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Abstract

Current articular cartilage tissue engineering strategies fail to produce grafts that 
recapitulate the complex zonal composition and organisation of the native tissue. 
Developmental engineering strategies might overcome such limitations, leading to the 
generation of more biomimetic grafts by mimicking key steps of normal tissue 
development. One such approach leverages the capacity of stem/progenitor cells to self-
organise into microtissues or organoids, which can be used as the building blocks of larger 
grafts. In this study, adult human bone marrow-derived mesenchymal stem/stromal cells 
(hMSCs) were used to engineer phenotypically distinct hyaline cartilage microtissues for 
the modular assembly of zonally defined grafts. Altered oxygen (O2) levels, within the 
physiological range, were first explored to modulate the microtissue phenotype. Melt 
electrowritten (MEW) meshes were then used to guide the fusion of such microtissues into 
scaled-up grafts. Priming hMSC-derived microtissues at oxygen levels representative of 
different regions of the native tissue supported the development of distinct cartilaginous 
phenotypes. In addition, short-term exposure to 2% O2 significantly enhanced the 
deposition of glycosaminoglycans compared to exposure to 5% O2. Combining such 
microtissues with a supporting MEW mesh enabled the development of a larger graft with 
controlled geometry. In conclusion, this study highlights the potential of hMSC-derived 
cartilage microtissues, primed under altered oxygen environments, as building blocks for 
the biofabrication of articular cartilage grafts when combined with supporting MEW 
meshes. 
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Graphical Abstract

Highlights

- Altered O2 levels support differential chondrogenesis in hMSC-derived microtissues
- Short exposure to low O2 levels enhances GAG deposition in cartilage microtissues
- A new modular assembly method using MEW meshes supports scaled-up graft 

development 



1. Introduction

Articular cartilage (AC) exhibits a well-defined spatial composition and organisation, 
characterised by zonal gradients in cellular shape and extracellular matrix (ECM) 
composition. Notably, concentrations of glycosaminoglycans (GAGs) increase 
progressively from the superficial zone to the deep zone, where they reach their highest 
levels, in parallel with spatial variations of collagen content [1]. AC has a poor self-healing 
ability [2] and untreated damaged tissue typically degenerates, increasing the risk of 
developing post-traumatic osteoarthritis (OA) [3]. Shortcomings associated with current 
treatments for focal cartilage damage have motivated increased interest in innovative 
tissue engineering (TE) strategies for synovial joint regeneration [4]. However, the 
engineering of regenerative grafts that mimic the intricate zonal nature of AC remains a 
challenge [5]. 

Developmentally inspired tissue engineering strategies can potentially overcome 
limitations associated with current approaches, leading to the development of more 
biomimetic grafts by mimicking key steps of normal tissue development. One such 
approach leverages the capacity of  stem/progenitor cells to self-organise into microtissues 
or organoids [6], which can then be used as biological building blocks to fabricate larger 
grafts. For example, seeding mesenchymal stem/stromal cells (MSCs) into nonadhesive 
micro-moulds has been shown to promote cell-cell interactions and the development of 
hyaline cartilage microtissues [7-9]. Self-assembly of such spheroids or microtissues into 
larger tissues presents several challenges, including maintenance of tissue geometry, 
handleability, and ensuring sufficient nutrient and oxygen (O2) transport within the scaled-
up graft [10, 11]. Furthermore, it remains unclear how the zonal complexity present in 
tissues such as AC can be recapitulated using such tissue engineering strategies.

To increase their overall structural stability, cellular spheroids or microtissues are 
often combined with macroporous scaffolds to generate more mechanically robust 
constructs [12]. One concern with this approach is that large volumes of scaffold material 
might negatively impact microtissue (re)modelling and/or promote a foreign body response 
once implanted into the body. For example, the fibres of scaffolds printed by fused 
deposition modelling (FDM) are usually thick (>100 µm) and could account for more than 
30% of the construct [13]. Similar to FDM, melt electrowriting extrudes molten polymers 
through a nozzle but in the presence of a high electric field, resulting in the production of 
extremely thin fibres (down to micron size [14]), and the generation of highly porous 
(typically 90–98%) scaffolds with lower polymer contents [15-17]. The geometry of such 
melt electrowritten (MEW) scaffolds can also be precisely modulated to help direct MSC 
differentiation [14] and guide collagen fibre organisation [18, 19]. Cellular spheroids 
generated within MEW scaffolds using inkjet bioprinting were previously shown to 
generate a large sheet-like tissue with a stratified collagen orientation, demonstrating that 
such hybrid engineered constructs can be used to generate tissues with native-like 
organisation [20]. Different preformed microtissues have also been combined with MEW 
sheets to generate implants targeting adipose regeneration [16, 21] and bone repair in vivo 
[13]. These studies support the use of MEW scaffolds to support the bio fabrication of 
microtissue-based grafts. Successfully engineering complex tissues such as AC or the 
osteochondral unit using such approaches will also require the engineering of 
phenotypically distinct microtissues representative of the different regions of the target 
tissue and their subsequent assembly into spatially organised grafts. 



Due to its avascular nature, oxygen tension varies through the depth of AC [22], with 
models predicting a variation from 5% to 1% O2 [23] and in vivo measurements further 
confirming that levels range from 5 to 7% at the surface to 0.5–1% in the deeper regions of 
the tissue [24-26]. Local oxygen levels are key regulatory cues in tissue development, 
homeostasis and repair [27]. During limb development, hypoxia plays a key role in normal 
cartilage formation [28]. Cells typically used in the regeneration of AC (chondrocytes [29], 
MSCs [30-35], articular cartilage progenitors (ACPs) [36]) have been shown to be highly 
sensitive to low oxygen environments, with hypoxic conditions typically promoting a 
chondrogenic phenotype and enhanced cartilage-specific ECM production [37, 38]. 
However, in such studies, low oxygen conditions (2–5% O2) are typically compared to non-
physiological normoxic levels (20–21% O2). Therefore, it remains unclear how cells used 
for the engineering of zonally defined AC grafts might respond to the variations in oxygen 
tension typically observed in the native tissue. While numerous studies have explored the 
influence of 5% O2 on chondrogenesis of MSCs, mimicking the levels found at the surface 
of AC, relatively fewer studies have examined the role of lower oxygen levels (2% O2 and 
below) representative of the deeper zones of AC [36, 39], with concerns that very low 
oxygen levels can be detrimental to the production of collagen [40]. This motivates further 
studies comparing the influence of altered oxygen levels representative of the different 
zones of AC on chondrogenesis of MSCs. In the context of engineering hyaline cartilage, 
mimicking the oxygen gradient that contributes to normal AC development and 
homeostasis may contribute to the development of phenotypically distinct microtissues 
representative of the different regions of the native tissue.

The overall aim of the study was to engineer zonal AC grafts by integrating 
phenotypically distinct cartilage microtissues into supporting MEW structures. To this end, 
we first sought to generate cartilage microtissues with distinct zonal phenotypes using 
human MSCs (hMSCs) differentiated under oxygen levels representative of the surface 
(5%) and deeper (2%) regions of native AC. To explore the influence of short-term low 
oxygen priming on longer-term phenotype, we also explored the influence of maintaining 
hMSC-derived microtissues for 7 days at 2% O2 before increasing it to 5% O2 for the 
remainder of the culture period. Such oxygen-primed cartilaginous microtissues were then 
integrated into a MEW mesh with custom pore sizes which functioned to collect and nest 
individual microtissues in a predefined manner. The MEW mesh was designed with 
minimal material volume so as to not impede microtissue fusion, whilst also guiding the 
(re)modelling of microtissues into a structurally organised graft. We also explored how the 
orientation of the engineered grafts will influence their development by either hanging the 
microtissues from the MEW mesh or allowing the tissue to grow upwards from the base of 
the MEW mesh. Finally, a layered construct was created using microtissues primed under 
altered oxygen conditions in an attempt to recapitulate the compositional gradient 
observed through the depth of native AC.   



