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3D printed hybrid scaffolds do not induce adverse inflammation in mice 
and direct human BM-MSC chondrogenesis in vitro 
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A B S T R A C T   

Biomaterials that can improve the healing of articular cartilage lesions are needed. To address this unmet need, 
we developed novel 3D printed silica/poly(tetrahydrofuran)/poly(ε-caprolactone) (SiO2/PTHF/PCL-diCOOH) 
hybrid scaffolds. Our aim was to carry out essential studies to advance this medical device towards functional 
validation in pre-clinical trials. First, we show that the chemical composition, microarchitecture and mechanical 
properties of these scaffolds were not affected by sterilisation with gamma irradiation. To evaluate the systemic 
and local immunogenic reactivity of the sterilised 3D printed hybrid scaffolds, they were implanted subcuta-
neously into Balb/c mice. The scaffolds did not trigger a systemic inflammatory response over one week of 
implantation. The interaction between the host immune system and the implanted scaffold elicited a local 
physiological reaction with infiltration of mononuclear cells without any signs of a chronic inflammatory 
response. 

Then, we investigated how these 3D printed hybrid scaffolds direct chondrogenesis in vitro. Human bone 
marrow-derived mesenchymal stem/stromal cells (hBM-MSCs) seeded within the 3D printed hybrid scaffolds 
were cultured under normoxic or hypoxic conditions, with or without chondrogenic supplements. Chondrogenic 
differentiation assessed by both gene expression and protein production analyses showed that 3D printed hybrid 
scaffolds support hBM-MSC chondrogenesis. Articular cartilage-specific extracellular matrix deposition within 
these scaffolds was enhanced under hypoxic conditions (1.7 or 3.7 fold increase in the median of aggrecan 
production in basal or chondrogenic differentiation media). 

Our findings show that 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds have the potential to support the 
regeneration of cartilage tissue.   

Introduction 

Adult articular cartilage has restricted inherent regenerative poten-
tial [1]. Injuries and progressive degenerative joint pathologies impair 
articular cartilage function, cause pain and disability to the patients and 
result in socio-economic burden [2]. For sports injury or trauma in 
young patients, the surgical best practice is microfracture, which in-
volves drilling into the bone to liberate the marrow [3,4]. The aim is for 
the liberated bone marrow mesenchymal stem/stromal cells (BM-MSCs) 
to differentiate into chondrocytes and produce new cartilage. Unfortu-
nately, the matrix that forms tends to be typical of the mechanically 

inferior fibrocartilage as opposed to the desired native hyaline cartilage, 
which means the repair can be short-lived. There are currently no 
treatments or strategies that robustly promote the long-term healing of 
articular cartilage lesions, preventing their progression to osteoarthritis. 

One strategy is the creation of medical devices with specific bio-
materials that can be used in combination with microfracture [1]. While 
layered fibremat-like collagen scaffolds initially held promise, clinical 
trials indicated they were no more successful than microfracture alone 
with long-term success remaining in doubt, due to their tendency to 
promote the formation of fibrocartilage [5–7]. The ideal scaffold would 
provide the biochemical and mechanical cues that stimulate 
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chondrogenesis of hBM-MSCs promoting the production of hyaline 
cartilage extracellular matrix (ECM), increasing cartilage formation and 
reducing hypertrophy [8–10]. 

Recently, we developed 3D printed hybrids of silica, poly(tetrahy-
drofuran) (PTHF) and poly(ε-caprolactone) (PCL-diCOOH). We have 
shown that these scaffolds have similar mechanical properties to carti-
lage and can withstand cyclic loading [11]. Sol-gel hybrids are 
co-networks of inorganic (e.g., silica) and organic components in which 
mechanical properties and dissolution rate can be tailored through the 
degree of covalent coupling between the inorganic and organic networks 
[12–14]. Without any such bonding, hybrids would dissociate rapidly in 
contact with water [15]. Additionally, the 3D pore architecture present 
within scaffolds has also been shown to play a vital role in tissue for-
mation [10,16,17] and 3D printing can provide accurate control over 
the scaffold architecture. Direct ink writing can produce grid-like scaf-
folds with specific pore channel sizes. We have previously shown that 
hBM-MSCs cultured with chondrogenic differentiation medium (CDM) 
on these 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds, of 
certain channel size, under normoxic conditions, differentiated down to 
the chondrogenic lineage [18]. SOX9, collagen type II, aggrecan and 
glucosaminoglycan production was high for the cells with round 
morphology cultured in the scaffolds with ~250 μm channel size; 
whereas, in the scaffolds with larger ~500 μm channels, the cells 
seemed to attach to the channel walls and become fibroblastic, pro-
ducing mainly a collagen type I matrix [18]. Similar results were seen for 
mouse ATDC5 chondrogenic cell line cultured in the SiO2/PTHF/PCL--
diCOOH hybrids [11] and silica/gelatin hybrid scaffolds [19]. All these 
in vitro cultures used CDM but there was some evidence that the material 
itself stimulated chondrogenesis, as in parallel experiments when the 
cells were cultured in scaffolds made solely of PCL (with similar pore 
architectures), the cells produced a lower amount of collagen type II and 
more collagen type I [11]. 

