27]

 

(Scheme 1c).  
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Scheme 1. POEGMA-brush-assisted fabrication of 3D protein gradients within PCL 

scaffolds and application as platforms for stem cells immobilization. (a) fabrication of PCL 
microporous scaffolds by rapid prototyping; (b) SI-ATRP of OEGMA from the PCL fibers 
network and subsequent activation of hydroxyl side chains to form NHS esters; (c) 
conjugation of proteins at the brush interface by controlled diffusion of solutions within the 
3D scaffolds. This last step is especially highlighted in (d), (e) and (f). Incorporation of 
microdroplets of protein solutions and subsequent solvent evaporation generated radial 
concentration gradients on brushes (d). Controlled diffusion from a soaked paper reservoir 
allowed the formation of axial protein concentration gradients (e). Wrapped reservoirs 
enabled protein diffusion from the lateral walls of the scaffolds and the consequent 
fabrication of radial protein gradient developing oppositely to (d). The protein-functionalized 
scaffolds were finally applied for the spatially controlled immobilization of hMSCs (g). 

In addition, the biopassive character of POEGMA brushes
[28-30]

 assured robust 

covalent linkage of cues avoiding any further unspecific contamination of the matrix 

by physisorption of other biomolecules or bacteria attachment. The formation of 

protein gradients by surface conjugation was accomplished exploiting the physico-

chemical properties of the hydrophilic brush in combination with the microporous 

structure of the PCL scaffolds. Uniform coverage of PCL by hydrophilic POEGMA 

brush caused a marked increase in wettability of the support (water contact angle 

(CA) varied from 73° to 45 ± 3°, as shown in Table S1). This phenomenon reflected 

a substantial increase of surface energy within the 3D scaffold.
[31, 32]

 Hence, the 

interplay between high surface energy-driven wetting by the POEGMA brush and 

capillary forces within the microporous supports promoted the diffusion of aqueous 

solutions into the matrix (as highlighted in Scheme 1d and in the light microscope 

images shown in Figure S1). We exploited this simple process to incorporate 

protein solutions into the scaffolds and consequently couple proteins at the pre-

activated brush (via NHS chemistry
[33]

 as described in the Experimental Section). 
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Diffusion of protein solution micro-droplets (Scheme 1d) and subsequent 

concentration of the solutions towards the inner core of the structure finally induced 

a radial variation of protein surface concentration (Figure 1a-c). Alternatively, 

protein solutions could be made to diffuse from soaked paper sheets used as 

solution reservoir put into close contact with the scaffolds (Scheme 1e and Figure 

1d-f). In both cases, simple process parameters like microdroplets volume and 

diffusion time from external reservoirs allowed spatial 3D control over the 

concentration of the coupled proteins (Figures S2 and S3). 

 
Figure 1. Radial and axial 3D gradients of proteins within POEGMA brush-coated 

microporous scaffolds. Fluorescent micrographs (a,d) and the corresponding 3D intensity 
profile (b,e) of the vertical cross-section of PCL-POEGMA scaffolds functionalized with a 
radial (a-c) and an axial (d-f) gradient of BSA-FITC concentration. Intensity profiles along the 
x-axis (c) and the z-axis (f) of the radial and the axial 3D gradient, respectively. 
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Figure 1a-c shows radial 3D gradients of fluorescently labeled bovine serum (BSA) 

attached to PCL-POEGMA scaffolds by incorporation of protein solution 

microdroplets and subsequent bio-conjugation. Having calculated through Equation 

1 the inner volume of each scaffold as 25 µl, we applied different volumes of 

microdroplets in order to prepare radial gradients, yielding gradient protein 

coverages. Fluorescent microscopy of the cross-sectioned 3D structures revealed 

the protein surface concentration profiles within the scaffolds. As shown in Figure 

S2a-b, gradient formation from 2 µl protein solutions produced a radial gradient 

with a high concentration of proteins in the inner core and a steady decrease of 

coverage after around 250 µm from the center of the scaffolds. Increase of the 

microdroplet volume to 10 µl produced a more uniform protein coverage through 

the supports with just the outer walls remaining unfunctionalized (Figure 1a-c). 

Although the volume used for these depositions was less than half of the total inner 

volume of the 3D scaffolds, fast diffusion of protein solutions along the hydrophilic 

brush-coated fibers most likely smoothened the profile of the protein gradient 

across the 3D structures. 

Brush-supported protein gradients developing axially along the 3D scaffold (from 

one external side towards the center) were obtained by applying a porous paper 

sheet as solution reservoir and allowing the protein medium diffuse by capillary 

forces (Scheme 1e, Figure 1d-f and Figure S3). Slow wetting of brush-coated fibers 

enabled the adjustment of the protein gradient profile as a function of the diffusion 

time (and thus bio-conjugation time at the POEGMA brush surface). 

The fluorescent images in Figure S3 showed different axial gradient profiles 

obtained by varying the diffusion/bio-conjugation time. Both 3D and the 2D 

intensity plots reconstructed from the fluorescence micrographs showed that, after 

30 minutes of diffusion, proteins were mainly immobilized within 700 µm from the 

base of the scaffold (Figure S3a-b). Following longer diffusion time, protein 

solutions covered larger volumes inside the scaffolds, homogenizing the protein 

coverage. After 60 minutes of diffusion (Figures S3c-d) proteins covered almost 1/3 

of the distance across the scaffold main axis (Z axis in Figure S3g), keeping a 

rather uniform surface concentration along the X axis (Figure S4). After 120 

minutes of diffusion the protein solutions completely wetted the inner structure of 
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the scaffolds and consequently created a nearly linear gradient of protein coverage 

on the fibers (Figure 1d-f). 

The procedures used for the fabrication of single protein gradients were combined 

to produce double gradients of different protein species. After the formation of 

either a radial or an axial 3D distribution of proteins the scaffolds were not entirely 

covered by protein solutions. Consequently, unfunctionalized POEGMA brushes 

were still available for bio-conjugation on the unwetted areas within the 3D 

structure. Hence, a second protein solution could be additionally applied to 

produce a surface concentration gradient which developed in the opposite direction 

to the pre-existing one (as schematized in Scheme 1d-f). These “double” protein 

distributions are referred to as 3D radial and axial double gradients. In order to 

ease their analysis by fluorescent microscopy, we applied two solutions of 

differently labeled BSA (FITC and Texas Red, named as protein A and B, 

respectively) as representative of two different protein species. As shown in Figure 

2a-d, a 3D radial double gradient of two different proteins was produced first 

incorporating a microdroplet of protein A solution within the POEGMA-PCL scaffold 

and subsequently wrapping around its outer surface a paper reservoir soaked with 

protein B. Alternatively, in order to fabricate a 3D axial double gradient of protein A 

and B, two different protein media were allowed to diffuse from two reservoirs 

placed in contact with each opposite “face” of the scaffold (Figure 2e-h). 
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Figure 2. Double 3D gradients of proteins within POEGMA brush-coated microporous 

scaffolds. Fluorescent micrographs (a,c,e,g) and the corresponding intensity plots (b,d,f,h) of 
PCL-POEGMA scaffolds functionalized with BSA. Double gradients in BSA concentrations 
were fabricated both in the radial and axial directions; (a,b) inside-to-outside and (c,d) 
outside-to-inside; (e,f) bottom-to-top and (g,h) top-to-bottom. Scale bar is 1 mm. 

As shown in Figures 2a and 2c and in the corresponding 3D intensity 

reconstructions from a typical functionalized scaffold, radial double gradients 

displayed continuous and interconnected variations of concentrations of proteins A 

and B. The radial double gradients typically presented a high concentration of 

protein A in the core of the scaffold, which decreased beyond around 1.5 mm 

towards the outer part of the scaffold (Figure 2b). Protein B concentrations, on the 

contrary, developed from the outer walls of the scaffold and showed high surface 

concentration within around 1 mm towards the interior of the support (Figure 2d). 

Axial double gradients (Figures 2e-g) showed a uniform and interconnected 

variation of the two proteins concentration across the main scaffold axis (Z axis in 

Figures 2f and 2h). In these cases, a well-pronounced concentration distribution of 

the two protein species along opposite directions was clearly showed. 

To prove the applicability of the proposed fabrications for cell manipulations we 

reproduced both radial and axial 3D gradients using fibronectin (FN) as a biological 

cue known to promote cell adhesion. Also in this case, brush coatings based on 

NHS-activated POEGMA were used as platforms for bio-conjugation and the 

successful linkage of FN was subsequently proved by X-ray photoelectron 

spectroscopy (XPS, Figure S5). In addition, the surface coverage of FN has been 

estimated to be around 40 ± 5 ng/cm
2
. Following the controlled diffusion of FN 

solutions, functionalized scaffolds presenting a radial and an axial concentration 

gradient were subsequently incubated with hMSCs during 1 day. The adhered cells 

were subsequently stained using methylene blue and the scaffolds were sectioned 

along the appropriate axis in order to visualize their interior. 

3D scaffolds presenting a radial gradient of FN from the core to the outer volume of 

the scaffolds showed higher number of cells in the interior of the structure, while at 

its periphery only few cells could be visualized (Figures 3a and 3b). In a similar 

way, axial gradients of brush-supported FN induced hMSC adhesion mainly on one 

side of the scaffold, according to FN distribution and following the gradient 
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morphology (Figure 3c). Scaffolds completely functionalized with FN and “bare” 

POEGMA-coated supports were also seeded with hMSCs and were used as 

controls (Figures 3d and 3e). As shown in Figure 3d, the cells completely covered 

the uniformly functionalized scaffolds without showing any preferred area to settle. 

In comparison, brush-coated scaffold without fibronectin showed no cells due to the 

biopassive nature of unfunctionalized POEGMA (Figure 3e). To investigate the 

viability of hMSCs adhering onto the POEGMA-FN covered 3D structures, high 

magnification scanning electron microscopy images were taken (Figure S6). The 

clear deposition of extracellular matrix (ECM) (Figure S6b-f) and the highly spread 

appearance of the cells (Figure S6f) are signs that the cells are healthy and vital. 

 
Figure 3. Optical images of methylene blue stained hMSCs adhering on PCL-POEGMA 

scaffolds. Optical images of methylene blue stained hMSCs adhering on PCL-POEGMA 
scaffolds. Radial gradient in FN concentration showing the vertical (a) and horizontal (b) 
cross-section; an axial gradient in FN concentration (c) a POEGMA coating fully covered by 
FN (d) and a bare POEGMA coating (e). The yellow arrows indicate the direction of 
decreasing FN concentration. Scale bar is 1 mm. 

All these results confirmed that the fabrication method proposed in this work 

represents a highly efficient strategy not only to create 3D protein gradients with 

designer morphologies, but also to control spatially cell adhesion within 3D 

scaffolds. 

The use of hydrophilic and highly functional brush layers coupled to a structured 

support with controlled microporosity triggered diffusion and concomitant covalent 

immobilization of proteins from solutions. These processes could be easily 

manipulated by varying parameters as solution volumes and diffusion time within 
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the 3D structures. This enabled the fabrication of 3D axial and radial protein 

gradients with tailored morphologies. 