2. Materials and Methods

2.1.Tissue Isolation and Processing

Human cartilage tissue was collected with informed written consent with ethical 
approval from surgical waste of patients undergoing partial or total knee replacement at 
National Orthopaedic Hospital Cappagh (NOHC), Dublin, Ireland (Capp/2019/ETH/SH-
CEO-234). Chondral plugs were cut from healthy-looking regions using biopsy punches 
until the subchondral bone. Tissues were washed with phosphate buffer saline (PBS) and 
frozen until processing. The plugs were cut into two regions: the surface region 
corresponding to approximately the top one third and the deep region corresponding to 
approximately the bottom two thirds (confirmed by weight). Tissues were then prepared for 
biochemical analysis. 

2.2.Human MSC – Chondrogenic Differentiation

2.2.1.Expansion of hMSCs

Human MSCs were isolated from the three different human bone marrow donors 
(Lonza) as previously described prior to expansion [41]. Alternatively, hMSCs were directly 
expanded from a commercially available source (RoosterBio) for single layer experiments. 
Cells were expanded from an initial cell density of 3,000 cells/cm2 at 5% O2 and 5% CO2 
at 37  °C in humidified atmosphere until subconfluency. Expansion media (XPAN) 
contained high glucose Dulbecco’s Modified Eagle Medium GlutaMAX, 10% v/v foetal 
bovine serum, 100 U/mL penicillin, 100  µg/mL streptomycin (all Gibco) and 5  ng/mL 
fibroblast growth factor 2 (Prospect Bio). XPAN was changed twice a week, and cells were 
expanded until passage 3 prior to microtissue formation. 

2.2.2.Microtissue Formation and Chondrogenic Differentiation

Agarose (4% w/v in PBS) microwells (1.5 mm depth × 1 mm diameter) were moulded 
under sterile conditions following the protocol of Nulty et al. [42]. Soaking media (XPAN for 
24 h) was removed and a 1,604,000 cells/3 mL of XPAN suspension was pipetted onto the 
microwell array, settled for 15  min, spun at 800 ×g for 5  min, resulting in individual 
microtissues containing 4,000 cells each. After 24 h, XPAN was replaced by chondrogenic 
differentiation media (CDM) was added. CDM contained high glucose Dulbecco’s Modified 
Eagle Medium GlutaMAX, 100 U/mL penicillin, 100  µg/mL streptomycin (both Gibco), 
1.5 mg/mL bovine serum albumin, 40 µg/mL L-proline, 100 µg/mL sodium pyruvate, 1 × 
insulin-transferrin-selenium, 100 nM dexamethasone, 50  µg/mL L-ascorbic acid-2-
phosphate, 4.7  µg/mL linoleic acid (all from Sigma) and 10  ng/mL human transforming 
growth factor (TGF)-β3 (Peprotech). CDM was replaced by freshly prepared media every 
2–3 days. Microtissues were maintained at desired oxygen conditions (2% or 5% O2) for 2 
days, 7 days or 21 days, except for the priming group (2–5%) where microtissues were 
maintained at 2% O2 for 7 days and then placed at 5% O2 for 14 days (21 days of total 
study time). Other variables were maintained constant (5% CO2, 37  °C, humidified 
atmosphere). At the end of the culture period, microtissues were dislodged from their 
microwell. The number of harvested microtissues was recorded and the diameter of 
microtissues (averaged from three measurements) was measured using the Fiji length 
measurement tool on brightfield microscopy images.

2.2.3.Combining Microtissues and MEW Meshes



2.2.3.1.Fabrication of a MEW Mesh-Bottomed Well

Polydimethylsiloxane (PDMS) insert — PDMS was prepared according to the 
manufacturer’s instruction (SYLGARDTM 184 Silicone Elastomer Kit, Dow). Inserts with 
the following dimensions were punched using biopsy punches: 5 mm outer diameter, 3 mm 
inner diameter and 5 mm in height. Inserts were washed in PBS, in ethanol for 30 min and 
finally were rinsed in PBS before use. 

MEW mesh — MEW meshes were printed using a custom-built MEW printer [43]. 
The Capa 6500D polycaprolactone (50,000 MW, PCL, Perstorp) was melted at 80 °C and 
extruded at 5 mm from the collector through a 23G needle heated up to 85 °C under 0.6 
bar. An initial voltage of 6 kV was applied with an increase of 0.025 kV per layer. Printing 
pore dimensions were: 200 µm × 200 µm, 210 µm × 210 µm, 220 µm × 220 µm, 230 µm × 
230  µm, 240  µm × 240  µm or 250  µm × 250  µm. The printed pore dimensions were 
measured using the Fiji length measurement tool on brightfield microscopy images. Three 
hundred measurements were taken from three different regions of printed meshes. Fibre 
diameter was 10 µm. Pore wall was only six fibres in height, corresponding to theoretical 
value between ~60 µm and ~120 µm, to minimise the presence of biomaterials without 
compromising the pore wall stability. A “fitting” pore size was chosen using the following 
equation, where D is the size (diameter) of the microtissue (µm), P is the pore size of the 
mesh (µm) and H is the height position of the mesh (% of the microtissue size): 

H = (((D/2) - 0.5 ×(D2 - P2)1/2)/D) ×100

Fig. S1 shows the relative variations of H to D and P, and was used to select the pore size 
depending on the microtissue size. Then, a 1 cm × 1 cm mesh was cut out and treated 
with 5 M sodium hydroxide for 30 min, washed in PBS and in ethanol for 30 min. The 
mesh was air-dried overnight and ultraviolet (UV) sterilised for 30 min. Finally, the mesh 
was coated with 10 µg/mL of fibronectin (Merck) in PBS for 24 h. 

Fabrication of a MEW mesh-bottomed well — MEW mesh-bottomed wells were 
fabricated using 6-well plates. A fibronectin-coated MEW mesh was maintained between 
PDMS inserts. Sterile 2% w/v agarose in PBS was molten at 60 °C, to avoid melting the 
PCL fibres, and poured around the inserts. After gelling of the agarose, the inserts were 
pulled out, creating a 5 mm × 5 mm well which the bottom part consisted of a MEW mesh. 
Finally, 6 mL of XPAN was added for 24 h prior to microtissue seeding. 

2.2.3.2.Assembly of Scaled-up Grafts

2.2.3.2.1.Single-Layer Assembly

Microtissues were primed for 7 days at 2% or 5% O2. The priming period was 
selected based on previous results to maximise the effect of oxygen on the resulting 
cartilaginous phenotype without compromising microtissue fusion [44]. A theoretical 
number of 1,200 microtissues were suspended in 100–200 µL of CDM and seeded onto 
the MEW mesh-bottomed well. Each well was topped up with 6 mL of freshly prepared 
CDM and cultures were returned to their initial oxygen environment. After 2 days of initial 
fusion, the effect of orientation on the organisation of the collagen network was explored 
by turning constructs upside down so the fusing grafts were hanging from the MEW mesh 
(hanging group) while other constructs were kept as control (sitting group – see Table 1). 