Here, we investigated the ability of the 3D printed SiO2/PTHF/PCL- 
diCOOH hybrid scaffolds to promote hBM-MSC chondrogenesis in vitro 
under more clinically relevant hypoxic conditions, with or without 
chondrogenic supplements. Physiological hypoxia (2–5 % O2) plays a 
role in both the formation and maintenance of cartilage [20–23]. When 
MSCs are cultured under hypoxic conditions, p38 MAPK is phosphory-
lated leading to the activation of the hypoxia-inducible factor (HIF)− 1α 
pathway, triggering the expression of the master transcriptional regu-
lator of chondrogenesis, SOX9 [24], and upregulating its downstream 
targets [25], the ECM genes COL2A1 and ACAN [22,23]. In this way, 
hypoxia drives chondrogenesis [20,21]. Concomitantly, hypoxia sup-
presses chondrocyte hypertrophy [26], by blocking HDAC4, Nkx3.2, and 
Smad6 activation that results in suppression of RUNX2, COL10A1, 
MMP13 and ALP [27,28]. HIF-2α acts as a chondrogenic factor sup-
porting COL2A1 and ACAN expression in articular chondrocytes under 
hypoxic conditions [29]. The genes EGLNand PGK1 are established 
targets of the HIF transcriptional complex [30,31] and are important in 
driving the transition to anaerobic metabolism. HIF-1α drives the tran-
scription of P4HA1, which catalyses collagen type II hydroxylation [32]. 
An elevated LOX expression, which can be activated via HIF-1α, has 
been linked to osteoarthritis [33], whereas appropriate LOX-mediated 
collagen cross-linking contributes to ECM structure and tension integ-
rity, and cartilage biomechanical properties [34]. A hypoxic environ-
ment is therefore important in driving chondrogenesis, sustaining the 
articular chondrocyte phenotype and enhancing chondrocyte secretion 
of ECM [22,23]. Furthermore, condensation of the mesenchyme in the 
limb bud involves close cell-cell interactions mediated by adhesion 
molecules, such as N-cadherin and N-CAM and initiates chondrogenesis 
in the developing growth plate [35]. In a similar way, pellet or micro-
mass cultures are conducive to MSC chondrogenesis [36]. Likewise, the 
mechanical properties of biomaterials [37,38], transforming growth 
factor-β (TGFβ) and Wnt/β-catenin signalling [39] all induce the for-
mation of aggregates in vitro [40], improving chondrogenic lineage 
specification [37,40]. 

To advance this medical device towards functional validation in pre- 
clinical trials, a robust protocol for the sterilisation which would not 
change 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds properties 
needed to be established. Dry heat and steam sterilisation would deform 
and degrade the scaffold’s porous structure. Ethylene oxide sterilisation 
is an established alternative for degradable polymers [41], however, a 
major drawback of its use is the technical and practical difficulty asso-
ciated with the removal of the toxic ethylene oxide residues from 
polymers [42]. γ-irradiation can cause dose-dependent chemical 
changes in polymers [43] that impact the properties of the scaffolds [44, 
45], so in this study, we investigated its effects on the scaffold micro-
structure, chemical composition and mechanical properties. 

Additionally, a critical step in the development of these scaffolds for 
tissue engineering applications is the evaluation of the in vivo systemic 
toxicity and immune response. The inherent scaffold cues, such as ge-
ometry, micro- and nano-topography, chemical and physical composi-
tion, and mechanical properties critically influence the cascade of events 
following the scaffold implantation [46–51]. Indeed, the type of in-
flammatory response to the implanted scaffold determines the regen-
erative outcome [46]. A normal inflammatory response to any implant 
begins with the spontaneous non-specific adsorption of proteins to the 
surface of the scaffold (Vroman Effect) that has been shown to imme-
diately stimulate the recruitment of modest numbers of neutrophils and 
monocyte-derived macrophages to the vicinity of the implant. If this 
inflammatory response quickly resolves, the scaffold can integrate and 
can promote new tissue formation. In contrast, persistent inflammation 
with the formation of foreign body giant polynuclear cells and ulti-
mately fibrosis is characteristic of classical foreign body response and 
leads to pathological damage and disintegration of the surrounding 
tissue [46,52,53]. This detrimental outcome compromises efficacy or 
even precludes the specific scaffold function and leads to host discomfort 
or pain. Therefore, we investigated the systemic and local inflammatory 
responses caused by 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaf-
folds implanted subcutaneously in immunocompetent Balb/c mice. 

Materials and methods 

Hybrid synthesis and scaffold printing 

SiO2/PTHF/PCL-diCOOH sol-gel hybrid ink was prepared as 
described previously [11]. The organic component was obtained 
through the conversion of PCL-diol (Mn = 530 Da) to dicarboxylic acid 
(PCL-diCOOH), and co-polymerisation of (3-glycidyloxypropyl)trime-
thoxysilane (GPTMS) and THF in the presence of boron trifluoride 
diethyletherate (BF3•OEt2). The silica precursor, tetraethyl orthosilicate 
(TEOS, 80 wt% with regards to PCL-diCOOH mass) was hydrolysed in 
deionised water with 1 M HCl, at a ratio of 1:3 %v/v with respect to 
water. When fully reacted, the TEOS sol was added dropwise to the 
organic precursor solution and stirred at room temperature for 30 min in 
a sealed container to form the hybrid sol. Stirring was continued without 
a lid to evaporate part of the residual THF and accelerate the gelation 
process. If present, bubbles were removed via an ultrasound bath in this 
phase. When a suitable viscosity was reached, the ink was transferred 
into a 3 mL Luer-lock plastic syringe and residual air was carefully 
removed. The syringe was stored in a freezer at − 82 ◦C. The ink 
composition was termed Si80-CL [11]. 

Si80-CL ink was printed directly from the sol-gel by direct ink 
writing, as described previously [11] (“Robocaster”, 3d Inks LLC, USA). 
3D porous scaffolds were printed following an orthogonal grid-like 
pattern using the following printing parameters: conical nozzle with 
an internal diameter of 0.20 mm, strut spacing of 0.60 mm, speed of 10 
mm s − 1, and z-spacing of 0.21 mm. Si80-CL scaffolds with nominal side 
dimensions of 10.8 mm and height of 4.2 or 7.14 mm were printed. Wet 
scaffolds were moved into Nalgene polymethylpentene (PMP) con-
tainers, sealed and placed at 40 ◦C for ageing (3 days) and drying 
(gradual loosening of the lid over 4–7 days). When fully dried, the 
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shrinkage led to final side dimensions of ~7–8 mm and a final thickness 
of ~2.5 or 5 mm. Scaffolds were immersed in deionised water for 10 s to 
remove reaction by-products. 

For mechanical testing and in vitro experiments, scaffolds were cut 
with a razor blade to 5×5 ×5 mm3 for mechanical testing and 5×5×2.5 
mm3 for in vitro testing. For in vivo experiments scaffolds were manually 
punched into a circular section of 5 mm in diameter, resulting in disc- 
shaped scaffolds (5 mm diameter, 2.5 mm thick). 