PCL-POEGMA scaffolds with 3D protein gradients have the potential to be easily 

reproduced also in clinics since they do not require any inert environment or 

complicated chemistry. Brush-coated scaffolds could be simply incubated with the 

required proteins and directly applied to patients in or without the presence of cell 

preparations. In this context, the versatility of this technique would support the 

combination of multiple cues
[34-38]

 that could eventually trigger cell adhesion, 

migration or differentiation, in a single 3D porous structure. All the above-

mentioned features make the method presented here a practical and affordable 

strategy to synthetically mimic natural ECMs and their 3D multidirectional diversity. 

Experimental Section 

Materials: Oligo(ethylene glycol) methacrylate (OEGMA, Aldrich, Mn = 526 g/mol) 

was purified from hydrochinone inhibitors by passing it through a basic alumina 

column using dichloromethane (DCM, Biosolve) as eluent. Afterwards DCM was 

removed under vacuum. Copper(I) chloride (CuCl, Aldrich, 98 %) was purified by 

stirring in glacial acetic acid, filtering, and washing with ethanol three times, 

followed by drying in vacuum at room temperature overnight. Poly(ε-caprolactone) 

(PCL, Mn = 45 kDa) was obtained from Sigma. Copper(II) bromide (Sigma-Aldrich, 

≥99 %), methanol (Biosolve, absolute), isopropanol (iPA, Biosolve), 

ethylenediamine (EDA, Sigma-Aldrich, ≥99 %), dry hexane (Acros, Extra Dry over 

Molecular Sieve, 97 %), N,N-Dimethylformamide (DMF, Acros, Extra Dry over 

Molecular Sieve, 99,8 %), pyridine (Sigma-Aldrich, anhydrous, 99,8 %), 

2,2’-bipyridil (BiPy, Sigma-Aldrich, ≥99 %), 2-bromoisobutyryl xbromide (BIBB, 

Aldrich, 98 %), Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, 

Sigma, 99 %), 4-dimethylaminopyridine (DMAP, Sigma-Aldrich, ≥99 %), N,N´-

disuccinimidyl carbonate (DSC, Sigma-Aldrich, 98 %), phosphate buffered saline 

(PBS) (Invitrogen) and triethylamine (Sigma-Aldrich, ≥99 %) were used as 

received. For brush surface modification fluorescein labeled bovine serum albumin 

(BSA), Texas Red labeled BSA and fibronectin (FN) were used as obtain from 

Invitrogen and diluted to the appropriate concentration. All water used in the 
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experiments was Millipore Milli-Q grade. Colony-picked human mesenchymal stem 

cells hMSCs (male, age 22) were retrieved from the Institute of Regenerative 

Medicine (Temple, Texas). For cell culture Basic cell culture media was prepared 

by adding to a α-MEM cell medium (Invitrogen) 10 v/v % of Fetal Bovine Serum 

(FBS), 2 mM of L-Glutamine, 100 U/mL of penicillin, 100 µg/mL of streptomycin, 

and 0.2 mM of ascorbic acid. All these components were obtained from Invitrogen. 

Scaffold fabrication: 3D microporous PCL scaffolds were fabricated using a rapid 

prototyping technique (Envisiontec GmbH, Germany). The PCL granulate was 

loaded into a metal syringe wrapped with a heating jacket. The copolymer was 

heated to 100 °C for about 45 min until it had reached the molten phase and could 

be dispensed through the extruder. A nitrogen pressure of 5 bar was applied on top 

of the metal cartridge to facilitate polymer strand extrusion from a Luer Lock 

stainless steel needle. A rectangle block model of 4 mm in height and 20 mm x 20 

mm in area was plotted layer-by-layer and the architecture (0-90) was controlled by 

the Bioplotter CAD/CAM software. The layered fibers within the scaffolds were 

assembled in a woodpile structure having the following characteristic parameters: 

diameter (d1) = 250 µm, spacing (d2) = 650 µm, layer thickness (d3) = 150 µm. 

From these values the theoretical porosity (~50%) of the scaffold was calculated, 

according to: 

(1) 

The 3D scaffolds used for the fabrication of the brush-supported protein gradients 

were cut from the rectangle block in order to obtain cylindrical shapes with a height 

and a diameter of 4 mm. 

Activation of the polymer films: 3D scaffolds were activated through immersion in a 

5 mM isopropanol solution of ethylenediamine (EDA). The reaction was allowed to 

proceed for 10 minutes at room temperature. Scaffolds were then rinsed with ice-

cold water and finally dried in a stream of nitrogen. The aminated PCL scaffolds 

were immersed into 20 ml of dry hexane and 20 µL of dry pyridine, to which 20 µL 

of 2-bromoisobutyryl bromide (BIBB) was added dropwise. The reaction mixture 

was gently stirred for 1 hour at room temperature to produce the 2-

bromoisobutyrate-PCL surface (PCL-Br). PCL-Br scaffolds were later-on washed 
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repeatedly with an ethanol/water (1/1, v/v) mixture and finally dried under a stream 

of nitrogen. 

Atom transfer radical polymerization of OEGMA: Purified OEGMA monomer (5 g, 

9.5 mmol) and 2,2’bipyridine (81.7 mg, 0.52 mmol) were added to a water (5 ml) 

and methanol (1,26 ml) mixture. The solution was purged with argon for 30 

minutes. CuCl (18.75 mg, 0.19 mmol) and CuBr2 (2 mg, 0.009 mmol) were added 

into another reaction flask and also flushed with argon. Monomer, ligand and 

catalyst were then combined and stirred for other 30 minutes to facilitate the 

formation of the organometallic complex. This solution was then transferred into the 

flasks containing PCL-Br substrates. The flasks were sealed with rubber septa and 

kept at room temperature under nitrogen. Following 10 minutes of reaction time the 

substrates were removed from the polymerization solution, exhaustively rinsed with 

water to remove any unreacted compound and finally dried under a stream of 

nitrogen. From detailed kinetics studies of SI-ATRP from PCL substrates 

(Supporting Information) the average thickness of POEGMA brushes following 10 

minutes of polymerization resulted as 15 nm (Figure S7). Before any further 

manipulation, PCL-POEGMA scaffolds were incubated in a 0.1 M aqueous EDTA 

solution overnight to remove any copper trace. In order to test the successful 

uniform grafting of POEGMA, functionalized scaffolds were finally placed in water 

containing vials (Figure S8). Pure PCL scaffolds floated due to their hydrophobic 

nature, while PCL-POEGMA scaffolds sank to the bottom of the vials. 

Functionalization of PCL-POEGMA scaffolds: POEGMA brushes on  PCL scaffolds 

were activated by placing them in a dry DMSO solution containing 200 mM of DSC 

and DMAP. Later on, the samples were incubated in a protein solution containing 

either 0,4 µM fluorescently labeled BSA or 0,1 µM FN. To fabricate a radial 

gradient in protein concentration from the core to the outer surface of the 3D 

scaffolds, microdroplets of either 2 or 10 μL of PBS protein solutions were placed 

on the scaffold and let diffuse inside their core. After 10 minutes the scaffolds were 

extensively rinsed with milli-q water, blow-dried with a stream of N2, cut over their 

mid-section and finally imaged with a fluorescent microscope. Reversed radial 

gradients from the outer surface of the scaffolds to the core were fabricated using 

microporous paper sheets soaked in PBS protein solutions as reservoirs. Soaked 
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paper sheets were wrapped around the scaffolds and kept into close contact in 

order to let the protein solutions diffuse within the scaffolds interior. Following 3 

minutes of incubation the scaffolds were extensively rinsed with milli-q water, blow-

dried with a stream of N2, cut over their mid-section and finally imaged with a 

fluorescent microscope. Protein gradients along the axial direction of the scaffolds 

were fabricated by placing the DSC-activated PCL-POEGMA scaffolds on top of a 

micro porous paper sheet previously soaked with protein solutions. The contact 

between the scaffold’s outer surface and the paper reservoir was assured by 

placing a weight of 7.5 g on top of the scaffolds. Following different diffusion times 

(30, 60 and 120 minutes) the scaffolds were extensively rinsed with milli-q water, 

blow-dried with a stream of N2, cut over their mid-section and finally imaged with a 

fluorescent microscope. 

Fluorescent microscopy: Fluorescent micrographs of the scaffolds functionalized 

with labeled BSA species were recorded using a Nikon Eclipse E600. Fluorescein-

labelled BSA was visualized using a filter with an excitation and emission 

wavelength of 475 nm and 530 nm, respectively. For Texas Red-labelled BSA, a 

filter with an excitation and emission wavelength of 559 nm and 630 nm, 

respectively, was used. Unmodified PCL scaffolds were used to set the exposure 

time and the gain values, such that the auto-fluorescence of the bare polymer was 

suppressed. Fluorescent pictures were taken from the vertical cross-section by 

cutting the scaffolds true the center along the z-axis. An assumption is made that 

the functionalization of the POEGMA layer is homogeneous and that the scaffold 

can be turned freely around the z-axis. 

Cell culture and cell staining: hMSCs were cultured at 37 °C in a humidified 

atmosphere of 5 % carbon dioxide, using as culture medium α-MEM supplemented 

with 10 v/v % FBS, 2 mM L-Glutamine, 0.2 mM L-ascorbic acid 2-phosphate 

magnesium salt, 100 U/mL of penicillin and 10 μg/mL of streptomycin. The cells 

were seeded at a density of 500,000 cells in 40 μL per scaffold and after 4 hours, 

cell culture media was added. The scaffolds were kept in an incubator for one day. 

After the required culturing time, the cells were fixed with a 3.7 v/v % formaldehyde 

solution in PBS. Subsequently the cells were stained using a 1 % methylene blue 

solution in water and visualized using an optical microscope. 
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Supporting Information 
 

 Average contact angle 

[°] 

PCL 73 ± 3 

ATRP initiator modified PCL 64 ± 3 

POEGMA modified PCL 45 ± 3 

Table S1. Contact angle values for pure and POEGMA-modified PCL spincoated films on 

silicon wafers. 

 
Figure S1. Snapshots taken at 1 and 2 seconds intervals of 4 µl water drops placed on top 

of pure PCL (a) and POEGMA modified scaffolds (b). Scale bar is 1 mm. 
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Figure S2. Fluorescent micrographs (a,c) and the corresponding 3D intensity profile (b,d) of 

the vertical cross-section of PCL-POEGMA scaffolds functionalized with BSA-FITC using 2 

µl (a,b), and 10 µl (c,d) microdroplets. Intensity profiles along the z-axis (e) and the x-axis (f) 

of the scaffold: ) 2 µl, and ) 10 µl. Scale bar is 1 mm. 

 

 

 
Figure S3. Fluorescent micrographs (a,c,e) and the corresponding 3D intensity profiles 

(b,d,f) from the vertical cross-section of PCL-POEGMA scaffolds functionalized with BSA-

FITC after 30 min (a,b), 60 min (c,d), and 120 min (e,f) of diffusion/functionalization times. 