After 21 days of culture, the scaled-up tissues were cut in half: one half for biochemical 
assays and one half for histological and immunofluorescence staining. 

Table 1 Experimental outline of single-layer assembly experiments.

2.2.3.2.2.Bilayered Hybrid Tissue Assembly

Microtissues, used to fabricate the first/top layer of the graft, were cultured for 7 days 
at 5% O2. Microtissues, used to fabricate the second/bottom layer of the graft, were 
cultured for 7 days at 2% O2. As previously described, a first layer of 7-day-old 
microtissues primed at 5% O2 was added onto the MEW mesh and topped with CDM for 2 
days until the second layer was added. To achieve this, 7-day-old microtissues primed at 
2% (theoretical number of 1,200) were suspended in 50–100 µL of CDM and added over 
the first layer. Fresh CDM was added and the bilayered graft was returned at 5% O2 for the 
rest of the culture period (42 days total). Grafts were left untouched for 2 days to facilitate 
the fusion of the second layer and the inter-layer integration. Then, the grafts were either 
hung upside down or left sitting. Timeline is summarised in Table 2.

Table 2 Experimental outline of the modular assembly of bilayered grafts.

1 FD: fusion day.

2.2.4.Microtissue Fusion in a Nonadherent Agarose Well

To confirm the guiding effect of the MEW mesh on the collagen network, a 4 mm × 
5 mm nonadherent well was fabricated using 2% w/v agarose in PBS and a PDMS insert. 
A theoretical number of 1,200 microtissues primed for 7 days at 5% O2 were seeded in the 

Groups Single Microtissues—O2 
(%)

Fused Microtissues

O2 (%) orientation

5H 5 5 hanging

5S 5 5 sitting

2H 2 2 hanging

2S 2 2 sitting

Day O2 
(%)

Step FD1

0 5 priming single microtissues -

2 2 priming single microtissues -

7 5 seeding of 5% O2 primed microtissues on MEW mesh (1st 
layer)

0

9 5 seeding of 2% O2 primed microtissues (2nd layer) 2

11 5 hanging of bilayered engineered grafts 4

42 5 histological and immunofluorescence analysis 35



nonadherent well. CDM was changed three times per week and tissues were maintained 
at 5% O2.

2.3.Biochemistry Quantification of Extracellular Matrix Key Components

At determined timepoints, samples were digested in 3.88 U/mL papain enzyme in 
papain buffer extract (PBE – containing 100 mM sodium phosphate buffer and 5 mM 
ethylenediaminetetraacetic acid disodium salt solution) containing 10  mM L-cysteine 
(pH 6.5) overnight at 60 °C. Total deoxyribonucleic acid (DNA) content was quantified by 
bisBenzimide Hoechst fluorescent assay as described by the manufacturer. Total GAGs 
were quantified using 0.002% w/v 1,9-dimethyl-methylene blue dye solution, 0.25% w/v 
sodium chloride and 0.3% w/v glycine (pH  1.5). Diluted series of shark chondroitin 
sulphate in PBE were used as standards. Total collagen content was calculated from the 
measurement of the hydroxyproline content (hydroxyproline-to-collagen ratio of 1:7.69) as 
previously described [45, 46]. After hydrolysation of proline residues using 12  M 
hydrochloric acid overnight at 110  °C, solid material was dried out and resuspended in 
ultrapure deionised water. Then, oxidising 2.82% w/v chloramine T in citrate buffer (pH 6.1) 
was added for 20  min at RT in the dark, followed by addition of 50% w/v  4-
(dimethylamino)benzaldehyde for 20 min at 60  °C. Serial dilutions of trans-4-hydroxy-L-
proline (Fluka) in PBE were used as standards. All reagents were from Merck if not 
mentioned otherwise. Measurements of standards and samples were carried out using the 
Synergy HT Multi-Mode Microplate Reader (BioTek Instruments, Inc): DNA – fluorescence 
at 360 nm (ex)/460 nm (em), GAG – absorbance (ε extinction coefficient) at 530 nm and 
590 nm (ε 530/ε 590) [47, 48], collagen – absorbance at 570 nm. 

2.4.Staining Procedure and Quantification

Histology staining — At determined timepoints, samples were fixed using 4% w/v 
paraformaldehyde solution overnight at 4  °C. Following embedding in 2% w/v agarose, 
samples were dehydrated in a graded series of ethanol solutions (Leica TP 1020). All 
samples were embedded in paraffin wax and sectioned into 7 µm thick sections using a 
rotary microtome (Leica RM2235). Sections were stained with Haematoxylin and Eosin, 
0.1% w/v Picrosirius Red and 1% w/v Alizarin Red (pH 4.1). GAGs were either stained with 
1% w/v Alcian Blue 8GX in 0.1 M hydrochloric acid (pH 1) (0.1% w/v Nuclear Fast Red cell 
counterstain) or with 0.2% w/v Safranin O, 0.04% w/v aqueous Fast Green (counterstain) 
and Weigert’s Iron Haematoxylin (to counterstain cells). All reagents were from Merck. 
Stained sections were imaged using a slide scanner (Aperio ScanScope CS). 

Immunofluorescent staining — Tissue sections were rehydrated in graded series 
prior to antigen retrieval. Tissue sections and meshes coated with 10 µg/mL fibronectin 
were incubated in serum containing solutions for 1 h at room temperature (RT) in a 
humidity chamber (HC) to block unspecific antigen sites. Primary antibodies and 
fluorescently labelled secondary antibodies were diluted in blocking buffer and incubated 
overnight at 4 °C in a HC and 1 h in the dark at RT in a HC, respectively. Prior to imaging, 
mesh slides were mounted in ProlongTM Gold Antifade Mountant (Invitrogen) and tissues 
sections were mounted in Fluoroshield with 4’,6-diamidino-2-phenylindole (DAPI). Staining 
was visualised using a scanning confocal microscope (LeicaTCS SP8) and images were 
taken as z-stacks of 10 images. Images were processed using Leica Application Suite X 
(version 3.7.4.23463). Exposure was set using the negative and positive controls, and 
same settings were used for all samples. More details about the staining procedure are 
found in Table S1.



Quantification — Histology (fluorescence) stain intensity was quantified on 
multicoloured (8-bit) brightfield images using the Fiji Colour Histogram tool. The mean 
values of red, green, and blue colours (the mean grey value (MGV)) of a microtissue area, 
RGBµT (MGVµT), were averaged (was measured). Three background areas surrounding 
each microtissue were selected and the averaged RGBbackground (MGVbackground) 
was calculated. The staining intensity was graphed using the following formula: 1 - 
(RGBµT / RGBbackground) or (MGVµT - MGVbackground), so the 0 value corresponds to 
RGBµT (MGVµT) equals to RGBbackground (MGVbackground). 