Sterilisation and the effect of γ-irradiation dose on 3D printed hybrid 
scaffolds 

3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds were trans-
ferred to glass vials (Supelco) and exposed to 25, 50, and 100 kGy 
γ-irradiation using a Gammacell 1000 (Best Theratronics Ltd., UK). 

The mechanical, microstructural and chemical properties of the 
scaffolds were assessed after γ-irradiation, to determine the optimal dose 
for sterilisation. Unsterilised Si80-CL were used as control samples. 

Possible variations in the inorganic/organic ratio of the hybrid 
scaffolds before and after γ-irradiation were assessed by thermal gravi-
metric analysis (TGA), as the weight loss measured during the test was 
due to the burning-out of the organic phase. Differential scanning 
calorimetry/thermal gravimetric analysis (DSC/TGA, Netzsch Jupiter 
STA 449C) was performed on ground powders (10–15 mg) in a platinum 
crucible in the temperature range 20–800 ◦C with a heating rate of 10 ◦C 
min− 1 in an atmosphere of continuously flowing air. 

Dynamic mechanical analysis (DMA) analysis was carried out using a 
Bose Electroforce Series III (TA Instruments), fitted with a 220 N load 
cell, at 3 frequencies (0.1–1–10 Hz). The tests were performed in 
displacement control and repeated in three different ranges of strain (εc): 
the displacement was set to (I) 1–5 %, (II) 5–9 % and (III) 9–13 % of the 
initial sample height, respectively (n ≥ 4). The WinTest® DMA software 
allowed the calculation of the storage modulus (E’) and loss modulus 
and loss tangent (E’’ and tan(δ), respectively). 

Scanning electron microscopy (SEM, JEOL 6010 LA, secondary 
electron imaging (SEI), 20 kV voltage, working distance between 13 and 
20 mm) was applied to the top surface of the scaffolds coated with a 15 
nm layer of gold. SEM images of the top surface of the scaffolds were 
analysed with ImageJ software to evaluate vertical channel size (i.e. the 
size of the pores in the direction of cell seeding) and strut size on the x–y 
plane (n ≥ 15). 

Fourier-transform infrared spectroscopy in attenuated total reflec-
tance mode (ATR-FTIR) was carried out with a Thermo Scientific Nicolet 
iS10 FTIR equipped with Smart Golden Gate for Single-Reflection Dia-
mond ATR Analysis with OMNIC software, using 64 scans at a resolution 
of 4 LP mm− 1 in absorbance between the range 4000–400 cm− 1. 

Mice 

Balb/c females were purchased from Charles River UK Ltd. and were 
used for experiments between 7 and 10 weeks of age and randomly 
selected in two groups. Mice were housed under specific pathogen-free 
conditions and given food and water ad libitum. All procedures were 
conducted following the institutional guidelines and under the approval 
of our Home Office project license [granted under the Animals (Scien-
tific Procedures) Act 1986]. All animals were kept at constant room 
temperature (~22 ◦C), humidity (~52 %) and under a controlled 12 h 
light/dark cycle. All animal procedures were carried out following the 
‘‘3Rs” policy (Replacement, Reduction and Refinement). 

Surgical procedure 

Mice were given subcutaneously analgesic buprenorphine (Veter-
gesic®, Ceva) diluted to 0.05 mg/mL in 0.9 % saline solution, used at a 
dose of 1 µg/Kg. Anaesthesia was induced in a chamber with 5 % iso-
flurane (IsoFlo®, Abbot Laboratories) and oxygen (2 L/min) and 

maintained at 1–3 % isoflurane in oxygen (2 L/min) using a nose cone. 
Surgical procedures were performed using an aseptic technique 
throughout. A small dorsal area was shaved and cleaned by swabbing 
with 1 % w/v iodinated povidone (Videne antiseptic solution, Ecolab) in 
water for injections (Hameln Pharmaceuticals Ltd.). To implant the 
scaffold, a small incision (< 1 cm) was made using a sterile scalpel 
(Swann-Morton) on the central dorsal surface. Autoclaved blunt Adson 
forceps (WPI) were used to create a pocket in the subcutaneous space for 
each scaffold. One sterilised disc-shaped 3D printed SiO2/PTHF/PCL- 
diCOOH hybrid scaffold was implanted into each mouse, ~1 cm apart 
from the skin incision. After implantation, each wound was closed with 
an autoclaved 9 mm surgical Reflex clip with clip applier (WPI). Sham 
surgery was performed in the control group. After surgery, mice were 
removed from anaesthesia and transferred to a recovery chamber at 
37 ◦C. Mice were carefully monitored by animal care services and 
housed for 1 or 7 days (n = 5 mice for each group). The experiment was 
repeated twice for each time point. 

Euthanasia and specimen harvest 

24 h and 7 days post scaffold implantation, mice were euthanised by 
anaesthetic overdose (pentobarbitone sodium, 0.6–0.8 mg/kg, Animal-
care) by intraperitoneal injection. Peripheral blood was collected with a 
sodium-heparin micro haematocrit capillary tube (Brand) at room 
temperature after severing the neck jugular vein. Collected blood was 
used for differential counts and ELISA, with processing details to follow. 
Then, the dorsal skin was shaved and carefully resected. Pictures were 
recorded after exposing the underskin in the surgery area and the area 
covering the scaffold. The clipped wound sites were avoided in the 
morphologic evaluation. Skin from the surgery area (sham), skin in 
contact with the scaffold and naïve skin (~1 cm2) were excised. 

Differential white blood cell count 

Blood (100 µL/mouse) was incubated for 5 min with 3 mL red blood 
cells lysis buffer (155 mM ammonium chloride, 10 mM potassium 
hydrogen carbonate and 0.1 mM EDTA, pH 7.4 (all from VWR)), then 
neutralised with 7 mL of PBS and the cell pellet was recovered after 
centrifugation 2500 g for 5 min. The red blood cell lysis procedure was 
repeated twice. 

Total cell counts were done with filtered 0.2 µm white cell counting 
fluid corresponding to 0.02 % (w/v) crystal violet solution (Sigma), and 
0.04 % (v/v) acetic acid (VWR) in PBS. 