Intensity profiles along the y-axis of the scaffolds (g) following: ) 30 min., ) 60 min., and 

) 120 min of diffusion/functionalization times. Scale bar is 1 mm. 
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Figure S4. Fluorescent micrograph and the corresponding 2D intensity profile along the x-

axis at different positions along the z-axis from the vertical cross-section of a PCL-POEGMA 

scaffold functionalized with BSA-FITC. Scale bar is 1 mm. 

 

 
Figure S5. Averaged N1s spectra measured by XPS on unfunctionalized (solid line) and FN 

functionalized (dashed line) POEGMA covered PCL. 
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Figure S6. Scanning Electron Microscopy (SEM) images of a) non functionalized PCL 

scaffolds without cells and b-f) representative images of the appearance of the hMSCs and 

their ECM seeded onto fibronectin-functionalized scaffolds. Scale bars: a,b) 1 mm; c) 

500µm; d,e) 200 µm; f) 100 µm. 

 

 

 
Figure S7. Dry thickness of POEGMA brushes as a function of polymerization time 

measured by ellipsometry. 
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Figure S8. Photograph of PCL scaffolds modified with 0 (pure PCL), 10, 20, and 30 nm thick 

POEGMA brushes. Pure PCL scaffolds are floating and POEGMA modified scaffolds are at 

the bottom of a water-filled vial. 
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Abstract 

Engineering the osteochondral tissue presents some challenges mainly relying in 

its function of transition from the subchondral bone to the cartilage and the gradual 

variation in several biological, mechanical and structural features. Cell number, 

water content, and collagen type II decrease from the articular surface to the deep 

zone, whereas glycosaminoglycans (GAG) and cell size present the opposite trend. 

Consequently, stiffness increases when moving toward the deep zone. Collagen 

fiber disposition also changes when moving from the articular surface to the deep 

zone: they are completely parallel in the articular surface and become 

perpendicular in the deep zone of articular cartilage.  

A possible solution for osteochondral regeneration, therefore, might be the design 

and fabrication of scaffolds presenting a gradient able to mimic this transition. 

Covalent binding of biological factors, in particular, has proven to enhance cell 

adhesion and differentiation in two-dimensional culture substrates. In the present 

work, we used polymer brushes as selective linkers of bone morphogenetic 

protein-2 (BMP-2) and transforming growth factor-β3 (TGF-β3) on the surface of 

3D scaffolds fabricated via additive manufacturing (AM). These growth factors 

(GFs) are known to stimulate the differentiation of human mesenchymal stromal 

cells (hMSCs) toward the osteogenic and chondrogenic lineages, respectively. 

BMP-2 and TGF-β3 were covalently bound both homogeneously within a 

poly(ethylene glycol) (PEG)-based brush-functionalized scaffolds, and following a 

gradient composition by varying their concentration along the axial section of the 

3D constructs. Opposite brush-supported gradients of BMP-2 and TGF-β3 were 

finally generated and subsequently tested to stimulate hMSCs to differentiate 

towards an osteochondral-like state. The brush-supported GFs significantly 

influenced hMSC osteochondral differentiation when the scaffolds were 

homogenously modified, yet no effect was observed in the gradient scaffolds. 

Therefore, this technique seems promising to maintain the biological activity of 

growth factors covalently linked to 3D scaffolds, but needs to be further optimized 

in case biological gradients are desired.  
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Introduction 

In the last decades regenerative medicine relied on the use of 3D structures, 

namely scaffolds, to support cell adhesion and tissue growth. Several studies 

provided a number of techniques to generate scaffolds, such as gas foaming [1], 

salt leaching [2], freeze drying [3] or solvent casting [4]. All these techniques 

present well known limitations, such as the lack of pore interconnectivity, the 

impossibility to fine tune the pore size and the geometry of the constructs. In 

alternative to these well-established fabrications, additive manufacturing (AM) has 

progressively allowed to generate scaffolds with a fully interconnected pore size, a 

desired structural design, and it has enabled the possibility to fine tune scaffold 

properties during its production. Additionally, whereas it is possible to functionalize 

any scaffold with biological factors to improve cell attachment and differentiation, 

AM scaffolds offer the appealing advantage to create gradients thanks to the 

capillary forces originated in the pore network [5]. Growth factors such as bone 

morphogenetic protein (BMP) and transforming growth factor β (TGFβ) are known 

to trigger the differentiation of human mesenchymal stromal cells (hMSCs) toward 

the osteogenic or chondrogenic lineage [6-9]. A number of studies applied 

scaffolds in combinations with growth factors (GFs) [10-14] to improve hMSC 

differentiation. These techniques are highly expensive, due to the great dosage of 

GFs used [15], which can also lead to adverse effects [16, 17]. On the other hand, 

linking GFs to the surface ensures a continuous mono-dose treatment, which may 

also continuously impinge on the underlying signaling pathways, instead of 

continued infusion of GFs during the culture time.  

GFs in combination with hMSCs were applied in the attempt to regenerate the 

osteochondral tissue. The osteochondral interface can be seen as a gradient tissue 

allowing the transition from the mineralized bone to the soft and highly hydrated 

cartilage [18]. Within the osteochondral tissue, gradual variations of growth factors, 

cell number, collagen orientation and mineralization are present. Due to this 

complex variation in structure, mechanical properties and biological components, 

the regeneration of this interface remains an open challenge in the field of tissue 

regeneration. The degeneration of osteochondral tissue progresses with age. 
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Therefore, the need of scaffolds and techniques to support an effective 

regeneration will increase in the following years with the increase of life 

expectancy. In order to mimic the progressive variation of chemical characteristics 

of the osteochondral extra-cellular matrix (ECM), we propose here a scaffold 

fabrication based on AM of Polycaprolactone (PCL), to create fully interconnected 

3D supports, later on modified with poly[oligo(ethylene glycol)methacrylate] 

(POEGMA) brushes applying surface-initiated atom transfer radical polymerization 

(SI-ATRP) from initiator functions on the scaffold surface. The functionalizable 

POEGMA brushes on the scaffolds were subsequently functionalized with BMP-2 

and TGF-β3. The constant presence of BMP-2 or TGF-β3 should determine a 

continuous stimulus for the hMSCs to differentiate, as we hypothesized that the 

underlying biological signaling pathways would be continuously activated. We also 

linked the BMP-2 and TGF-β3 in a double gradient fashion in order to stimulate the 

differentiation of hMSCs within the construct towards an osteochondral like tissue 

interface in vitro. The GF homogenously linked to the surface of the 3D scaffolds 

outperformed the simple addition of their soluble form to the cell culture media, 

determining the overexpression of osteogenic and chondrogenic markers in the 

shorter time span of 10 days when normally the expression takes between 3 and 4 

weeks with the soluble factors. 
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Results and discussion 

 

Figure 8. Cartoon summarizing the functionalization process (a), fluorescent micrographs of 

BMP-2 fully functionalized and bare PCL scaffolds (b, c) and plot showing the BMP2 amount 
adsorbed on PCL scaffolds and linked to the  PCL-POEGMA brushes before the washing 
steps after the functionalization (d).  Scale bar 650 µm (b) and 1 mm (c). 

Figure 1 depicts the general strategy of the proposed fabrication. The scaffold was 

plotted using an extrusion-based additive manufacturing system (Bioscaffolder, 

SysENG, Germany). Briefly, the polymer was placed in a stainless syringe and 

processed at 100 °C. The molten polymer was extruded through a cartridge unit by 

the application of a nitrogen flow with a pressure of 5 bar from a pressurized cap 
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following a computer aided design/computer aided manufacturing (CAD/CAM) 

program. After plotting, PCL scaffolds were fully functionalized with POEGMA 

chains, as early described by our group [5]. Briefly, scaffolds were modified by 

surface-initiated atom transfer radical polymerization (SI-ATRP) of OEGMA 

generating POEGMA brushes presenting an average dry thickness of around 10 

nm. POEGMA brushes uniformly covering the initiator-functionalized PCL 3D 

scaffolds were obtained by immersing the supports in the polymerization medium 

for 10 minutes (See Experimental Section for Details). Following extensive rinsing, 

to remove unbound species and residual catalyst, the POEGMA brush-3D 

scaffolds were uniformly functionalized with BMP-2 and TGF-β3 (finally yielding 

BMP-2-POEGMA brush and TGF-β-POEGMA-brush 3D scaffolds) (Figure 1a). The 

choice of POEGMA as linker is related to its antifouling activity. In order to let the 

GFs provide a constant differentiating stimulus to the cells, we designed the 

functionalized scaffolds in a way they can only adhere on the portions in which the 

GFs are presented (Fig 2a-b and 4c-d).  

BMPs belong to the so-called TGF-β superfamily which shares a peculiar folding: 

TGF-β2 crystal analysis showed that the monomer lacks a well-defined 

hydrophobic core and displays an unusual elongated non-globular fold. Eight 

cysteines form four intrachain disulfide bonds, which are clustered in a core region 

forming a network complementary to the network of hydrogen bonds. The dimer is 

stabilized by the ninth cysteine, which forms an interchain disulfide bond, and by 

two identical hydrophobic interfaces. Via sequence profile has been shown that 

other members of the TGF-β superfamily also adopt this unusual “TGF-β fold” [19]. 

The amount of GFs attached on the PCL scaffolds and POEGMA brush-PCL 

scaffolds was quantified via ELISA on the supernatant solution used for the 

functionalization reaction. Being part of the same superfamily, BMP-2 (Fig 1d) and 

TGF-β3 (Fig S1) displayed similar attachment, with a 99.94 ±0.02% and a 99.67 ± 

0.04% coupling efficiency for BMP-2 and TGF-β3 respectively. Despite a similar 

attachment could be measured on bare PCL scaffolds as well as on POEGMA 

brush-PCL scaffolds, it is to be noted that in the first case GFs just adsorbed on the 

scaffolds, whereas in the second the GFs were covalent bound to the brushes. To 

confirm the presence of the active growth factor on the surface, an antibody 
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staining of the binding site of BMP-2 (Fig 1b, c) was performed. The functionalized 

scaffolds showed a uniform presence of the GF binding site, in contrast to the non-

functionalized scaffolds (Fig 1d and S1). Whereas the adsorbed growth factors are 

washed away during sterilization and culture medium immersion prior to cell 

seeding, the growth factors linked to the nanobrushes, being covalently bound, 

remain attached to the scaffolds. This is one of the advantages of using a brush 

“spacer” for covalently bound GFs to a 3D scaffold. The GFs are available at the 

interface with the adhering cells. In addition, they are robustly linked to the support, 

in contrast to physisorbed proteins on similar, yet bare, polyester constructs. 

 

Figure 2. Graphs displaying the cell number on PCL scaffolds and scaffolds functionalized 

with BMP2 and TGF-β3  (a, b). ALP activity and ALP activity normalized by DNA of BMP-2 
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functionalized scaffolds with respect to PCL scaffolds.  (c, e) Glycosaminoglycans (GAGs) 
amount and GAG normalized by DNA of TGF-β3 functionalized scaffolds with respect to 
PCL scaffolds (d, f). * statistical significance p<0.05 

To further confirm the activity of the growth factors bound to the surface, an ALP 

and GAG analysis was conducted on PCL scaffolds seeded with hMSCs and 

cultured for 10 days in basic medium (Fig 2). As a negative control, POEGMA  

brush-PCL scaffolds did not show cells attached, due to their antifouling properties. 