2.5.Polarised Light Microscopy 

Polarised light microscopy (PLM) was used to visualise collagen fibres in tissue 
sections stained with Picrosirius Red. Two sections, one from the periphery and one from 
the centre of the construct, were analysed per replicate. Two replicates were analysed per 
experimental group. Orientation analysis was performed using Fiji. Two PLM images (PLM 
filter orientated at 0° and 45°) per section were collected and merged using a maximum 
intensity projection and were then converted into 8-bit images. Colour maps were 
generated using the OrientationJ Analysis plugin (color gradient generated using the cubic 
spline method (hue: fiber orientation (red/pink = ± 90°, cyan = 0°); saturation: fiber 
coherency; unit = 2 pixels)). Resulting merged images and colour maps are presented in 
Fig. S2. The distribution of fibre orientations was measured using the Directionality feature 
(Fourier component method; bin = 5°). Histograms were generated for 3 distinct regions of 
the tissue [49]:  surface and deep, corresponding to the regions of the engineered graft 
containing the MEW mesh in the hanging and sitting groups, respectively, and middle. 
Spatial organisation of collagen in knee articular cartilage shows that fibres are horizontal 
at the surface and vertical in the deep region. Hence, to assess the local organisation of 
the engineered graft, like the native tissue, the aforementioned divisions were used. These 
regions are represented in Fig. S2. The dominant fibre orientation and the fibre coherency 
were measured with the OrientationJ Dominant Direction plugin. To assess the effect of the 
MEW mesh on the collagen fibres dominant orientation and coherency, regions of interest 
from the region containing the MEW mesh (superficial) and from regions not containing the 
MEW mesh (deep) were selected and analysed. 

2.6.Statistical Analysis

The GraphPad Prism 10 software (GraphPad Software, CA, United States) was used 
to analyse statistical differences. Analysis of Gaussian distribution and statistical tests are 
detailed on a case-by-case basis in each figure caption.



3. Results

3.1.Altered Oxygen Levels Yield Chondrogenic Microtissues with Distinct 
Phenotypes

The phenotype of hMSC-derived microtissues, engineered under altered oxygen 
tensions (2% or 5% O2), was first assessed using a range of biochemical, histological and 
immunofluorescent assays of chondrogenic characteristics. For both oxygen levels, DNA 
levels after 7 days and 21 days of chondrogenic differentiation were significantly lower 
than that observed on day 2 (Fig. 1(A)). GAGs/DNA was significantly higher at 2% O2 than 
at 5% O2, reaching 11.3 µg/µg ± 2.2 µg/µg on day 21 at 2% O2 (Fig. 1(B)). Total collagen 
synthesis was not significantly affected by oxygen conditions after 21 days of culture (Fig. 
1(C)).

Fig. 1 Characterisation of human mesenchymal stem/stromal cell (hMSC)-derived chondrogenic 
microtissues differentiated under altered oxygen (O2) environments. Biochemical quantification of (A) 
deoxyribonucleic acid (DNA) per microtissue under 2% or 5% O2 at day 2, 7 and 21. Biochemical 
quantification of (B) glycosaminoglycans (GAGs) normalised by DNA, and (C) collagen normalised by DNA 
of microtissues differentiated under 2% or 5% O2 at day 21. All data is represented as mean ± standard 
deviation and individual data points ((B)&(C)). Statistical differences were determined by one-way ANOVA 
test with Holm-Šidák’s multiple comparison test ((A)) and by paired t-test ((B)&(C)). Normality was 
determined using D’Agostino & Pearson’s test (A) and Shapiro-Wilk’s test ((B)&(C)). N ≥ 6 ((A)) and N = 3 



((B)&(C)). ns denotes not significant, * denotes p <0.05, ** denotes p <0.01, *** denotes p <0.001, **** 
denotes p <0.0001. (D) Stain panel of microtissue-synthesised extracellular matrix (nuclei are shown in dark 
blue in immunofluorescence images) and stain intensity quantification at day 21. Scale bar = 100 μm / 400 
μm (inserts). All data is represented as mean ± standard deviation. Statistical differences were determined 
by Student t-test for histology stains (N = 4, normal distribution according to Shapiro-Wilk’s test) and 
nonparametric Mann-Whitney test for immunofluorescence stains (N ≥3). ns denotes not significant, *p 
<0.05. +: positive control; -: negative control. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

After 21 days of culture microtissues stained positive for GAGs and collagen but 
were negative for calcium accumulation (Fig.  1(D)). GAG staining was generally 
homogeneous throughout the microtissues, but more intense in the 2% O2 group than the 
5% O2. A semi-quantitative evaluation of staining intensity confirmed these observations. 
Collagen staining was generally homogeneous at 5% O2, but at 2% O2 was generally 
stronger at the periphery of the microtissues and less intense in the centre. Cells in both 
the centre and periphery appeared chondrocyte-like, with a round shape and the presence 
of a lacuna. Under both oxygen environments, microtissues stained positive for type  II 
collagen, with no statistical differences in staining intensity observed. Microtissues also 
stained positive for type I collagen accumulation, but negative for type X collagen staining 
for both oxygen groups. Together these results indicated that the composition of hMSC-
derived microtissues is altered by the oxygen environment during chondrogenic 
differentiation and that phenotypically distinct cartilage microtissues can potentially be 
engineered by careful control of local oxygen levels.

3.2.Microtissues Primed for One Week at 2% Oxygen Secrete Higher Levels of 
Glycosaminoglycans in Long-term Culture

Having found that microtissue phenotype is altered in low oxygen conditions (as 
evident by altered GAG production), the effect of short-term low oxygen priming on longer 
term tissue development was next assessed. Microtissues were either differentiated at 5% 
or 2% O2 for 21 days, or first primed at 2% O2 for 7 days and then moved to 5% O2 for 14 
days (a total culture period of 21 days) to assess if differences in GAG content associated 
with a relatively short-term exposure to 2% O2 will persist when such microtissues are then 
exposed to higher oxygen levels (5% O2) (Fig. 2(A)). Oxygen tension had no effect on DNA 
levels (Fig. 2(B)), including when microtissues were exposed to altering oxygen conditions 
(2–5% O2). GAG levels were significantly higher in microtissues exposed to altering 
oxygen conditions (2–5% O2) than those continuously exposed to 5% or 2% O2 (Fig. 2(C)). 
These results suggest that the enhanced GAG production in low oxygen-primed 
microtissues will persist when later maintained in higher oxygen conditions.   



Fig. 2 Comparison of the GAG content of chondrogenic microtissues differentiated under three different 
oxygen conditions. (A) hMSC-derived microtissues were cultured at 5% or 2% O2 for 21, or for 7 days at 2% 
O2 followed by 14 days at 5% O2 (2–5%P). AC: articular cartilage. (B) DNA per microtissue and (C) GAGs 
normalised by DNA biochemical quantification at day 21. All data is represented as mean ± standard 
deviation. Statistical differences were analysed by one-way ANOVA test with Holm-Šídák’s multiple 
comparison test as all groups followed a normal distribution according to D’Agostino and Pearson’s test. N = 
9. ns: not significant, *p <0.05, **p <0.01.