Cell suspension (5 × 104 cells/100 µL) was deposited as a monolayer 
of cells on slides using Shandon Cytospin 3 cytocentrifuge at 400 rpm/4 
min, fixed 5 min with methanol and air-dried. Then slides were stained 
with Shandon™ Kwik-Diff™ Stains (Fisher Scientific) following the 
manufacturer’s instructions. Slides were coverslipped with DPX 
mounting medium (BDH). Neutrophils, lymph mononuclear cells and 
eosinophils were counted in 7–10 fields in random view under the Zeiss 
Axioskop microscope to complete a total of ~400 white blood cells, 
using a 20 × dry objective with a numerical aperture of 0.5. 

ELISA 

Blood was centrifuged at 16.3 g for 10 min. The serum was collected 
and frozen at − 20 ◦C. Serum tumour necrosis factor-alpha (TNFα) levels 
were measured by ELISA (mouse uncoated TNFα ELISA, Life Technolo-
gies Ltd.) according to the manufacturer’s protocol. 

Histology 

The excised specimens were fixed at 4 ◦C in 10 % neutral buffered 
formalin (Sigma) for 24 h. After paraffin wax embedding, 5 μm thick 
sections were dewaxed immersing twice for 5 min in Gentaclear (Genta 
Medical) and washed in tap water. Sections were then washed twice 
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with 100 %, 90 % and then 70 % Industrial Methylated Spirit (IMS, 
Fisher Scientific) and rinsed with tap water. For Hematoxylin-Eosin 
staining, sections were stained for 2 min with Harris Haematoxylin 
mercury-free (VWR), washed with tap water, and then differentiated 
using acid alcohol (1 % hydrochloric acid in 70 % IMS) for 2 min. After 
washing with water, sections were stained with 1 % Eosin (VWR) for 1 
min and then rinsed with water. Sections were stained for Masson’s 
Trichrome as previously described [54]. All sections were dehydrated 
with serious dilutions of IMS, washed three times for 5 min with Gen-
taclear, and finally coverslipped with DPX mounting medium. 

Hematoxylin and eosin stain cell nuclei blue and cytosol pink. Mas-
son’s Trichrome stains nuclei dark brown to black and collagen blue. 
Colour micrographs were acquired using a Zeiss Axio Observer Inverted 
Widefield Microscope with an IC5 colour camera, and with a ZEN Blue 
pro software capable of tiling and stitching, using a 5 × air objective 
with a numerical aperture of 0.16 or 10 × air objective with a numerical 
aperture of 0.3. 

To quantify the cell number infiltrated inside the scaffold, after 
defining the scaffold area using a region of interest (ROI) delineated at 
the scaffold-host tissue interface in Hematoxylin-Eosin images, the blue 
image obtained with the colour deconvolution tool was thresholded 
with the Yen method and the cell number (20–100 µm) within the 
scaffold area was calculated in ImageJ (4 sections/sample, 5 mice/ 
group, the experiment was repeated twice). 

To quantify collagen deposition inside the scaffold, after defining the 
scaffold area using a ROI delineated at the scaffold-host tissue interface 
in Masson’s Trichrome images, the blue image obtained with the colour 
deconvolution tool, was thresholded with the Yen method and the 
number of collagen blue fibers (> 100 µm) within the scaffold area was 
calculated in ImageJ (2 sections/sample, 5 mice/group, the experiment 
was repeated twice). Results obtained for each mouse were averaged. 

Sections were imaged to evaluate the presence of round/ovoid shape 
mononuclear cells, polymorphonuclear leukocytes, foreign body giant 
polynuclear cells (cells that were fused with the nuclei centrally placed 
and overlapped), scaffold encapsulation (avascular collagenous fibers 
oriented in parallel to the outer surface of the implants in contact with 
the normal host tissue) and blood vessels (with intact lumen structure 
with the presence of pink-red blood cells). Sections were imaged using a 
Leica DM 2500 with Leica DFC 300FX camera, using a 40 × air objective 
with a numerical aperture of 0.85. 12 systematic random sampling areas 
(327 × 245 μm/field) per section (2 sections/sample, 5 mice/group, the 
experiment was repeated twice), within the hypodermis below the 
panniculus carnosus muscle, for sham surgeries sections, or between the 
scaffold-host tissue interface and the panniculus carnosus muscle, for 
implanted scaffolds sections. 

hBM-MSCs culture and seeding on 3D printed hybrid scaffolds 

Human bone marrow-derived mesenchymal stem/stromal cells 
(hBM-MSCs; #PT-2501, Lonza) were expanded in alpha-modified Ea-
gle’s medium (αMEM, no nucleosides (Thermo Fisher Scientific)) with 
10 % Fetal Bovine Serum (FBS, Gibco). hBM-MSCs were used before 
passage 5 and were tested and devoid of mycoplasma contamination 
before being used in each experiment. 

3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds were immo-
bilised in sterile polystyrene moulds (#C3983–50EA, Sigma) sealed with 
autoclaved high-vacuum silicone grease (#Z273554–1EA, Aldrich) and 
placed within 48-well suspension plates (Greiner Bio-One). Scaffolds 
were washed twice with αMEM and centrifuged at 310 g for 5 min to 
remove bubbles. Then scaffolds were kept at 37 ◦C in a humidified at-
mosphere of 5 % CO2/95 % air for 15 min. hBM-MSCs were trypsinised 
at ~80 % confluency using 0.05 % Trypsin-EDTA (Thermo Fisher Sci-
entific) and pelleted. Cells were resuspended in αMEM (250 µL at 2 ×
106 cells/mL), seeded within each scaffold and allowed to anchor under 
standard culture conditions for 2.5 h, while shaking each 30 min, at 200 
rpm for 5 min. Then, 900 µL of basal medium (BM) solution was added. 

Moulds were removed after 3 days, and cell-seeded scaffolds were 
transferred to a new 48-well suspension plate and cultured for 21 days 
with 1) BM under standard culture conditions (normoxia, 20 % O2, 
routinely used in tissue culture incubators, actually non-physiological); 
or 2) BM under hypoxic conditions (5 % O2); or 3) chondrogenic dif-
ferentiation medium (CDM) under hypoxic conditions. 