Therefore, no ALP activity, cell number or GAG amount could be measured (data 

not shown).  

As expected, scaffolds presenting POEGMA brush layers decorated with either 

BMP-2 or TGF-β3 stimulated the adhesion of hMSCs, confirming the already 

reported activity of these GFs as not only differentiation but also cell adhesive 

proteins [20, 21]. The ALP activity was significantly higher both on a structural (per 

scaffold, Fig. 2c) and on a cellular (per DNA, Fig. 2e) level on functionalized PCL 

scaffolds with respect to bare PCL scaffolds. On the other hand, hMSCs cultured 

on TGF-β3 functionalized scaffolds didn’t show any difference in GAG synthesis, 

both at a structural as well as at a cellular level with respect to hMSCs cultured on 

PCL scaffolds (Fig. 2d, f). Since the functionalized and non-functionalized scaffolds 

presented the same cell number, the normalization by DNA amount did not 

determined any variation on the significance of the differences within the data 

groups. 
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Figure 3.. Plots showing the fold induction of osteogenic (runx2, OCN) and chondrogenic 

(sox9, ACAN, coll2a1) genes in hMSCs cultured on scaffolds functionalized with  BMP-2 and 
TGF-β3 with respect to hMSCs cultured on PCL scaffolds and PCL scaffolds with the cell 
culture media supplemented with the growth factor (c, d).  * statistical significance p<0.05,  
** p<0.01,  ***  p<0.005 
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To further test the activity of the GF-POEGMA brush-PCL scaffold, the expression 

of selected osteogenic and chondrogenic markers was assessed on the 

functionalized scaffolds, comparing bare PCL scaffolds and PCL scaffolds cultured 

in basic medium supplemented with the same GFs dispersed in the medium (not 

bound to the scaffold’s surface) (Fig. 3). Both GFs linked to the scaffolds surface 

were not only active, but outperformed the addition of their soluble form to the cell 

culture media. Runt-related transcription factor (Runx2) and osteocalcin (OCN) 

were significantly upregulated in scaffolds presenting BMP-2 on the surface 

compared to both the PCL scaffolds cultured in basic medium. Culturing hMSCs on 

PCL scaffolds in basic medium supplemented with soluble BMP-2 did not increase 

the expression of the early osteogenic marker runx2 and caused the 

downregulation of the late osteogenic marker OCN (Fig 3a). In literature, the effect 

of BMP-2 addition to cell culture media was reported and was very controversial. 

Some studies indicated that continuous stimulation with BMP2 (0.1–800 ng/mL) 

affects the differentiation but not the proliferation of hMSCs [22, 23], whereas other 

studies did not demonstrate an osteogenic effect of 100 ng/mL BMP2 [24, 25]. The 

data presented in literature are supported by our results. In particular Runx2 is an 

essential regulator of hMSC differentiation into the osteogenic lineage [26]. In vitro 

studies indicated that Runx2 triggers the expression of major bone protein genes 

like collagen type I, osteopontin, bone sialoprotein and osteocalcin during the early 

stage of osteoblast differentiation [27]. As expected, since runx2 was not 

upregulated, also OCN didn’t show any upregulation when BMP-2 was 

supplemented in culture medium. Yet, the use of immobilized BMP-2 resulted in 

early osteogenic differentiation, thus possibly indicating a more powerful route 

towards designing bioactive scaffolds to guide stem cell activity. Sox-9 and 

aggrecan levels were significantly higher on TGF-β3-POEGMA brush-PCL 

scaffolds compared to the PCL scaffolds cultured in basic medium. The basic 

medium supplemented with soluble TGF-β3 caused a downregulation of the early 

marker sox-9 and didn’t increase the expression of aggrecan. The late marker 

collagen type 2 was not changed by the functionalization with TGF-β3 nor by the 

culture in medium supplemented with the growth factor (Fig 3b).   
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Cells in direct contact with the functionalized surface presenting the GFs were 

constantly stimulated to differentiate. Soluble factors dispersed in solution were not 

as effective as the linked proteins, which determined higher concentration 

compared to the whole amount of soluble GFs used during the culture time, in the 

area where the cells were attached. Additionally, the half-life of soluble BMP-2 and 

TGF-β3 is much shorter than the time of replenishing the culture medium. 

Conversely, the biological molecules linked to the surface determines a shorter 

differentiation time of 10 days due to the constant stimulus, whereas the 

differentiation of hMSCs treated with soluble factors occurs after 3 to 4 weeks at 

least [28]. Linking growth factors to the surface reduces the costs with a mono-

dose treatment which prevents the continued infusion of expensive growth factors 

during the culture time. hMSC differentiation using growth factors such as BMP-2 

and TGF-β3 is widely described in 2D in vitro. The main limitation of 2D 

supplementation is the constant infusion of the growth factors at concentration of 5-

20 ng/mL in the culture media [25, 29, 30]. The use of growth factor supplemented 

cell culture media must be ensured for the whole culture time in order to prevent 

de-differentiation of hMSCs [31, 32]. A few studies described the use of growth 

factors linked to materials’ surface. The major disadvantage of these studies, 

however, is the use of highly concentrated growth factor solutions. For techniques 

such as inkjet printing, the preparation of the ink was based on 10 µg/mL GF-

solution, as described by Miller et al [33], whereas Cabanas-Danés et al. used a 

BMP-6 solution of 20 µg/mL [34], which is 8 times higher than the one described in 

this paper. 

To further exploit the potential of covalently bound GFs, brush gradients were built 

in the 3D scaffolds as previously shown [5]. Briefly, GF gradients along the z axis 

(Figure 4a, b), were obtained by applying a porous paper sheet as solution 

reservoir and allowing the protein medium to diffuse by capillary forces into the 

functionalizable POEGMA brush-PCL scaffolds. The lower fibers, being in contact 

for longer time with the GF, presented a higher amount of the linked BMP-2 and 

TGF-β3, which decreased along the z axis. Additionally, scaffolds presenting a 

double gradient were produced (Fig 4a). The same strategy used to produce a 
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single gradient was followed; as additional step, scaffolds were placed up-side 

down in contact with the porous paper sheet soaked with the second GF solution. 

The effect of the BMP-2 and TGF-β3 gradient on the hMSCs residing in the 

different area of the scaffolds was determined again after 10 days in basic medium. 

Since the POEGMA brushes are anti-fouling, POEGMA brush-PCL scaffold 

displayed no cell attachment. PCL scaffolds as well as GF-POEGMA brush-PCL 

scaffold displayed the same cell number due to the activity of BMP-2 and TGF-β3 

as adhesion proteins. Scaffolds presenting gradients of BMP-2 and TGF-β3 

showed a significantly higher number of cells in the portion of the scaffold with the 

higher concentration of GF with respect to the other half. This confirmed the 

presence of a gradient along the z axis. In the bottom part of the scaffolds, the 

concentration of GFs was higher, determining a greater number of anchoring point 

for the hMSCs. On the top half, the major part of the surface was covered only by 

the antifouling brushes and cells had less adhesion sites available (Fig 4a-d). 

Although full scaffolds displayed a significantly higher ALP activity, no major 

differences could be seen between the bottom and top part of the gradient 

scaffolds (Fig 4e). At a cellular level, when the ALP was normalized by DNA no 

differences could be seen among the PCL scaffolds, the BMP-2-POEGMA brush-

PCL scaffolds, and the top part of the gradient scaffolds. However, a significantly 

higher ALP activity was measured on the top part with respect to the bottom part, 

which might be due to the very low cell number. In order to further evaluate hMSC 

osteogenic differentiation, G scaffolds were cut into 3 parts (bottom, mid and top) 

and osteogenic markers were analyzed via PCR (Fig S2). No major differences 

were seen between the different areas.  
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Figure 4. Cartoon displaying the gradient functionalization with BMP-2 (a) and TGF-β3 (b). 

Plots displaying cell attachment in fully functionalized scaffolds, PCL scaffolds and bottom 
and top part of the gradient (c, d); G top BMP2 showed a significantly lower cell number with 
respect to all the other conditions (c). ALP expression (e) and ALP activity normalized by 
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DNA amount (g) of hMSCs cultured on BMP-2 fully functionalized scaffolds, gradient 
scaffolds and PCL scaffolds. Plots showing GAG per scaffold (f) and normalized by DNA (h) 
of hMSCs cultured on PCL scaffolds, fully TGF-β3 functionalized scaffolds and top and 
bottom part of the gradient. * Statistical significance p<0.05,  ** p<0.01,  ***  p<0.005 

 

The same analysis was performed on TGF-β3 functionalized scaffolds. To assess 

chondrogenic differentiation, GAG analysis was performed. At a cellular level, the 

trend was similar to the one displayed by ALP activity: no statistically significant 

differences were displayed between functionalized and non-functionalized 

scaffolds and within the functionalized scaffolds between the top and the bottom 

part of the scaffolds. As previously explained, this might be due to the low cell 

number present in the top part of the gradient and to the presence of anti-fouling 

brushes. When considering the total GAG per scaffold, a statistically significant 

difference in GAG production was measured in the lower and top part of the 

scaffolds. Yet, no differences were observed between the bare PCL and fully 

functionalized scaffolds, indicating that further studies should aim at longer 

culturing time. The lack of chondrogenic differentiation might also be due to the 

culture for 10 days in basic medium. Bilgen et al. demonstrated that there is an 

interaction between the FBS, contained in the basic medium, and the TGF-β3 

which can interfere with its activity [35]. 
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Figure 5. Cartoon displaying the double functionalization in a gradient fashion with BMP-2 

and TGF-β3 (a) and the resulting disposition of the growth factors within the scaffold (b). 
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Fold induction of chondrogenic markers (aggrecan, sox9) and osteogenic markers 
(osteocalcin, bone sialoprotein) in the different portion of the scaffolds.  

To limit the differences in cell number and to determine if the combined effect of 

the 2 GFs could have triggered the expression of osteogenic and chondrogenic 

genetic markers, a double gradient was generated (Fig 5a, b). After 10 days in 

basic medium, scaffolds were divided into 3 parts: bottom, mid and top (Fig 5c). 

Neither the chondrogenic markers nor the osteogenic ones were upregulated in 

any of the scaffolds’ portion. 

In this study, we presented a platform based on a continuous stimulation of cells 

through covalent binding of growth factors on the surface of 3D plotted scaffolds. 

Cell differentiation was enhanced on the fully functionalized scaffolds compared to 

conventional supplementation of soluble growth factors in the culture medium. This 

was probably due to a sufficient presence and concentration of growth factors 

throughout the whole surface. hMSCs adhering on the scaffolds were immediately 

stimulated in the BMP-2 driven osteogenic differentiation and TGF-β3 driven 

chondrogenic differentiation. We might speculate that cells in direct contact with the 

scaffold backbone, while differentiating, released bioactive molecules that re-

generated within the pore a differentiating microenvironment, which stimulated cells 

not directly adhering to the scaffolds to start the osteogenic or chondrogenic 

differentiation process.  