3.3.Assembly of Cartilage Microtissues onto a Supporting MEW Mesh

MEW scaffolds have previously been used to guide collagen orientation within 
engineered tissues [18]. To guide the orientation of collagen fibres deposited by hMSC-
derived microtissues, a novel modular assembly strategy was developed where a MEW 
mesh maintained inside an agarose well was leveraged to structurally support the fusion 
and (re)modelling of the microtissues. To enhance cell adhesion and promote maintenance 
of tissue geometry [50], the MEW meshes were coated with fibronectin prior to their 
insertion into the agarose wells (Fig. 3(B)). The MEW meshes (1 cm × 1 cm) were placed 
between two PDMS cylindrical (5 mm × 3 mm × 5 mm) inserts (Fig. 3(A) ①-④). The 
inserts were maintained in place with a custom-made 3D printed handle cover (not 
represented). Molten 2% w/v agarose was added around the inserts to entrap the MEW 
mesh (Fig. 3(A) ⑤). After gelation, the top insert could easily be removed using tweezers 
(Fig. 3(A) ⑥). The system was then flipped upside down to remove the other insert (Fig. 
3(A) ⑦-⑧). As seen in the top and side views, the positive inserts left behind an empty 
cylindrical well, with the MEW mesh remaining in its centre creating a MEW mesh-
bottomed well (Fig. 3(D)). The system was soaked in XPAN prior to microtissue seeding 
(Fig. 3(A) ⑨). Meshes with a range of different theoretical pore dimensions were printed 
(200 µm × 200 µm, 210 µm × 210 µm, 220 µm × 220 µm, 230 µm × 230 µm, 240 µm × 
240 µm, 250 µm × 250 µm). Measurements of the pore size showed that pore size fidelity 
increased with printed pore size (Fig. 3(C)).



Fig. 3 Fabrication of a novel melt electrowritten (MEW) mesh-bottomed well. (A) Schematic of the 
fabrication steps of the MEW mesh-bottomed well. (B) Confocal images of the fibronectin coating of the 
MEW mesh (side view). Scale bar = 200  µm. np: no primary (negative control). (C) Distribution of the 
measured MEW pore size for each theoretical printing dimensions (box-like) showed as dotted lines. Data is 
represented as min to max floating bars with line indicating median. (D) Schematic (side view) and picture 
(top view) of the MEW mesh-bottomed agarose seeding well. Scale bar = 1 mm. PDMS: 
polydimethylsiloxane; PCL: polycaprolactone.

The MEW mesh was designed to support a single individual microtissue inside each 
of its pores. The goal was to print a mesh with a pore size that allowed the collection of 
microtissues without having them sitting too high, which could interfere with the integration 
of microtissues with the MEW mesh, while simultaneously preventing them from passing 
through the bottom of the MEW pores (Fig. 4(A)). This configuration should promote the 
fusion and direct the growth of microtissues into a millimetre scale construct. As seen in 
brightfield images, microtissues were successfully collected (theoretical number of 1,200), 
resulting in a theoretical layer depth of 2–3 microtissues being deposited onto the surface 
of the MEW mesh (Fig. 4(B)). After the initial fusion (Fig. 4(C)), no further contraction of the 



newly formed tissue (average of 29% ± 15% of contraction across all experimental groups) 
was observed during the remainder of the culture period (as had been observed in the 
absence of the guiding mesh; see Fig.  S3(A)). The resulting constructs were 
approximately 2.5 mm in diameter and 1.5 mm in thickness (Fig. 4(D)). 

Fig. 4 Fabrication method of scaled-up grafts. Schematic and pictures of (A) microtissue seeding onto a 
MEW mesh-bottomed agarose seeding well and (B)&(C)&(D) subsequent self-organisation. Scale bar = 1 
mm (brightfield) / 5 mm (photographs). Biochemical quantification of (E) graft wet weight, (F) total DNA, and 
(G) GAGs and (H) collagen normalised by weight after 21 days of culture at 5% O2 and 2% O2, and in sitting 
and hanging orientations. All data is represented as individual data points and mean ± standard deviation. 
Statistical differences were analysed by one-way ANOVA test with Holm-Šídák’s multiple comparison test. 
ns: not significant. µT: microtissue.

The new fabrication platform was tested by seeding microtissues in the MEW mesh-
bottomed well and maintaining the construct in TGF-β3 for 21 days at 5% O2 or 2% O2 
(Fig. S4). To investigate their fusion capacity, 7-day-old microtissues generated at 2% O2 
and 5% O2 were seeded onto the MEW mesh. In addition, the role of graft orientation on 
microtissue fusion and tissue development within this system was also explored. To this 
end, in one group (called sitting) microtissues stayed onto the MEW mesh, while in a 
separate group (called hanging) the construct was flipped upside down shortly after 
microtissue seeding to investigate the effect of hanging the microtissues from the MEW 
mesh on the resulting collagen network organisation. Before their seeding onto the MEW 
mesh, the diameter of the microtissues after 7 days of chondrogenic differentiation was 
found to be 241 µm ± 48 µm for the 5% O2 group and 236 µm ± 55 µm for the 2% O2 
group. Based on this, a MEW pore size of 230 µm × 230 µm, where approximately 40% of 



the microtissue is sitting within the MEW mesh, was selected to support the microtissues 
(Fig. S1). Hanging tissues from the MEW mesh did not negatively affect the tissue weight 
(Fig. 4(E)) and the levels of DNA (Fig. 4(F)) compared to the sitting group. Additionally, 
total GAGs and collagen production were not statistically different across the groups 
(Fig. 4(G)&(H)).

In histological staining, the attachment points of the neo-tissue to the MEW mesh 
were visible at the edge of the constructs (at the bottom of the tissues for the sitting groups 
and at the top of the tissues for the hanging groups (Fig.  5(A)). Anchoring the fusing 
microtissues to the MEW mesh was sufficient to generate a geometrically uniform tissue. 
All engineered tissues stained positive for GAGs and collagen. Calcium deposition was 
observed in some regions of the tissues. Immunofluorescent staining for type  II collagen 
was observed primarily at the periphery of the construct, with the highest levels of staining 
observed in the 2% O2 hanging group (Fig. 5(B)). Some donor-to-donor variation was 
observed in this study. For two of the donors, enhanced type II collagen deposition was 
observed in the 2% O2 hanging group, while for a third donor the highest level of type II 
collagen deposition was observed in the 5% O2 hanging group (Fig. S5). No statistical 
differences in type II collagen stain intensity were observed between experimental groups 
(Fig. S6). All groups stained positive for type I collagen and negative for type X collagen, 
except for the 5% O2 hanging group of one biological replicate, after 21 days of 
chondrogenic differentiation. These results suggest the positive role of the hanging group 
and the 2% O2 environment to promote type II collagen production. 



Fig. 5 Characterisation of the extracellular matrix (ECM) composition in scaled-up grafts. (A) Histology 
and (B) immunofluorescence staining panels of engineered tissues after 21 days of chondrogenic 
differentiation at 5% O2 and 2% O2, and in sitting and hanging orientations. Black arrows point at the 
anchoring points of the MEW fibres (only represented in the haematoxylin and eosin (H&E) staining). Nuclei 
are shown in dark blue. Scale bar = 500 μm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

3.4.A MEW Mesh Can Direct Collagen Alignment Following Fusion of Cartilage 
Microtissues

Next, we assessed whether the MEW mesh and the hanging orientation could direct 
the orientation of the collagen fibre network using PLM. To assess if the spatial 
organisation of the engineered tissues was similar to native AC, the constructs (including 
the native AC positive control and the scaled-up graft fused in a nonadherent well negative 
control) were divided into 3 regions from the surface to the bottom of the tissue, and the 
collagen orientation distribution was assessed for each region. In native AC, a 
characteristic collagen network with fibres parallel to the top surface (0°) and fibres 
orientated perpendicular to the surface (90°) through the majority of the remaining tissue 
depth was observed (Fig. 6). As a result of its spherical geometry, microtissues placed into 
a nonadherent agarose well fused and generated a tissue with no preferential collagen 
fibre orientation (Fig. S3(B)). In the presence of a supporting MEW mesh, collagen fibres 
were aligned at approximately 0° at the top surface of the constructs, which closely 



resembled the surface zone of native AC. In the middle region, fibres in the 2H group more 
coherently orientated in the same direction, with a group of fibres aligned at 45° to the 
surface. In contrast, all the other groups became less organised with depth, pointing to a 
greater level of stratification within the 2H group. 