CDM consisted of High Glucose Dulbecco’s Modified Eagle Medium 
(#D5671, Sigma) supplemented with 2 mM L-glutamine (Thermo Fisher 
Scientific), 100 nM dexamethasome (Sigma), 1 % insulin, transferrin, 
selenium solution (Thermo Fisher Scientific), 1 % antibiotic-antimycotic 
solution (Sigma), 50 μg/mL ascorbic acid-2-phosphate (Sigma), 40 μg/ 
mL L-proline (Sigma) and 10 ng/mL TGF-β3 (Peprotech Inc.). BM con-
sisted of αMEM, no nucleosides, supplemented with 10 % FBS and 1 % 
(v/v) antibiotic-antimycotic solution. Media were exchanged every 2 
days. 

hBM-MSCs viability within scaffolds 

hBM-MSCs viability within scaffolds was confirmed by staining with 
a LIVE/DEAD® viability/cytotoxicity kit for mammalian cells (Molec-
ular Probes) according to the manufacturer’s instructions. Cell seeded- 
scaffolds were transferred into a µ-Slide 8 Well uncoated, polymer 
coverslip, hydrophobic, sterilised (Ibidi), incubated for 15 min in 1 µM 
calcein AM and 1 µM ethidium homodimer-1 in FluoroBrite™ DMEM 
(Gibco) with 10 % FBS and 1 % (v/v) antibiotic-antimycotic solution. 
Cell-seeded scaffolds were imaged on a Zeiss Axio Observer Inverted 
Widefield Microscope with a Hamamatsu Flash 4.0 fast camera, using a 
5 × air objective with a numerical aperture of 0.16. Representative 
images are Z-projections of 10 Z-slices of 3.45 μm spacing obtained using 
Image J. 

Gene expression analyses of hBM-MSC differentiation within scaffolds 

Cell-seeded scaffolds were snap-frozen in liquid nitrogen and stored 
at − 80 ◦C. RNA was isolated using QIAshredder, RNeasy mini kit and 
RNase-free DNase set according to the manufacturer’s instructions (all 
from Qiagen). The RNA quality and concentration were assessed using 
Nanodrop ND-1000. RNA was reverse transcribed into cDNA as previ-
ously described [55] and stored at − 20 ◦C. RT-qPCR was performed on 
an Applied Biosystems ViiA 7 real-time PCR (Thermo Fisher Scientific) 
using 384-Well PCR plates. Primer sequences used for gene expression 
analyses are shown in Supplementary Table 1. Each primer pair con-
centration was optimised to maximum efficiency. Reaction mixtures 
were prepared and run in triplicate with a 3-step cycle as previously 
described [55]. Water was used instead of cDNA as a control. 

The ΔΔCQ method was used to quantify fold changes in the 
expression for each gene of interest (GOI) and normalised to the 
expression of undifferentiated/naïve hBM-MSCs (hBM-MSCs suspension 
before seeding on the scaffolds at day 0, set to 1), using EEF1A1, RPL13A 
[56,57] and PPIA [58] as the reference genes (RG): fold change in 
expression = 2− ΔΔCq, ΔΔCq = [(CqGOI,t(21 days)–CqRG,t(21 days))–(CqGOI,t 

(0)–CqRG,t(0)]. 

Immunocytochemistry of hBM-MSCs cultured within 3D printed hybrid 
scaffolds 

Cell-seeded scaffolds were fixed in 4 % (w/v) paraformaldehyde in 
phosphate-buffered saline (PBS, without calcium and magnesium) for 
20 min, permeabilised with 0.1 % (v/v) Triton-X 100 in PBS for 10 min 
and blocked for 1 h with 10 % (v/v) horse serum in 0.15 % (w/v) glycine 
and 0.2 % (w/v) bovine serum albumin in PBS (all from Sigma). Samples 
were stained overnight at 4 ◦C with primary antibodies, washed trice 
and stained for 1 h at room temperature with secondary antibodies 
(Supplementary Table 2). After washing, nuclei were counterstained for 
15 min at room temperature with 10 µg/mL Hoechst 33342, Trihydro-
chloride, Trihydrate (Thermo Fisher Scientific). After washing, stained 
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samples were transferred to µ-Slide 8-Well and imaged in a Leica SP8 
inverted confocal laser scanning microscope. Samples were then cut and 
the surface and interior sections of the cell-seeded scaffolds were imaged 
to confirm cells were distributed through the scaffold architecture. De-
tector gains were set to be constant among samples to facilitate com-
parison. Z-series with 1 µm Z-spacing were obtained using sequential 
acquisition and Kalman filter mode, 20 × dry objective with a numerical 
aperture of 0.75, and 2048 × 2048 pixel size. 

Sox9, Aggrecan, collagen type II and collagen type X integrated 
density (arbitrary units) was calculated after thresholding with the 
Huang method in ImageJ and normalised by cell number calculated in 
the same volume. Representative images are 3D projections of 100 Z- 
slices of 1 μm obtained using ImageJ. 

Statistical analyses 

The number of mononuclear cells or collagen fibers inside each 
scaffold slice area are shown as scatter dot plots expressing the means ±
standard deviations. Gene expression analyses and the normalised 
number of neutrophils in the blood are shown as column graphs with 
scatter dot plots showing the mean with standard deviation. Measure-
ments of integrated density per cell (after removal of outliers with ROUT 
test Q = 1 %) are shown as scatter dot plots expressing the median. 
Statistical analyses were carried out using a non-parametric Kruskal- 
Wallis test followed by Dunn’s multiple comparison test for multiple 
comparisons or a Mann-Whitney test (two-tailed) for comparisons be-
tween two groups. Statistical analyses were carried out using GraphPad 
Prism version 8 for Windows (GraphPad Software, USA). p values are 
indicated in figure captions. 