Despite we have shown that covalently bound GFs could successfully triggered 

hMSC differentiation when homogeneously decorating 3D plotted scaffolds, the 

gradient constructs did not show any sign of cell differentiation. In the gradient 

structure the overall concentration of growth factors was significantly lower and 

probably not sufficient to trigger a cell-cell propagation of the differentiation 

process. Several studies in literature presented scaffolds functionalized with growth 

factors as release platforms [12, 36-39]. The concept of growth factor delivery 

presents several disadvantages, such as the need of scaffolds with high loading 

efficiency and a fine controlled release kinetic in order to reach the working 

concentration at the target site. Additionally, once released the growth factor has a 

short half-life in vivo [40], thus needing a carrier or protector. Nanobrushes 

alongside being the linker chain between the surface of the scaffold and the growth 
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factor provides protection and ensure its bio-activity. As shown in figure 2, the 

BMP-2 and TGF-β3 functionalized scaffolds determined the upregulation of 

osteogenic and chondrogenic markers respectively, whereas the soluble factors 

brought to a downregulation of the same genes. This lack of activity can be related 

to a short half-life in vitro. Although release platforms can be designed to deliver a 

signal in a time specific and sequential manner [38, 41], they lack the ability to fine 

tune the presentation of the growth factors in a specific area of the scaffold. In 

osteochondral regeneration the position of BMP-2 and TGF-β3 within the scaffold 

is fundamental for providing the osteogenic stimulus in the part of the scaffold in 

contact with the subchondral bone, decreasing toward the joint surface, while the 

chondrogenic signal increasing in the same direction. The method presented in this 

work showed to be more effective and cheaper than the addition of soluble growth 

factors in solution for homogenously functionalized scaffolds. Further studies are 

needed to understand if such promising strategy is also beneficial in single and 

double gradient scaffolds. 

Materials and methods  

Scaffold preparation 

Scaffolds were fabricated via additive manufacturing (Bioscaffolder, SysENG, 

Germany). Scaffolds made of poly(ε-caprolactone) (PCL) were produced. Briefly, 

the polymer was placed in a stainless syringe and processed at 100 °C. The 

molten polymer was extruded through a cartridge unit via the application of a 

pressurized nitrogen flow (5 bar) and an extrusion screw rotating at 200 rpm. 

During plotting, fiber spacing, needle diameter, layer thickness and speed were 

kept constant at 650 µm, 200 µm, 150 µm and 180 mm/min, respectively. The 

scaffolds were plotted in blocks of 20x20 mm and 4 mm in height. The tested 

samples were 4x4 mm cylinders punched out from the blocks. 
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Activation of the polymer scaffolds 

3D scaffolds were activated through immersion in a 5 mM isopropanol solution of 

ethylenediamine (EDA). The reaction was allowed to proceed for 10 minutes at 

room temperature. Scaffolds were then rinsed with ice-cold water and finally dried 

in a stream of nitrogen. The aminated PCL scaffolds were immersed into 20 ml of 

dry hexane and 20 µL of dry pyridine, to which 20 µL of 2-bromoisobutyryl bromide 

(BIBB) was added dropwise. The reaction mixture was gently stirred for 1 hour at 

room temperature to produce the 2-bromoisobutyrate- PCL surface (PCL-Br). PCL-

Br scaffolds were later-on washed repeatedly with an ethanol/water (1/1, v/v) 

mixture and finally dried under a stream of nitrogen. 

Atom transfer radical polymerization of OEGMA 

Purified OEGMA monomer (5 g, 9.5 mmol) and 2,2’bipyridine (81.7 mg, 0.52 mmol) 

were added to a water (5 ml) and methanol (1,26 ml) mixture. The solution was 

purged with argon for 30 minutes. CuCl (18.75 mg, 0.19 mmol) and CuBr 2 (2 mg, 

0.009 mmol) were added into another reaction flask and also flushed with argon. 

Monomer, ligand and catalyst were then combined and stirred for other 30 minutes 

to facilitate the formation of the organometallic complex. This solution was then 

transferred into the flasks containing PCL-Br substrates. The flasks were sealed 

with rubber septa and kept at room temperature under nitrogen. Following 10 

minutes of reaction time the substrates were removed from the polymerization 

solution, exhaustively rinsed with water to remove any unreacted compound and 

finally dried under a stream of nitrogen. 

Functionalization of PCL-POEGMA scaffolds 

POEGMA brushes on PCL scaffolds were activated by placing them in a dry 

DMSO solution containing 200 mM of DSC and DMAP. Later on, the samples were 

incubated in a protein solution containing either 0.25 µg/ml BMP2 or TGF-β3. 

Single protein gradients along the axial direction of the scaffolds were fabricated by 

placing the DSC-activated PCL-POEGMA scaffolds on top of a micro porous paper 

sheet previously soaked with either one of the protein solutions. The contact 
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between the scaffold’s outer surface and the paper reservoir was assured by 

placing a weight of 7.5 g on top of the scaffolds. Following 60 minutes of reaction 

time, the scaffolds were extensively rinsed with milli-Q water, and finally blow-dried 

with a stream of nitrogen. For the double axial gradients, first a single BMP-2 

gradient was fabricated according to the procedure previously mentioned. 

Subsequently, the scaffold was inverted and placed on top of another micro porous 

paper sheet previously soaked with a TGF-β3 solution. 

Cell expansion and culture 

hMSCs (male, age 22) were retrieved from the Institute of Regenerative Medicine 

(Temple, Texas). Briefly, a bone marrow aspirate was drawn and mononuclear 

cells were separated using density centrifugation. The cells were plated to obtain 

adherent hMSCs, which were harvested when cells reached 60-80% confluence. 

These were considered passage 0 (P0) cells. These P0 cells were expanded, 

harvested and frozen at passage 1 (P1) for distribution. Cells were grown in MSC 

proliferation medium, which contains minimal essential medium (α-MEM, Life 

Technologies, Bleiswijk, the Netherlands) supplemented with 10% fetal bovine 

serum (FBS, Lonza), 100 U/ml penicillin (Life Technologies, Bleiswijk, the 

Netherlands), 10 µg/ml streptomycin (Life Technologies, Bleiswijk, the 

Netherlands), 2 mM L-glutamin (Life Technologies, Bleiswijk, the Netherlands), 0.2 

mM L-ascorbic acid 2-phosphate magnesium salt (ASAp, Sigma-Aldrich, 

Zwijndrecht, The Netherlands) and 1 ng/ml of basic fibroblast growth factor-2 

(bFGF-2, Fisher Scientific, Landsmeer, the Netherlands) at 37 °C in a humid 

atmosphere with 5% CO2. Cells were expanded up to approximately 80% 

confluency and either frozen for further use or seeded on the scaffolds. 

Cell seeding and culture on scaffolds 

After trypsinization with 0.25% trypsin (Life Technologies, Bleiswijk, the 

Netherlands), cells (passage 2-4) were counted using a Bückner chamber and re-

suspended in proliferation medium at a density of 500’000 cells in 40 µL. The day 

before seeding, functionalized scaffolds were disinfected in 70% EtOH for 30 min 
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under stirring, washed 3 times in phosphate buffered saline solution (PBS) (Lonza, 

Breda, the Netherlands), and incubated overnight in proliferation medium to allow 

protein adsorption on the scaffold’s fibers. After protein adsorption, the 40 µL of cell 

suspension were placed on the scaffold in a drop wise fashion to account for a cell 

seeding density of 500’000 cells/scaffold. The seeded scaffolds were placed for 4 

hours in the incubator to allow cell adhesion before adding the cell culture medium.  

All the scaffolds in this study were cultured for 10 days in basic medium, consisting 

of the proliferation medium without the basic fibroblast growth factor-2. Scaffolds 

cultured with the growth factors in soluble form were cultured in basic medium 

supplemented with 10 ng/mL BMP-2 or TGF-β3 (R&D System, Abingdon, United 

Kingdom). 

DNA analysis 

The cell number per scaffold was calculated from the µg of DNA, obtained by a 

Cyquant DNA assay kit (Life Technologies, Bleiswijk, the Netherlands). Briefly, 

each scaffold was cut to improve lysis efficiency and freeze-thawed 5 times. After 

the freeze-thawing process, cells within the scaffolds were lysated by diluting the 

20x lysis buffer provided with the kit using a saline buffer (180mM NaCl, 1 mM 

EDTA in distilled water). After 1h of lysis, samples were sonicated 2 times for 10 

seconds using a Branson sonifier 250 (Emerson Industrial Automation, USA). DNA 

content was quantified with a CyQuant kit (Invitrogen, Breda, the Netherlands) 

according to manufacturer’s protocol and fluorescence was measured at 480 nm 

using a spectrophotometer LS50B (Perkin Elmer, The Netherlands). DNA 

concentrations were calculated from a λ DNA standard curve. 

ALP activity 

To evaluate hMSC differentiation toward the osteogenic lineage, ALP content was 

measured using a CDP star kit (Roche, Woerden, The Netherlands). For this 

purpose, 10 μL of sample was added to a well of a white 96-well plate and 40 μL of 

substrate CDP-Star®, Disodium 2-chloro-5-(4-methoxyspiro {1,2-dioxetane-3,2′-(5′-

chloro)tricyclo[3.3.1.13,7]decan}-4-yl)-1-phenyl phosphate was added. After 15 
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minutes incubation, luminescence was read using a spectrophotometer LS50B 

(Perkin Elmer) at 461-466 nm. ALP activity was corrected for DNA content.  

GAG amount 

To evaluate the differentiation toward the chondrogenic lineage, the GAG amount 

was quantified using 1,9-Dimethyl Methylene Blue (DMMB) assay. Therefore, 25 

μL of sample were placed into a transparent flat bottom 96 well plate and 5 μL of 

2.3M NaCl solution were added, then 150 μL of DMMB solution were added and 

absorbance was read using a Multiscan Go (Fisher Scientific, Landsmeer, the 

Netherlands) plate reader at a wavelength of 525 nm. GAG content was 

quantified with a chondroitin standard curve and corrected for DNA content.  