Fig. 6 Characterisation of the collagen network orientation in scaled-up grafts. Orientation distribution 
of collagen fibres in the surface, middle and deep regions of native articular cartilage (AC) and microtissues 
fused in nonadherent well or fused onto a MEW mesh at 5% O2 and 2% O2, and in sitting and hanging 
orientations. N = 12 (experimental groups) or 3 (controls). Data is represented as mean ± standard deviation. 
# indicated the presence of the MEW mesh in the corresponding region.

Further quantification of the collagen network within the pores of the MEW mesh 
showed that the dominant fibre orientation was not statistically different from that observed 
in the surface region of native AC (Fig.  7(A)). Interestingly, the fibre coherency, which 
reflects the variance of the dominant fibre orientation, was significantly higher (i.e. less 
variance) for the hanging groups compared to the sitting groups and was closer to native 
values (Fig. 7(B)). In addition, quantification of the dominant fibre orientation of the 
collagen fibres in the deeper regions of the engineered tissue distal to the MEW mesh in 
the 2H group was significantly higher than other groups (Fig.  7(C)). Hence, PLM 
quantification highlighted that our new fabrication approach, consisting of anchoring a 
MEW mesh with a layer of microtissues during the fusion process and then hanging the 
tissue from the mesh, yields an engineered tissue with a collagen network orientation 
displaying greater similarities with the native tissue. The hanging condition was then 
selected for further development. 



Fig. 7 Dominant orientation and coherency of collagen fibres in scaled-up grafts. The collagen fibre 
(A)&(C) dominant orientation and (B)&(D) coherency in (A)&(B) the superficial and (C)&(D) deep regions of 
native AC and AC surface, and engineered tissues differentiated at 5% O2 (5) and 2% O2 (2), and in sitting 
(S) and hanging (H) orientations. Note: for the hanging group, the superficial layer contains the MEW mesh, 
while for the sitting group, the MEW mesh is located within the deeper region of engineered grafts. All data is 
represented as individual data points and mean ± standard deviation. Normality was verified by Kolmogorov-
Smirnov’s test. Statistical differences were determined by one-way ANOVA test followed by Holm-Šídák’s 
multiple comparison test. N ≥5 ((A)&(C)) or ≥27 ((B)&(D)). *p <0.05, **p <0.01, ****p <0.0001.
  

3.5.Modular Assembly of a Bilayered Hybrid Cartilaginous Tissue 

As already demonstrated, chondrogenic differentiation under altered oxygen 
conditions yielded microtissues with distinct cartilaginous phenotypes. Microtissues 
differentiated at 2% O2 produced GAG-rich ECM also containing type  II collagen, while 
microtissues differentiated at 5% O2 produced an ECM with a higher collagen-to-GAGs 
ratio. These different microtissues were next used as the building blocks for the different 
layers of AC in an attempt to mimic the ECM gradient found in the native tissue. 
Specifically, 5% O2 differentiated microtissues were used to engineer the top region of AC, 
while 2% O2 differentiated microtissues were used to engineer the bottom region of AC. 
Single microtissues were first primed for 7 days at both 5% O2 or 2% O2. At the 7-day 
timepoint, 5% O2 microtissues were seeded onto the MEW mesh, followed 2 days later by 
2% O2 microtissues added on top of the first layer. As the mean microtissue diameter was 
212 µm ± 20 µm, the pore size of the mesh was selected to be 200 µm × 200 µm. Two 
days after seeding the second layer of microtissues, the system was flipped upside down 
to hang the engineered tissues. Finally, the constructs were kept in TGF-β3 for 42 days at 
5% O2 (Fig. 8(A)). At day 11, prior to hanging the tissues, histological staining revealed that 
the two populations of microtissues (altered oxygen priming regimes) were spatially 
patterned in a two-layer manner. The top layer of this hanging construct, corresponding to 
microtissues primed at 5% O2, contained more GAGs than the bottom layer, corresponding 
to microtissues primed at 2% O2 (likely due to the fact that the microtissues primed at 5% 
O2 had spent an additional 2 days in culture). Histological analysis after 42 days of ECM 
maturation revealed a strong staining for GAGs, with no obvious gradient despite the pre-
priming of the single microtissues (Fig. 8(B)). Intense staining for collagen deposition was 
observed, which also revealed only partial fusion of the microtissues. In general, the 
regions between the unfused microtissues appeared homogeneous, stained positive for 
collagen and contained chondrocyte-like cells embedded in ECM. Some weak staining for 
calcium deposition was observed next to unfused microtissues. The analysis of the 
different collagen subtypes by immunofluorescent staining demonstrated the presence of 
type  I, II and X collagen. Type I collagen and type II collagen were homogeneously 
distributed throughout the engineered tissue, except at the centre core of the tissue, where 
type II collagen was absent. In contrast, type X collagen was mainly observed at the centre 
of the tissue after 42 days of chondrogenic differentiation. 



 
Fig. 8 Assembly of bilayered scaled-up graft and ECM characterisation. (A) Schematic representing 
the different steps of the bilayered scaled-up graft fabrication. Size of 7-day-old microtissues is 
represented as min to max box whiskers plot. Line represents median and dashed line represents the 
selected printing MEW pore size. N = 8. Histology stain of GAGs after 10 days of culture (one day after 
seeding the second layer of microtissues). Scale bar = 500 µm. (B) Histology and immunofluorescence stain 
of the bilayered graft after 42 days of chondrogenic differentiation. Scale bar = 500  µm or 200  µm 
(magnification). Nuclei are shown in dark blue. lig: ligament; H-AC: hypertrophic articular cartilage. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)



4. Discussion

This study demonstrated that hMSC-derived microtissues with distinct cartilaginous 
phenotypes can be engineered by altering environmental oxygen levels. Lower oxygen 
levels (2% O2) promoted the production of GAGs while maintaining type  II collagen 
synthesis. In addition, only one week of 2% oxygen priming was necessary to generate 
microtissues containing more GAGs, motivating their use as biological building blocks for 
the biofabrication of spatially heterogeneous tissues. As a means of engineering an AC 
graft with both a predefined geometry and zonal organisation, a novel modular assembly 
method that integrates cartilaginous microtissues and a MEW mesh was developed. Using 
this approach, it was possible to spatially pattern  microtissues containing distinct levels of 
GAGs into a supporting MEW mesh, enabling the generation of a scaled-up graft. Such 
approaches hold great potential for fabricating complex tissues with biomimetic 
composition and collagen fibre organisation. 