Fig. 1. γ-irradiation at 50 kGy efficiently sterilises 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds without affecting their properties. 
Characterisation of the hybrid scaffolds after γ-irradiation at 25, 50 and 100 kGy: a. mechanical properties evaluated by comparing the storage modulus (E’) obtained 
via DMA at 1 Hz before and after sterilisation (n ≥ 4). * “Strain range 1″ corresponds to 1–5 % for all samples; “Strain range 2″ corresponds to 5–9 % for all sterilised 
samples and 5–10 % for the control sample; “Strain range 3″ corresponds to 9–13 % for all sterilised samples and 10–15 % for the control sample; b. SEM repre-
sentative micrographs of the top surface of 3D printed hybrid scaffolds before and after γ-irradiation with 25, 50, and 100 kGy; Scale bar is 200 µm at low 
magnification (70x) and 50 µm at high magnification (500x). c. ATR-FTIR spectra comparing hybrid scaffolds before and after γ-irradiation at 50 kGy. 
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Results 

3D printed hybrid scaffolds properties are not changed by efficient 
sterilisation 

In order to use 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds 
as a medical device, a robust sterilisation protocol is required, that 
would eliminate any bioburden without affecting the mechanical, 
microstructural and chemical properties of the scaffolds. We, therefore, 
investigated the effect of using γ-irradiation, between 25 and 100 kGy 
following standard ISO 11137. We first determined that the 25 kGy dose 
was unsuitable, as it failed to prevent bacteria growth when scaffolds 
were subsequently kept in the basal medium under standard culture 
conditions for up to 7 days. In contrast, the 50 and 100 kGy doses 
eliminated the bioburden. 

Post-sterilisation, we observed no significant variation in the inor-
ganic/organic ratio of the hybrid by TGA: unsterilised Si80-CL scaffolds 
showed 74.8 wt.% organic content; post-sterilisation the organic content 
remained in the range of 74.8 % ± 0.3 %. 

DMA showed very low E’’ and tan(δ) values, confirming the elastic 
behaviour of the scaffolds, and their ability to recover the deformation 
in the investigated strain intervals. No differences were observed within 
the investigated range of frequencies (0.1 to 10 Hz). Hence E’ values at 1 
Hz were compared (Fig. 1a): when the dose increased from 25 to 100 
kGy, a minimal decrease of the mean E’ value and a narrowing of the 
standard deviation were observed, compared to the unsterilised control. 

SEM imaging showed that the scaffold 3D grid-like architecture was 
not affected by the sterilisation (Fig. 1b at low magnification). The mean 
channel size (n ≥ 15) was 213 ± 20 µm, for the scaffolds pre- 
sterilisation; 198 ± 41 µm after 25 kGy; 181 ± 44 µm after 50 kGy; 
and 205 ± 40 µm after 100 kGy. The mean strut size (n ≥ 15) was 212 ±
33 µm, for the scaffolds pre-sterilisation; 223 ± 20 µm after 25 kGy; 227 
± 29 µm after 50 kGy; and 227 ± 24 µm after 100 kGy. Any variation in 
the channel size was within the error range of the not sterilised sample. 
This variation is due to the irregular surface of the scaffold struts, which 
is the result of the shrinkage inherent in the 3D printing directly from 
sol-gel. However, at higher magnification, we detected damage on the 
surface of the struts of the scaffolds sterilised at 100 kGy (Fig. 1b at high 
magnification). Finally, the ATR-FTIR spectra of the scaffolds sterilised 
at 50 kGy showed no significant differences from the scaffolds that were 
unsterilised, confirming that γ-irradiation had little to no effect on the 
chemical bonding within the hybrid network (Fig. 1c). 

We conclude that 50 kGy γ-irradiation sterilised the scaffolds 
without affecting their microstructure, chemical composition and me-
chanical properties. This sterilisation protocol was, therefore, used for 
all the subsequent in vivo and in vitro experiments. 

Subcutaneously implanted scaffolds trigger a rapid resolving local 
physiological reaction with infiltration of mononuclear cells 

If the scaffolds are to become a medical device, it is important to 
determine whether they cause systemic toxicity and to understand the 
early inflammatory/immune response in vivo. Disc-shaped 3D printed 
SiO2/PTHF/PCL-diCOOH hybrid scaffolds (Fig. 2a) were implanted 
subcutaneously in Balb/c mice for one week. The macroscopic 

evaluation showed no visible redness or darkening of the skin at the 
implantation site over the course of the study. Macroscopic images of the 
implanted scaffolds under the muscular layer of the dermis showed 
integration with the host tissue without evidence of infection, or toxic or 
undesirable side effects caused by the implanted scaffolds, suggesting 
good in vivo biocompatibility of the scaffolds (Fig. 2b). Scaffolds were 
surrounded by translucent connective tissue. Although the PCL 
component of the scaffolds is expected to degrade on contact with 
physiological fluids, the 3D printed hybrid scaffolds maintained native 
integrity in vivo over 7 days without obvious shape or structure loss. The 
scaffolds did not collapse due to the active movement of the mouse. 

Implantation of the 3D printed hybrid scaffolds did not change the 
number of circulating neutrophils, as compared to the sham surgery at 
days 1 and 7 (Fig. 2c). The pro-inflammatory cytokine, TNFα was not 
detected in serum by ELISA at either time. 

Histological analysis was carried out to evaluate any signs of 
leukocyte recruitment (1-day and 7-day time points; Fig. 2d, Fig. 2e, 
Fig. 2f, Fig. 2g and Supplementary Fig. 1). As expected, injury and im-
plantation of foreign material led to a modest influx of leukocytes within 
the hypodermis, between the scaffold-host tissue interface and the 
panniculus carnosus muscle; and accumulation of adipose connective 
tissue (circular white areas (Fig. 2f)). 

Within 1 week of implantation, a lower cell density was observed 
around the scaffold with the number of myeloid cells surrounding the 
scaffold decreased, denoting the resolution of the inflammatory 
response. No pathological reaction characterised by foreign body giant 
polynuclear cell formation was observed at the scaffold/tissue interface 
(Fig. 2f and g). 

A randomly distributed population of host mononuclear cells was 
observed within the inner pores of the scaffolds, both in the periphery 
and centre of the scaffold by day 1 and day 7 (Fig. 2d,f,g). 