Gene expression analysis 

For gene expression analysis the scaffolds were taken from the media washed 

twice  with PBS, cut into small pieces and placed in an Eppendorf containing 750 

µL of TRIzol® (Invitrogen) and stored at -80ºC. In the case of partition analysis the 

gradient scaffolds were cut in order to separate the gradient zones and the 3 

samples were located in the same vial prior the addition of the TRIzol®, in order to 

ensure the collection of enough RNA. RNA isolation was performed by using a 

Bioke RNA II nucleospin RNA isolation kit (Bioke, Leiden, The Netherlands). 150 

µL of CHCl3 were added and the vials were vigorously mixed, followed by a 

centrifugation at 12000 g for 15 minutes at 4 ºC. The aqueous phase was 

transferred into a new tube and an equal amount of 70% ethanol was added. The 

mixture was transferred into a filter columns from the kit and the extraction was 

carried on by following the manufacturer’s protocol. RNA concentration and purity 

was evaluated via an ND1000 spectrophotometer (Nanodrop Technologies, USA); 

cDNA was synthetized using iScript™ (BIO-RAD, Veenendaal, The Netherlands) 

according to manufacturer’s protocol. Quantitative polymerase chain reaction 

(qPCR) was performed on the obtained cDNA by using the iQ SYBR®Gree 

Supermix (BIO-RAD, Veenendaal, The Netherlands) and the primers listed in Table 

1. PCR reaction was carried out on the MyiQ2 Two-Color Real-Time PCR 
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Detection System (BIO-RAD, Veenendaal, The Netherlands) under the following 

conditions, the cDNA was denatured for 10 minutes at 95 ºC, followed by 45 

cycles, consisting of 15 seconds at 95ºC, 15 seconds at 60ºC and 15 seconds at 

72ºC. A melting curve was generated from each reaction to test the presence of 

primer dimers and aspecific product. The cycle threshold was calculated by the 

Bio-Rad iQ5 optical system software, in which the threshold was set in the lower 

log-linear region of the fluorescent signal. Ct values were normalized by the B2M 

housekeeping gene and ΔCt ((average of Ct control)-Ct value). Results were 

expressed as fold induction in mRNA expression normalized to the gene 

expression of the PCL control scaffolds cultured in basic medium. 

Gene Forward Primer Reverse Primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

Aggrecan AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC 

Sox9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG 

Collagen IIα CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG 

Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 

ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC 

Bone 

sialoprotein 
CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

Osteocalcin TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC 

Table 3. Table showing the genes analyzed and the forward and reverse primers used for the PCR. 

Fluorescent staining 

After functionalization the PCL scaffolds were cut in half and incubated with PBS-

BSA for 30 minutes. Same procedure was performed on non-functionalized PCL 

scaffolds. A goat polyclonal antibody against human BMP-2 was resuspended 

according to the supplier in a PBS-BSA solution up to a concentration of 200 

µg/mL. The scaffolds were covered with a PBS-BSA solution containing the 

antibody with a dilution of 1:200 and incubated 1 hour at room temperature. 

Scaffolds were incubated for another hour at room temperature in a PBS-BSA 

solution containing a polyclonal rabbit anti-goat coupled with the fluorophore Alexa 

568, at a dilution of 1:1000. POEGMA-funcitonalized scaffolds and PCL scaffolds 
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were incubated in a solution containing the growth factor. On the supernatant a 

BMP-2 Elisa (Sigma-Aldrich, Zwijndrecht, The Netherlands) was performed. The 

measured amount was subtracted from the original concentration and expressed 

as percentage. 

Statistical analysis 

All the quantitative data are expressed as mean ± standard deviation. Statistics 

were performed using IBM SPSS Statistics 20. A two-way ANOVA with Tukey 

as post-hoc test were used. Differences between experimental groups were 

considered significant when p < 0.05 and indicated with (*). 
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Supporting information 

 

 

Figure S1. Plot showing the TGF-β3 amount adsorbed on PCL scaffolds and linked to the 

PCL-POEGMA brushes scaffolds before the washing steps after the functionalization.  

 

Figure S2. Plot showing the ALP, BSP and runx2 for PCL scaffolds functionalized with 

BMP-2 in a gradient fashion in the different scaffold areas. 
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9. General discussion 

Human mesenchymal stem cells are known to differentiate toward several cell lines 

among which osteoblasts and chondrocytes [1-4]. Due to this ability they are 

mistakenly referred as “stem cells” although they lack part of the characteristics 

which are shared among stem cells. Embryonic stem cells and tumor cells are 

associated with immortality, due to the presence of an enzyme, named telomerase, 

which prevents the shortening of their telomeres. Small amount of these enzyme 

was found in adult stem cells of the gut, skin and hematopoietic system [5]. Lacking 

this enzyme [6], human mesenchymal stromal cells have a different telomere 

biology than adult stem cells. As hMSCs have only a finite ability for self-renewal 

like most somatic cells [7], the definition of human mesenchymal stromal cells 

better applies to this cell population.  

The effort of regenerative medicine is to empower this differentiation in vitro after 

expansion on 3D structures (scaffolds) before their re-implantation in vivo to heal a 

defect [8-10]. After giving a short synopsis of this thesis, in chapter 1 the 

osteochondral tissue is presented as a gradient tissue allowing the smooth 

transition from the mineralized subchondral bone to the soft and hydrated cartilage. 

Additionally, an overview of the most recent advances in the use of bi- and tri-

layered scaffolds in animal models and in clinical trials is presented. Although the 

use of gradient structures has received increased attention in the last years, an 

analysis of the most common cues leading to osteogenic and chondrogenic lineage 

in the same construct has not been fully presented. In chapters 2 and 3, scaffolds 

with an in built gradient in pore size were analyzed. The pore size increased along 

the z axis and 4 zones were fabricated with pore size of 326 µm ± 17 µm, 540 µm ± 

11 µm, 744 µm ± 16 µm and 968 µm ± 25 µm.. The presence of a gradient 

structure didn’t vary the cell attachment on the scaffolds, but significantly improved 

the differentiation of hMSCs compared to scaffolds with homogenous pore size in 

the presence of differentiation soluble factors in the culture medium. By analyzing 

the differentiation toward the osteogenic and the chondrogenic lineage of hMSCs 

along the z axis, an opposite trend was observed. Expression of chondrogenic 

biochemical and genetic markers increased with decreasing of the pore size, while 
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osteogenic markers followed the opposite trend, increasing with the increasing in 

pore size. This different behavior can be explained by the design of the scaffold. 

The differences in pore size could have generated a hypoxic microenviroment with 

lower nutrient availability in the portion with small pores, which increases in 

portions with larger pore size. It was proven that hypoxia is hampering osteogenic 

hMSC differentiation but contributing to chondrogenic differentiation in vitro [11, 

12]. Smaller pores closed faster and the resulting high cell density might have 

caused an environment with lower oxygen and nutrients availability eventually 

leading to the observed trends. The increased chondrogenic differentiation from 

the large to the smaller pore size could be due to an increased cell density. As in 

vivo chondrogenesis starts with cell condensation triggered by TGF-β [13], the 

small pores were filled faster leading the cells to an aggregate-like state that might 

have enhanced the chondrogenic cascade and the expression of chondrogenic 

markers. Oh et al. [14] determined the ideal pore size for chondrocyte growth in 

PCL scaffolds to be 370-400 µm. In our scaffolds, the highest differentiation toward 

this lineage was achieved in the portion with 326 ± 17 µm, very close to the one 

showed by the fore mentioned paper. Further studies are needed to elucidate how 

the gradient in pore size can be applied in osteochondral regeneration. A first step 

might be a skin pocket study in mice to define the tissue ingrowth in each scaffold 

compartment, and understand if the current pore size is enough to ensure tissue 

ingrowth in each compartment. If successful tissue ingrowth I achieved, an 

orthotopic animal model could be proposed as a follow-up study. The proof of 

concept presented in this thesis showed an increased differentiation toward the 

osteogenic and chondrogenic lineage under the effect of soluble factors. The solely 

pore size is not enough to start and support hMSC differentiation. Using the 

gradient scaffolds in a rabbit microfracture model would ensure the infiltration of 

hMSCs from the bone marrow and the presence of the osteogenic signals from the 

subchondral bone and the chondrogenic signals from the cartilage surrounding 

areas. Ideally, the porosity gradient scaffolds would be inserted with the biggest 

pore size in contact with the subchondral bone and the smallest pore size close to 

the joint surface.  
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In chapter 4 another gradient in pore geometry was analyzed. By varying the fiber 

deposition pattern, a gradient in pore shape was achieved along the z axis. A 90º 

angle between the fibers of consecutive layers led to squared pores. By changing 

the deposition angle to 45º, 30º and 15º pores assumed a rhomboidal shape with a 

continuous increase in the major diagonal and a decrease of the minor diagonal. 

The variation in pore shape determined a variation in pore size as well. The 

gradient in pore shape didn’t improve cell seeding efficiency with respect to 

scaffolds with homogeneous pore geometry. However, the amount of ECM 

deposited was significantly enhanced in gradient structures compared to 

homogeneous ones. By SEM analysis, it was possible to see how the hMSCs 

tended to wrap the fibers in the control scaffolds with some rare fiber bridging. 

Conversely, the cross section of the gradient scaffolds revealed a sparse ECM 

present in all the compartments of the scaffolds. This may be due to the increased 

fiber connection. Bidan et al. proved that the pore closure begins at the edge of the 

pores, by culturing pre-osteoblasts [15]. The increased number of fiber connections 

stimulated the cells in depositing ECM by closing the pore from the point where the 

fibers met each other toward the center of the pore. This resulted in a significantly 

higher ECM deposition in the gradient scaffolds with respect to scaffolds presenting 

an homogenous geometry. Similarly to what observed in porosity gradients, an 

opposite trend along the z axis of the pore geometry gradient was observed. 

Chondrogenic biochemical and genetic markers were enhanced in squared pores 

and decreased along the z axis toward the rhomboidal pores. Osteogenic markers, 

on the other hand, showed their maximum expression in the rhomboidal pores and 

reached the minimum in the squared pores. This was proven separately under 

osteogenic and chondrogenic conditions as well as in medium containing both 

osteogenic and chondrogenic stimuli. Domingos et al.  defined a strong correlation 

between hMSC viability and scaffold pore size and geometry [16]. On the other 

hand, they didn’t find any correlation between pore size and geometry, and hMSC 

morphology. The correlation between pore geometry and hMSC differentiation 

described in chapter 4 was present only in supplemented media. hMSCs cultured 

under basic conditions didn’t show any sign of differentiation and no variation in 

osteogenic or chondrogenic markers among the gradient zones. Acting on the 
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solely geometry of the pores can enhance the differentiation of the cells growing 

within them, but it is not enough to start the process. In the perspective of using 

these gradient scaffolds sin a microfracture operation, the simple application of the 

scaffold within the site should promote the infiltration of the bone marrow 

containing hMSCs. As earlier discussed, it is reasonable to expect that osteogenic 

signals would come from the subchondral bone and the chondrogenic ones from 

the cartilage surrounding areas.  

Among the cues determining hMSC fate, the substrate physicochemical 

characteristics play an important role [17-19]. In chapter 6, the differentiation of 

hMSCs in scaffolds presenting a gradient in surface energy and in surface and bulk 

stiffness was analyzed. Both gradients were achieved by plotting 3 materials in the 

same scaffolds. The chosen materials were PLLA, PCL and 300PEOT55PBT45. 

The chosen materials are all FDA approved for specific medical applications. PLA 

and PCL had already found several application for bone regeneration and were 

applied in a number of animal studies [8, 20, 21], whereas 300PEOT55PBT45 was 

used in cartilage regeneration reaching clinical evaluation [22]. Before plotting, the 

materials were characterized by contact angle for surface energy measurement 

and via uniaxial compression and AFM for bulk and surface stiffness respectively. 