Low oxygen conditions (2% O2) significantly increased GAG production but had no 
negative effect on total collagen production. These results confirm the beneficial role of 
hypoxia for chondrogenesis of hMSCs [51, 52]. The transcription factor HIF-1α has been 
identified as a key mediator of chondrogenesis in low oxygen environments [53], regulating 
chondrocyte differentiation, proliferation and survival, and supporting ECM deposition [54, 
55]. Local oxygen levels also influenced the collagen-to-GAG ratio, with microtissues 
differentiated at 5% O2 more similar in composition to the surface region of native AC (Fig. 
S7(A)), where high levels of oxygen are found [25]. An analysis of donor-donor variability 
also suggests that lower oxygen conditions are particularly beneficial for MSCs with a 
lower inherent chondrogenic potential (compared to that observed at 5%) and could be a 
robust inducer of chondrogenesis (Fig. S7(B)). In line with this hypothesis, a similar trend 
was previously observed with the differentiation of hMSCs and human ACPs, where clones 
with inherent low-GAG production levels were significantly more responsive to low oxygen 
conditions [36]. In addition, characterisation of collagen subtypes by immunofluorescence 
staining confirmed the generation of cartilage with greater type  II collagen accumulation 
under such low oxygen conditions. No signs of early hypertrophy, characterised by the 
presence of type X collagen, were visible which is consistent with previous findings in 
hypoxic conditions [56]. As MSCs have the inherent tendency to undergo hypertrophy and 
progress along the endochondral pathway [57], further long-term studies are needed to 
confirm whether this tendency is delayed or at best suppressed. In addition, further 
analysis of the phenotype (e.g. via RNA sequencing) of microtissues generated under 
altered oxygen environments is warranted. 

From a tissue engineering point of view, such phenotypically distinct microtissues can 
be used as biological building blocks for the engineering of zonally organised tissue, in 
particular to recapitulate the gradients in biochemical composition seen in native AC. While 
different oxygen levels can easily be set for the culture of individual microtissues, spatial 
variation in oxygen develop during the culture of larger grafts. In an attempt to address this 
challenge, microtissues were exposed to temporal variations of oxygen, beginning with 
exposure to 2% O2 for the first 7 days, and then switched to 5% O2 for 14 days (termed ‘2–
5%’), to assess whether the effect of short-term exposure to low oxygen can be 
maintained once subsequently exposed to higher oxygen levels. In terms of GAG 
production, microtissues from the 2–5% group outperformed the 2% and 5% groups, 
highlighting the potential of varying oxygen exposure to be used as building blocks for the 
deeper regions of AC. During cartilage development and tissue maturation, levels of 
oxygen vary with the developmental stage (hypoxia promotes cell proliferation and 



oxygenation promotes organogenesis) and the tissue demand (mechanical loading, 
circadian rhythm, aging) [27, 58, 59]. In another study, short oxygen priming did not 
promote the chondrogenesis of cell-laden microsphere hydrogels. However, cell-cell and 
cell-matrix interactions, which drive chondrogenesis, are different in such scaffolds 
systems [60]. 

An in-house modular assembly system was then fabricated using a MEW mesh and 
agarose well. The agarose, gelled in presence of positive PDMS inserts, formed a seeding 
well with easily adaptable diameter, removing the need to use commercially available 
inserts to seed the microtissues onto the MEW mesh [21]. The MEW mesh served as the 
bottom of the agarose well to collect and integrate with the seeded microtissues. Success 
of this modular assembly strategy relies in part on the ability to generate meshes with 
highly accurate dimensions that can retain seeded microtissues. Hence, the use of melt 
electrowriting allowed the printing of meshes with well-defined box-like pore dimensions. 
Previous studies on the modular assembly of biosheets have found that the resulting 
construct contains ~2% polymeric material, with MEW scaffolds porosity of 80–98% [13, 
17]. In this study, the MEW mesh was six-layer thick, while the resulting single-layered 
grafts were approximately 1.5 mm thick. Thus, this new modular approach can yield hybrid 
cartilage grafts with a minimal volume of synthetic biomaterial, especially when compared 
with FDM approaches [61]. Minimisation of the presence of PCL, even though it has 
already been used in Food and Drug Administration-approved therapeutics, is anticipated 
to favour clinical translation and biosafety [62].  

Integrating cartilage microtissues into a MEW mesh was found to prevent cell 
mediated contraction of the final construct whilst simultaneously supporting 
chondrogenesis and graft development. After 21 days of chondrogenic differentiation, 
limited contraction of the fused graft was observed (graft dimensions were approximately 
2.5 mm × 1.5 mm) even though only the bottom part of the construct was maintained by 
the MEW mesh [10, 13, 21]. In a previous study, adipose-derived stem cells were seeded 
in PCL buckyballs used to fabricate hybrid spheroids with consistent diameter [63]. While 
tissue contraction was attenuated by the incompressible volume of the buckyball “cage”, 
chondrogenesis and fusion of these hybrid tissues were not hampered, pointing to the 
utility of such supporting frameworks in the development of engineered tissues [64]. Here 
the MEW mesh-bottomed agarose well allowed both sides of the tissue, top and bottom, to 
be exposed to culture media. As the construct was not placed on culture plastic, diffusion 
of nutrients from both surfaces likely supported more homogeneous tissue development. 
Finally, the MEW mesh was entrapped within the secreted ECM but cells did not migrate 
beyond the mesh as previously observed with microtissues seeded on a nylon mesh, 
which contributed to the thickening of the tissue by 40% [10]. The fibronectin coating of the 
MEW fibres could contribute to enhancing cell attachment to the MEW surface [50]. 

Allowing the microtissues to hang from the MEW mesh was found to support type II 
collagen deposition and to significantly increase the coherency (less variation) of collagen 
fibres in presence of the mesh, closer to native values. As previously demonstrated, the 
MEW fibres were found to guide the orientation of newly synthesised collagen fibres [18, 
19]. The collagen orientation distribution revealed that the 2H group (hanging orientation 
fabricated with microtissues differentiated at 2% O2)  contained fibres that started to 
orientate at 45° to the surface moving into the tissue depth, their dominant orientation 
being significantly different to that in the other groups. Collagen fibres in contact with the 
MEW fibres were predominantly orientated parallel to the surface in all groups, but the 
fibre coherency of the hanging groups was higher than the sitting groups. These results 
suggest that the combination of the physical constraints provided by the MEW mesh, 



coupled with allowing the engineered tissue to hang in culture, yields a tissue that tends to 
more closely resemble native tissue.    

To mimic the GAG gradient found in native AC, microtissues differentiated at 5% O2 
and 2% O2 were then used to engineer the surface and deeper regions of the tissue. 
Despite only partial fusion of the microtissues, cells, most likely from the microtissue 
surface [65], were able to migrate outside of the microtissues and fill the inter-microtissue 
space with ECM rich in GAGs and type I, II and X collagen. In addition, no signs of tissue 
necrosis were observed (Fig. S8). In a similar study, millimetre-thick biosheets underwent 
core necrosis, but these engineered constructs were cultured under normoxic conditions 
(21% O2) [10]. The initial layering of distinct microtissue populations was not visible after 
42 days of culture. While the microtissues were initially phenotypically distinct, the 
absence of a biomimetic gradient in GAGs in the final tissue may be due to the continued 
deposition of extracellular matrix components with time in culture. Spatial variations in 
regulatory cues within such large, engineered grafts (e.g. oxygen, growth factors) also 
likely play a role in determining the long-term development of the graft [66]. A more 
detailed quantification of the composition in each region of the engineered graft would 
provide further insights into these phenotypical changes. In another study, sequentially 
assembled chondrogenic and osteogenic microtissue populations were able to maintain 
their layered organisation in culture, but 14-day-old microtissues were used as the second 
layer which were only maintained for further 8 days of culture, which might be too short to 
observe the remodelling of these slow-fusing microtissue building units [67]. Further work 
is required to identify the optional time periods microtissues should be independently 
cultured before they are combined with other microtissues to allow them not only to fuse 
but to maintain their desired phenotype in long-term culture. Embedding microtissue 
populations in supporting scaffolds or hydrogels, or the use of perfusion bioreactor 
systems could also be explored to modulate oxygen and nutrient gradients in large 
engineered tissues [68, 69].