A provisional matrix composed of loose sparse collagen fibers (blue 
staining in Masson’s trichrome) surrounding and penetrating the scaf-
fold architecture was observed similarly 1 or 7 days after implantation 
(Fig. 2e) reflecting the normal biofouling (spontaneous adsorption) 
observed when materials are in contact with physiological fluids. This 
result suggests potential neomatrix deposition within and throughout 
the scaffold. Within 1 week, the scaffolds were very thinly encapsulated, 
but with almost no collagenous fibers oriented in parallel to the outer 
surface of the implants, with occasional fibroblast-like cells (appearing 
spindle-shaped) intermingled with loose fibers, in the scaffold-host tis-
sue interface (Fig. 2g). Areas of repaired muscle and few blood vessels 
and capillaries were detected surrounding the scaffolds in the dermis 
(Fig. 2f and g) confirming an early constructive remodelling response, 
typical of an active pro-healing environment, which suggests the scaf-
fold integration within the skin. Sham surgery skin explants were similar 
to the naïve skin specimens in all histological features (Supplementary 
Fig. 1). 

Our findings show that the interaction between the host immune 
system and the implanted scaffold elicited a local physiological reaction 
with infiltration of mononuclear cells responsible for scaffold-tissue 
integration and essential to promote the integration and healing of 
damaged tissue without any signs of a chronic inflammatory response. 

Fig. 2. 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds subcutaneously implanted in Balb/c mice do not promote systemic inflammation and resolve quickly 
the local inflammatory response. 
a. 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffold. b. Representative macroscopic images of the explants 1 and 7 days after subcutaneous implantation of 
scaffolds in Balb/c mice (n = 5 mice per group). c. The normalised number of neutrophils in the blood 1 and 7 days after sham surgery and subcutaneous implantation 
of scaffolds in Balb/c mice (n = 5 mice per group, for one representative experiment). d. Number of infiltrated host mononuclear cells measured inside the scaffold 
(per mm2). e. Number of collagen fibers per mm2 of scaffold slice (n = 5 mice per group, for one representative experiment). f. Representative micrographs of 
hematoxylin and eosin stained slices (and insets) of the explants 1 and 7 days after subcutaneous implantation of scaffolds in Balb/c mice (n = 5 mice per group). g. 
Representative micrographs of Masson’s trichrome stained slices (and insets) of the explants 1 and 7 days after subcutaneous implantation of 3D printed SiO2/PTHF/ 
PCL-diCOOH hybrid scaffolds in Balb/c mice (n = 5 mice per group). In c, d and e a Mann-Whitney test (two-tailed) was used to detect statistical significance (see 
Supplementary Table 3 for statistical analyses). Scale bars in a and b are 5 mm, f and g are 1 mm, and in insets are 50 µm. 
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3D printed hybrid scaffolds promote hBM-MSC chondrogenesis and 
hypoxia enhances articular cartilage-like matrix formation 

The sterilised SiO2/PTHF/PCL-diCOOH hybrid scaffolds were seeded 
with hBM-MSC and cultured under normoxic conditions in BM or hyp-
oxic conditions in either BM or CDM for 21 days. The hBM-MSC-seed 
scaffolds were stained with LIVE/DEAD® to determine cell viability. 
hBM-MSCs were found to form a dense cell layer over and through the 
scaffold architecture on day 0 (Fig. 3a, Supplementary Figure 2). The 
LIVE/DEAD® images showed that the cells infiltrated the inter-
connected pores within the scaffold’s interior, with the majority of the 
cells remaining viable (green) after 21 days (Fig. 3a). 

We first sought to verify that the HIF pathway is activated when 
hBM-MSCs seeded within the SiO2/PTHF/PCL-diCOOH hybrid scaffolds 
are cultured under hypoxic conditions. As shown in Fig. 3b, increased 
expression of EGLN and PGK1 (targets of the HIF transcriptional com-
plex) was observed when hBM-MSCs were cultured within the scaffolds 
under hypoxic conditions, irrespective of the composition of the media. 
This result is consistent with the hypothesis that hBM-MSCs cultured 
within 3D printed hybrid scaffolds respond to hypoxia by activating HIF. 
PGK1 was also significantly upregulated when hBM-MSC-seeded scaf-
folds were cultured under the normoxic conditions with BM in com-
parison with undifferentiated/naïve hBM-MSCs control. 

The chondrogenic induction of hBM-MSCs seeded within the 3D 
printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds was evaluated by 
quantifying the mRNA (Fig. 3c) and protein levels (Fig. 3d - quantifi-
cation via image analysis; Fig. 3e - representative images) of the 
chondrogenic-related markers, SOX9 (the master transcriptional regu-
lator of chondrogenesis) and ACAN (the most abundant cartilage- 
specific proteoglycan, aggrecan), after 21 days in culture. SOX9 is 
required in all steps of chondrocyte differentiation, even preventing the 
conversion of proliferating chondrocytes into hypertrophic chon-
drocytes. Here, under hypoxic conditions, the SOX9 gene was expressed 
at high levels irrespective of the culture medium type, while SOX9 
protein was higher with CDM compared to BM. In BM, under normoxia, 
SOX9 expression was similar to that of undifferentiated/naïve hBM- 
MSCs. SOX9 protein levels were significantly higher when hBM-MSCs 
were cultured within scaffolds under hypoxic conditions with CDM, 
compared to BM under normoxic or hypoxic conditions. As SOX9 pro-
tein was expressed at 21 days for hBM-MSCs cultured within scaffolds 
under the normoxic conditions in BM, the SOX9 gene was likely turned 
on transiently prior to 21 days. Under hypoxic conditions, without 
chondrogenic supplements, SOX9 gene expression is sustained at day 21, 
with CDM increasing both the expression of the gene and the protein 
production. 

Upregulation of ACAN gene expression occurs in chondrogenesis, 
driving aggrecan production, which, once produced, forms part of the 
ECM. ACAN expression was significantly increased when the cell-seeded 
scaffolds were cultured for 21 days under normoxic and hypoxic con-
ditions in BM. However, levels of aggrecan protein were higher in the 
cells cultured under hypoxia, compared to normoxic conditions. The 
highest level of aggrecan protein was observed in cells cultured under 

hypoxic conditions in CDM, while ACAN gene expression in these cells 
was similar to undifferentiated/naïve hBM-MSCs, suggesting that by 21 
days it had been turned down, following the large production of protein. 