PCL showed the highest surface energy, 300PEOT55PBT45 was plotted after it, 

finally followed by PLA. The stiffer material was PLA, followed by PCL and 

300PEOT55PBT45. Wettability gradient after 7 days under chondrogenic 

conditions displayed significantly higher GAG deposition with respect to stiffness 

gradient and single material scaffolds. After 28 days under osteogenic conditions, 

300PEOT55PBT45 scaffolds displayed significantly higher levels of ALP, whereas 

under chondrogenic conditions all the single material based scaffolds outperformed 

both gradients. When gradient portions were analyzed, several differences were 

showed among the materials composing the stiffness and wettability gradients. 

Many studies have highlighted the effect of the physicochemical properties of the 

culturing substrate on hMSC differentiation [17-19, 23-25]. In particular, several 

studies highlighted the beneficial effect of stiffer substrate on hMSC osteogenic 

differentiation [26-28]. In contrast with literature data, 300PEOT55PBT45 showed 

the highest ALP levels after 7 days under osteogenic conditions, whereas higher 
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ALP activity was expected on the PLA compartment with a decreasing trend toward 

the 300PEOT55PBT45 side. After 28 days under osteogenic conditions, ALP levels 

were similar in all the stiffness gradient compartments. hMSCs cultured under 

chondrogenic conditions didn't show any differences among gradient zones. 

Wettability gradient scaffolds showed, instead, a more specific influence of the 

different biomaterials used for fabrication. After 28 days, 300PEOT55PBT45 

showed again the highest ALP levels under osteogenic conditions compared to the 

other full scaffolds. The optimum contact angle for hMSC osteogenic differentiation 

in presence of biological stimuli ranges between 40 and 90 degrees [29]. All the 

chosen materials fell into this range. Under chondrogenic conditions within the 

wettability gradient, PLLA showed significantly higher levels of GAG compared to 

300PEOT55PBT45 and PCL. According to Glennon Alty et al., there is no direct 

correlation between contact angle and chondrogenic differentiation [30]. Therefore, 

further studies are needed to elucidate the role of multimaterial scaffolds on 

osteochondral regeneration. A first approach could be implementing the study 

presented in this thesis with a longer culture time and a wider panel of osteogenic 

and chondrogenic markers. Despite the fact that we have selected biomateirals 

that showed already in literature to be supportive for skeletal regeneration [21, 22, 

31-33], it might be that the same multimaterial concept could be more efficient with 

new biomaterial formulations [34]. Additionally, animal studies will help to 

understand the differences in tissue ingrowth within the different gradient 

compartments in wettability and stiffness gradient.   

A further indication on how the oxygen and nutrient diffusion played a pivotal role in 

hMSC differentiation in AM scaffolds is showed in chapter 5, where the designed 

constructs were significantly different than the ones displayed in the first chapters 

of the thesis concerning structural gradients. The scaffolds were designed as a 

cylinder in a tube in a tube, and were composed by an inner cylinder included in 

two rings one into another. When changing pore size in this scaffold configuration, 

a radial pore size gradient could be fabricated. In the radial gradient, not only the 

size of the pores but also their localization affected the differentiation of hMSCs 

residing in the gradient portion. ALP activity of seeded hMSCs was increased in all 

the external portion of the scaffolds, independently from whether the pore size was 
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increased from the inside to outside or vice versa. Conversely, the expression of 

the osteogenic markers BSP and Runx2 was significantly higher in the areas with 

the smallest pore size, independently from their localization within the scaffold. 

Cadherins are proteins responsible for cell-cell adhesion which control cell 

proliferation, differentiation and survival of mesenchymal cells [35, 36]. N-cadherin 

expression increases in the early stages of osteoblast differentiation and this is 

associated with increased cell–cell interactions along with cell-cell gap junctions, 

which are required for full expression of the osteoblastic phenotype [37-39]. 

Therefore, it might be that the higher cell density led to a higher differentiation rate. 

The discrepancy in results with the axial porosity gradient may rely in the structure 

of the scaffolds. Axial porosity gradient scaffolds were cylinders of 4x4 mm and 

showed portion of the same size with different pore size. Radial scaffolds were 

cylinders of 16x3.6mm, with portion showing significantly different sizes. All in all, a 

direct comparison between the axial and radial porosity gradient is too speculative 

to attempt. Bone fractures have the ability to heal themselves when the distance 

between the 2 extremities is below 2 cm. In case of severe and complicated 

fractures this self-healing ability is missing. A possible application for the radial 

scaffolds might be as a smart implant to be placed in between two extremities or 

when part of a long bone must be resected by surgery. Despite being a first step 

towards mimicking the radial structural properties of cortical bone, the model 

presented in chapter 6 is still very simplistic and additional studies are necessary to 

further understand the behavior of hMSCs in these scaffolds. Ideally, a CT scan of 

the missing bone can be acquired and used to print a bone implant with the same 

size and shape presenting the gradient described in chapter 6 to mimic the 

compactness of the bone in the radial direction. 

Another way to generate scaffolds presenting a gradient can be developed by 

exploiting the capillary forces that are generated within the scaffold’s pore network 

for functionalization with biological moieties. In chapter 7, scaffolds were 

functionalized with nano-brushes in order to allow the attachment of bioactive 

molecules on their fiber surface in a gradient fashion. The scaffolds had a highly 

interconnected pore network with pores of 650 um, which determined the 

generation of capillary forces. Once the brushes-covered scaffolds entered in 
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contact with the reservoir containing the targeted bioactive molecule, the solution 

was driven to the top of the scaffold by the capillary forces. This gradual filling of 

the pores put different areas of the scaffold in contact with the bioactive containing 

solution for different time, resulting in a higher functionalization on one side of the 

scaffold, decreasing toward the other extremity. In the radial gradient configuration, 

the same forces moved the solution from the center toward the external side of the 

scaffolds. This method is suitable for a future use in clinical practice due to its 

simplicity and rapidity. hMSC density and position within the 3D structure plays a 

pivotal role in their differentiation [40, 41]. Hence, their 3D positioning could be 

directed by the addition of a bioadhesive molecule such as fibronectin. The non-

adhesive PEOEGMA nano-brushes allowed the attachment of cells only in the 

direction of the gradients, either in an axial or radial configuration. The use of nano-

brushes as linkers for the functionalization of the scaffolds with bioactive molecules 

was proven by generating an opposite axial gradient of fluorescently labelled 

bovine serum albumin. The choice of this protein was based as a proof of concept 

for the functionalization of the scaffolds in chapter 8 with bone morphogenetic 

protein -2 (BMP-2) and transforming growth factor - β3 (TGF-β3), in order to 

stimulate hMSC skeletal differentiation in a gradient fashion. 

The use of non-biofouling molecules as linkers allowed cell attachment only where 

the bioactive molecules were present. RGD-like aminoacid sequences present in 

the biomolecule structure served as anchoring point. Then, the constant activation 

of the receptor by the ligand would have played a stimulatory effect on the hMSC 

differentiation toward the osteogenic and chondrogenic lineage. Following this 

reasoning, BMP-2 binds its receptor complex BMPR I and II, which determines the 

activation of the Smad cascade. Phosphorilated Smad 1/5/8 binds Smad 4. Via this 

binding the complex is transferred to the nucleus where it acts as transcription 

factor and  regulates the expression of transcriptional factors and transcriptional 

coactivators important in osteoblasts such as distal-less homeobox 5 (Dlx5), Runt-

related transcription factor 2 (Runx2) and osterix (Osx) [42-45]. 

TGF-β3 has two receptors type I and type II. The binding of TGF-β3 to its receptor 

complex TGFβRII and type I in the form of Activin-like-kinase (ALK) 4, 5 or 7, 

determines the phosphorylation of the Smad2/3 complex and its combination with 
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Smad4. The complex Smad 2/3/4 is then able to translocate in the nucleus and 

promotes the expression of chondrogenic genes such as Sox9, collagen type II 

and aggrecan. [45-50]. The stimulatory effect observed in chapter 8 resulted in 

significantly improving both osteogenic and chondrogenic differentiation of hMSCs. 

Cells growing on non-functionalized scaffolds but in contact with media 

supplemented with soluble BMP-2 or TGF-β3 displayed significantly lower 

expression of osteogenic and chondrogenic markers respectively. The growth 

factor gradient scaffolds, however, didn’t show the same effect as the fully 

functionalized scaffolds, probably due to a too low concentration of bioactive 

molecules per surface area. The immersion of the scaffolds in the growth factor-

containing solution might have been more effective than the complexation by 

capillary forces. Additionally, the stimulatory effect on the fully functionalized 

scaffolds was more effective due to a sort of self-sustaining process. We could 

hypothesize that cells adhering directly to the functionalized fibers were stimulated 

toward the osteogenic or chondrogenic lineages. Cells filling the pores, therefore 

not in direct contact with the growth factors, were exposed to the ECM produced by 

the differentiating cells, which presumably generated a differentiation stimulating 

environment within each pore. The lower amount of growth factors adhering on the 

gradient scaffolds might have resulted in a lack of this self-sustaining effect. The 

proof of concept presented in chapter 8 with fibronectin worked since fibronectin 

was acting as an anchoring point for the cell. Similarly, in chapter 9 cell adhesion in 

gradient scaffolds followed the gradient of BMP-2 and TGF-β3. Cell differentiation 

is a more fine regulated process compared to cell adhesion, therefore more difficult 

to be achieved by gradient functionalization of growth factors at the tested 

concentration. In literature, several studies implied the use of growth factors used 

alone or in combination with scaffolds for their sustained release [51-54]. The main 

limitation when using growth factors is the use of high doses, which may cause 

adverse effect beside their prohibitive costs [55-57]. The studies presented so far 

to generate gradients of growth factors in 3D were based on complex chemical 

processes, which would make their application in the clinics very complicated due 

to the material used and the complexity of the process [51, 52, 58]. The method 
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presented in chapter 9 needs further optimization, but the principle proved in 

chapter 8 is promising for clinical translation due to its simplicity. 
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10. Valorization 

The research conducted into the laboratories of research centers and universities 

might often be disconnected from the business world. This generates often, 

difficulties in valorizing the work conducted in these laboratories and put the 

scientists in a challenging position to develop their idea into a working marketable 

concept [1]. The process of identifying a valuable idea and translate it into a 

product, which has an impact on the market and the society, is called “technology 

transfer” or “knowledge valorization”.  Universities, companies and government 

organizations are supported by technology transfer offices. Their role is to identify 

which research has potential commercial interest and how to best develop and use 

it [2]. 

In the present thesis, the effect of scaffolds with in-built gradient on human 

mesenchymal stem cells (hMSCs) differentiation was analyzed in order to mimic 

the gradual transition from the subchondral bone toward the cartilage tissue found 

at the joint surface. 