It is worth mentioning that this novel modular assembly method holds the potential to 
engineer spatially complex and heterogeneous tissues with minimal use of foreign 
biomaterials. Microtissues were pipetted in the MEW mesh-bottomed well and arranged 
inside each pore as media was drained through the mesh. The manual nature of this 
process could contribute to some of the observed differences in tissue development using 
cells from different donors (Fig. S5). Superior complexity, efficiency and reliability could 
result from the implementation of bioprinting [70-72] and/or robotic bioassembly 
approaches [73, 74]. Aspiration-assisted bioprinting, even in combination with array 
fabrication of microtissues [44], and fluidic-based singularisation and injection modules, 
integrated to a commercial 3D printer, demonstrated precise positioning of individual 
microtissues in a 3D printed scaffold [75, 76]. While the MEW mesh improves the 
handleability of the graft [77], other specifications like mechanical integrity, surface 
lubrication, graft fixation and integration with surrounding tissues should also be 
considered [12]. In the future we will also explore the use of co-cultures of chondrocytes 
and MSCs [78, 79], or articular cartilage progenitor cells [69], to address the challenge of 
engineering more hyaline-like cartilage microtissues rich in type II collagen. Finally, further 
in vitro and in vivo studies are necessary to assess the effect of matrix maturation and 
(re)modelling on the biomechanical properties of the engineered tissue and the effect of 
the MEW mesh degradation on the regenerative potential of the engineered graft.



5. Conclusions

The results of this study confirm the beneficial role of hypoxia on chondrogenesis of 
hMSCs. Both 5% and 2% O2 – oxygen representative of the superficial and deep zones of 
native articular cartilage, respectively – supported microtissue formation and type II 
collagen deposition. Notably, GAGs synthesis was significantly elevated under 2% O2 
compared to 5% O2. Among, the various oxygen tensions and culture orientations 
examined, the 2% O2 hanging culture (2H) conditions yielded greater type II collagen 
accumulation. Furthermore, the hanging orientation promoted greater collagen fibre 
alignment within the MEW mesh, more closely mimicking the structural characteristics of 
native articular cartilage than the sitting orientation. Finally, the modular assembly of 
distinct microtissue populations onto a MEW mesh facilitated the formation of a bilayered 
construct exhibiting an initial GAG gradient, although further investigation is required to 
assess the long-term maturation and stability of these engineered tissues.
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Table S1 Immunofluorescent staining protocol.

1RT: room temperature; 2HC: humidity chamber; 3BB: blocking buffer; 4AC: articular cartilage.

Controls (-) incubation in 3BB as Iary 

antibody
4AC ligament or 

AC with BB as 
Iary antibody

AC

+ ligament AC hypertrophic AC

IIary antibody goat anti-rabbit –
1:250

A11037 (Invitrogen)

donkey anti-
rabbit –
1:500

ab150075 
(abcam)

donkey anti-
mouse –

1:500
A21203 

(Invitrogen)

donkey anti-
mouse –

1:200
A21203 

(Invitrogen)

Iary antibody anti-fibronectin –
1:200

ab23751 (abcam)

anti-type I 
collagen –

1:500
ab138492 
(abcam)

anti-type II 
collagen –

1:100
sc-52658 

(Santa Cruz 
Biotechnology

)

anti-type X 
collagen –

1:50
14-9771-82 
(Invitrogen)

Blocking buffer 10% v/v goat serum 
(Merck) + 1% w/v bovine 
serum albumin (Merck) in 

1X PBS
1 h
1RT
2HC

10% v/v donkey serum (abcam) + 1% w/v bovine 
serum albumin (Merck) in 1X PBS

Antigen retrieval _ hyaluronidase –
4,000 U/mL

45 min
37 °C
HC

(Merck)

pronase –
35  U/mL
25 min
37 °C
HC

(Merck)

pronase –
3.5 U/mL
25 min
37 °C,

HC
(Merck)

Stain fibronectin type I 
collagen

type II 
collagen

type X collagen



Fig. S1 Chart of the relative variations of mesh height position to microtissue size and pore size. 



Fig. S2 Panel of polarised light and colour map images used to characterise the organisation of the 
collagen network in experimental groups (5% O2 and 2% O2, and in sitting and hanging orientations) 
and controls. #: position of the MEW mesh; s: superficial region; m: middle region; d: deep region. Scale bar 
= 500 µm. 



Fig. S3 Microtissue fusion in nonadherent agarose well. (A) Schematic and pictures of the fabrication 
steps of scaled-up grafts using a nonadherent agarose well (control). Scale bar = 1 mm. µT: microtissue. (B) 
Characterisation of the control graft extracellular matrix and collagen fibre orientation. Scale bar = 300 µm. 
H&E: haematoxylin and eosin; GAG: glycosaminoglycans.

 
Fig. S4 Schematic representing the assembly steps of the sitting (S) and hanging (H) groups both 
fabricated at 5% O2 (5) or 2% (2) O2. Size of 7-day-old microtissues is represented as min to max box 
whiskers plot. Line represents median and dashed line represents the selected printing MEW pore size. N = 
12.



Fig.  S5 Characterisation of the extracellular matrix composition in scaled-up grafts. (A)&(B) 
Immunofluorescence stain panels of biological replicates. Engineered tissues were differentiated for 21 days 
at 5% O2 and 2% O2, and in sitting and hanging orientations. Nuclei are shown in dark blue. Scale bar = 500 
μm. (+): positive control; -: negative control.



Fig.  S6 Type II collagen stain intensity quantification of engineered tissues after 21 days of 
chondrogenic differentiation at 5% O2 (5) and 2% O2 (2), and in sitting (S) and hanging (H) 
orientations. All data is represented as mean ± standard deviation. Normality was verified by Shapiro-Wilk’s 
test. Statistical differences were determined by one-way ANOVA test with Holm-Šídák’s multiple comparison 
test. ns: not significant. 

Fig. S7 Influence of low oxygen environment during chondrogenic differentiation of hMSC-derived 
microtissues. Biochemical analysis of (A) the collagen-to-GAGs ratio of native human articular cartilage and 
engineered chondrogenic microtissues (day 21) and (B) the GAGs normalised to DNA inter-donor variability 
(day 21). All data is represented as mean ± standard deviation and individual data points. Statistical 
differences were determined by one-way ANOVA test with Holm-Šidák’s multiple comparison test ((A)) and 
by two-way ANOVA test with Holm-Šidák’s multiple comparison test. N ≥ 6 ((A)) and 3 ((B)). ns denotes not 
significant, * denotes p <0.05, ** denotes p <0.01, *** denotes p<0.001, **** denotes p <0.0001. DNA: 
deoxyribonucleic acid; AC: articular cartilage.   



Fig. S8 Histology stain of the bilayered after 42 days of chondrogenic differentiation. Scale bar = 
500 µm or 300 µm (magnification).
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