Some scaffolds designs showed more promising results, which may be easier to 

valorize. In chapter 6 the use of scaffolds presenting axial pore architecture 

gradients showed a potential in the effect of promoting the differentiation of 

hMSCs. In the following section I will propose some ways in which the findings of 

this chapter could be valorized. In particular, I will focus on the social and clinical 

relevance of our research. Subsequently, I will focus on the novelty of the scaffold 

design and its possible applications. 

Social and clinical relevance 

The osteochondral tissue is located at the end of the long bones and allows the 

transition from the hard mineralized bone to the soft and highly hydrated cartilage. 

It is possible to identify different zones within this transition tissue. Shortly, from the 

bottom to the top of the osteochondral tissue we first encounter the subchondral 

bone, followed by calcified cartilage. From this point, the cartilage starts dividing 

into the deep zone, the middle zone and the articular surface. This stratification 
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translates in a gradient variation of characteristics such as stiffness, cellularity and 

biochemical composition. 

Osteoarthritis (OA), the degeneration of the osteochondral tissue, is estimated to 

be worldwide the fourth leading cause of disability and the most common self-

reported cause of disability in activities of daily living [3, 4]. According to the 

Centers for Disease Control and Prevention (CDC), about 27 million people in the 

United States have osteoarthritis. The disease is a progressive  degeneration of 

the joint which starts with subtle biochemical changes, leading to a gross cartilage 

loss and morphological damage of other joint tissues [5]. During the onset of 

osteoarthritis the collagen matrix becomes more disorganized and the proteoglycan 

content in cartilage decreases. These changes generate a major increase in water 

content. Since the protection effect of proteoglycan is lost, collagen fibers begin to 

undergo degradation generating a domino effect, which can lead to inflammation 

and pain [6-8]. Current treatments rely on surgery and present several drawbacks, 

and sometimes as in case of osteotomy are helping in pain relief and retardation of 

OA onset, but are not effective in the long term [9].  

 

Novelty 

Rapid prototyping has emerged in the last decades in the field of tissue 

engineering and regenerative medicine for its versatility and possible applications. 

The scaffolds are generated in a layer by layer manner ensuring a fully 

interconnected pore structures with tunable pore size and shape. Additionally, 

structural parameters like the diameter, distance and orientation of the struts can 

be tuned during the production process [10]. Typically, the fiber deposition pattern 

is used to vary the direction of the fibers every layer, leading to pores with 

honeycomb shaped obtained after several layers [11]. In chapter 6 the pattern 0-a-

0-a was used (for example 0-45-0-45) in order to have a pore defined by 2 

subsequent layers and have a constant pore shape for 6 layers. The novelty of this 

simple design is the generation of a reproducible repetitive unit which, within a 

scaffold zone, is constant in all the directions. With such a constant structure all the 

cell residing in a scaffold portion experience the same geometrical cues, allowing 
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an easy interpretation of the relationship between pore geometry and hMSC 

differentiation. 

The link between the novel design and its possible application results from the 

behavior of hMSCs residing in the different scaffold sections. Under chondrogenic 

conditions squared pores (0-90) enhanced the differentiation toward a 

chondrogenic lineage, whereas moving toward the portion of the scaffold with the 

elongated rhomboidal shape this expression decreased. Conversely under 

osteogenic conditions, osteogenic markers expression was prominent in the long 

rhomboidal pores (0-15) and decreased moving toward the square pore region. 

Usually the differentiation tests are conducted under osteogenic or chondrogenic 

conditions in vitro. hMSCs in our scaffolds followed the just described 

differentiation pattern also when cultured in a media containing both the osteogenic 

and chondrogenic stimuli. 

 

Possible application 

One of the most promising and effective biological based therapies for OA is 

autologous chondrocyte implantation, where the chondrocytes of the patient are 

harvested from a biopsy of health cartilage, expanded ex vivo and re-implanted in 

the defect following debridement. Despite reported good outcomes, this technique 

is highly time consuming due to the chondrocyte expansion from the cartilage 

biopsy. Additionally the patients have to go through several operations. 

With our pore shape gradient scaffold, the number of intervention and time can be 

considerably reduced. We propose the removal of the damaged cartilage and 

subchondral bone portion with a biopsy. From the CT scan of the area to be 

removed we acquire the code to print a scaffold with the same shape of the 

removed portion with the pore shape gradient along the z axis. The scaffold can be 

produced under aseptic conditions or sterilized immediately after manufacturing. 

The scaffold will be placed in the hole generated by the biopsy with the 0-15 pores 

in contact with the subchondral bone and the squared pores at the cartilage 

surface. After implantation, the scaffold will be filled with the bone marrow that can 

be accessed through microfracturing of the underlying subchondral bone. This will 
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be the source of the hMSCs, which over time will populate the scaffold. The 

osteogenic and chondrogenic signals necessary to the hMSCs to differentiate will 

be provided by the surrounding tissues. This one step operation will reduce the 

time and discomfort caused by the harvesting of chondrocytes and their expansion 

before the actual reparative operation can be performed. Before translating this 

technique to the hospital and the market, additional studies in small and big animal 

models must be performed. Afterwards, additional clinical studies on sensitive 

patients should also be done to compare our scaffold with current therapies. 
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Samenvatting 

Voor het onderzoek beschreven in dit verslag is met uit beenmerg verkregen 

humane mesenchymale stromale cellen (hMSCs) gewerkt, aangezien deze cellen 

tijdens een klinische operatie via bijvoorbeeld microfracturen met een scaffold 

gecombineerd zouden kunnen worden. De cellen werden gezaaid op AM scaffolds 

met verschillende gradiënten waarna hun differentiatie in bot- of kraakbeencellen 

werd gekarakteriseerd om de effectiviteit van de ontworpen 3D gradiënten te 

bepalen. De scaffolds werden op verschillende manieren geproduceerd om 

gradiënten te creëren op basis van poreusheid, geometrie, fysisch-chemische 

eigenschappen en bioactieve moleculen.  

In hoofdstuk 1 wordt de osteochondrale overgangszone gepresenteerd als een 

weefsel met een gradiënt, waarvan vanuit het perspectief van biologische groei 

wordt uitgelegd hoe de weefselcompositie varieert vanaf het subchondrale bot tot 

aan het kraakbeen. Ook wordt de bestaande literatuur over de meest recente 

scaffold-gebaseerde behandelmethodes welke gradiënt structuren gebruikten 

beschreven.  

In hoofdstuk 2 werd de differentiatie van de hMSCs naar botcellen geanalyseerd 

nadat ze gekweekt waren in een scaffold met een gradiënt van poriegrootte. 

Alkaline fosfatase (ALP) activiteit, de expressie van genetische kenmerken Runx2, 

bot sialoproteïne, osteocalcine, osteopontine, en ALP, en de aanwezigheid van 

gemineraliseerde deposities werden geanalyseerd om te bekijken of de gradiënt 

hier een voordelig effect op had vergeleken met homogene scaffolds zonder 

gradiënt. Dezelfde eigenschappen werden geanalyseerd om te karakteriseren of 

cellen in compartimenten met een bepaalde gradiënt differentieerden naar 

botcellen.  

In hoofdstuk 3 werd de differentiatie van hMSCs naar kraakbeencellen 

geanalyseerd in een gradiënt met dezeflde structurele eigenschappen als die 

beschreven in hoofdstuk 3. Als kenmerken voor differentiatie naar kraakbeencellen 

werden glycosaminoglycaan (GAG) productie en genetische kenmerken sox 9, 
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aggrecaan, en collageen type II gebruikt. Ook hier werd het effect van de 

scaffoldgradiënten op hMSC differentiatie naar kraakbeen vergeleken met die van 

scaffolds met een homogene poriegrootte en binnen de gradiënt compartimenten.   

In hoofdstuk 4 was de poreusheid gradiënt gecreëerd in de radiale richting. 

Pijpbeenderen tonen ook een gradiënt in de radiale richting, met van buiten naar 

binnen eerst een laag compact bot, dan een laag trabeculair bot en in het midden 

het beenmergkanaal. Scaffolds met een vergelijkbare poreusheid als deze drie 

regio’s werden geplot en het differentiatieprofiel van de hMSCs naar 

kraakbeencellen werd geanalyseerd. De mechanische eigenschappen van de 

scaffolds werden gekarakteriseerd en hMSC differentiatie naar kraakbeen 

geanalyseerd door middel van genetische en biochemische kenmerken. 

Histochemische kleuring en röntgen diffractie werden gebruikt om mineralisatie aan 

te tonen.  

In hoofdstuk 5 werd de hMSC differentiatie in scaffolds met een porievorm 

gradiënt over de z-as onderzocht. De porievorm gradiënt scaffolds werden geplot 

door de hoek tussen de vezels binnen opeenvolgende lagen te variëren. Een hoek 

tussen vezels van 0-90 leidde tot vierkante poriën, een hoek van 0-45 tot 

ruitvormige poriën, en hoeken van 0-30 en 0-15 tot ruitvormige poriën met een 

steeds kleinere kleinste diagonaal en grotere grootste diagonaal. De differentiatie 

van hMSCs naar bot- en kraakbeencellen werd geanalyseerd op biochemisch en 

genetisch gebied. Kenmerken voor bot- en kraakbeenvorming geanalyseerd in 

gradiënt scaffolds werden vergeleken met scaffolds met een homogene 

poriegrootte en binnen een individuele scaffold als functie van porievorm.  

In hoofdstuk 6 werden scaffold met fysisch-chemische gradiënten geanalyseerd. 

Door 3 materialen voor 1 scaffold te gebruiken werden gradiënten in stijfheid en 

oppervlakte-energie gerealiseerd. Deze scaffolds werden eerst gekarakteriseerd 

en de gradiënten werden geprofileerd over de z-as. De hMSC differentiatie naar 

bot- en kraakbeencellen werd geanalyseerd als reactie op deze gradiënten.  
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In hoofdstuk 7 werden nanoborstels gebruikt als verbinding tussen het 

scaffoldoppervlak en bioactieve eiwitten. Na deze toepassing werd een simpele 

methode geïntroduceerd om een gradiënt in bioactieve moleculen te verkrijgen. 

Om de biologische activiteit van zulk een gradiënt te bewijzen werd fibronectine 

aan scaffolds toegevoegd zodat hier cellen aan konden hechten na de applicatie 

van zowel een radiale als axiale gradiënt.  

In hoofdstuk 8 werden BMP-2 en TGF-β3 aan de scaffolds gehecht. Het effect 

van deze toevoegingen op hMSC differentiatie werd vergeleken met dat van cellen 

op een scaffold zonder deze toevoegingen maar met dezelfde toevoegingen 

opgelost in het kweekmedium. Scaffolds met een gradiënt van deze toevoegingen 

werden gecreëerd en hun effect of hMSC differentiatie geëvalueerd.  

In hoofdstuk 9 werden alle scaffolds beschreven in dit verslag met elkaar 

vergeleken. Ook worden vervolgstudies voorgesteld om de kennis van scaffolds 

met een gradiënt voor kraakbeen regeneratie te vergroten, zodat het in de 

toekomst mogelijk nuttig kan zijn in de klinische setting.  
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