The relative mRNA and protein levels of COL2A1, a marker of 
articular cartilage, and COL10A1, a marker of hypertrophic cartilage 
were evaluated. The expression of COL2A1 despite heterogenous was 
significantly increased when hBM-MSC-seeded scaffolds were cultured 
for 21 days under normoxic and hypoxic conditions (Fig. 4a). The 
diverse COL10A1 expression was not significantly different to undif-
ferentiated/naïve hBM-MSCs in all culture conditions (Fig. 4a). The ratio 
of expression of COL2A1 to COL10A1 showed that COL2A1 was domi-
nantly expressed in all culture conditions (Fig. 4a) and significantly 
higher when CDM was combined with hypoxia. At the protein level, 
similar levels of collagen type II and collagen type X produced per cell 
were observed in all culture conditions (Fig. 4b - quantification via 
image analysis; Fig. 4c - representative images). 

Suitable post-translational modifications of secreted collagen by 
enzymes encoded by P4HA1 and LOX are required and are therefore 
typical of the articular cartilage phenotype. We observed upregulation 
of P4HA1 in all culture conditions (Fig. 5a). LOX transcript levels were 
similar to the undifferentiated/naïve control in all conditions (Fig. 5a). 
To investigate whether the 3D printed SiO2/PTHF/PCL-diCOOH hybrid 
scaffolds could also direct hBM-MSCs towards osteogenesis or hyper-
trophy, we carried out further gene expression analysis. RUNX2, a key 
regulator of osteogenesis, also expressed in hypertrophy, and BGLAP, 
another marker of osteogenesis, were not significantly upregulated 
under any of the tested conditions (Fig. 5b). COL1A1, which is highly 
expressed in fibrocartilage and bone matrix, was significantly down-
regulated when hBM-MSC-seeded scaffolds were cultured under the 
hypoxic conditions with BM (Fig. 5b). VEGFA, expressed by hypertro-
phic chondrocytes, was significantly downregulated when hBM-MSC- 
seeded scaffolds were cultured with CDM in hypoxia (Fig. 5b). 

Importantly, the ratios of expression of SOX9 to RUNX2 (Fig. 5c) and 
COL2A1 to COL1A1 (Fig. 5d) denoted a significant trend towards 
chondrogenesis in hBM-MSC-seeded scaffolds cultured under hypoxic 
conditions that was much less pronounced when cultured in normoxia in 
BM. MMP13, a marker of hypertrophic differentiation and osteoarthritis- 
associated, was downregulated under hypoxic conditions in BM, 
consistent with the hypoxia’s inhibitory role on chondrocyte hypertro-
phy. In the other conditions, MMP13 was expressed in similar levels to 
undifferentiated/naïve control (Fig. 5e). Overall, these data suggest that 
hypoxia enhanced hBM-MSC differentiation towards articular 
chondrocyte-like genotype and phenotype. 

Discussion 

Here, we show that 3D printed SiO2/PTHF/PCL-diCOOH hybrid 
scaffolds can be efficiently sterilised with 50 kGy γ-irradiation without 
affecting scaffold microstructure, chemical composition and mechanical 
properties. The in vivo experiments showed that the sterilised 3D printed 
SiO2/PTHF/PCL-diCOOH hybrid scaffolds did not cause a systemic in-
flammatory reaction when subcutaneously implanted in Balb/c mice 

Fig. 3. Hypoxia activates HIF target genes and enhances hBM-MSC chondrogenesis within 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds. 
a. Representative micrographs of interior sections of the hBM-MSC-seeded 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds (n = 3) stained with LIVE/DEAD® 
(green/red) at day 0 (Supplementary Figure 2) and after 21 days in culture under normoxic conditions (20 % O2) with basal medium (BM) or hypoxic (5 % O2) 
conditions, with BM or chondrogenic differentiation medium (CDM). The grid-like 3D porous structure of hybrid scaffolds is shown in grey. b. Gene expression 
analyses for HIF target genes (ELGN and PGK1) and c. Gene expression analyses for markers of chondrogenic differentiation (SOX9 and ACAN) for hBM-MSCs 
cultured within 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds for 21 days under normoxic conditions, in the presence of BM, or under hypoxic conditions 
in presence of BM or CDM, all normalised to undifferentiated/naïve hBM-MSCs (set to 1) (n ≥ 7). d. Plots show the pixel intensity-based semi-quantification (in-
tegrated density of fluorescence signal showing the median as a black line) of SOX9 and aggrecan proteins produced per cell (n ≥ 15 3D projections). e. Repre-
sentative micrographs of interior sections of the hBM-MSC-seeded scaffolds stained for SOX9 (magenta) and aggrecan (green) with nuclei counterstained with 
Hoechst (blue), after 21 days in culture under the normoxic conditions with BM, or hypoxic conditions with BM or CDM. In a and e scale bars are 200 µm. In b and c 
plots show means + s.d. In d plot shows the median. In b, c, and d a Kruskal-Wallis and Dunn’s multiple comparison test was used to detect statistical significance: *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for comparisons between groups, or #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 for comparisons with 
undifferentiated/naïve hBM-MSCs (see Supplementary Table 4 for statistical analyses). 
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over one week. While initial recruitment of leukocytes was observed 
around the scaffold after 24 h, this had reduced by day 7. Further after 
one week, there were no foreign body giant polynuclear cells at the 
scaffold/tissue interface, which instead was surrounded by loose 
collagen fibers; and was devoid of features to suggest the formation of 
the high-density, thick, highly organised collagen fibrotic capsule. 
Overall this suggests that the local inflammatory response caused by 3D 
printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds resolves rather than 
leading towards chronic inflammation. This is an important finding 
since other biomaterials, including PCL, have been reported to stimulate 
a foreign body response when subcutaneously implanted [46–49], 
limiting their use in tissue engineering. The in vivo data also confirms the 
effective sterilisation of the scaffolds by γ-irradiation. 

We show that 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds 
support hBM-MSCs attachment, viability and chondrogenesis over 21 
days in culture under normoxic or hypoxic conditions. Hypoxia can 
direct chondrogenesis in hBM-MSC-seeded biomaterials with distinct 
efficiencies and outcomes [37,59,60]. We show that the chondrogenesis 
of hBM-MSCs seeded within the SiO2/PTHF/PCL-diCOOH hybrid scaf-
folds was enhanced under hypoxic conditions, even without chondro-
genic supplements, with significant upregulation in chondrogenic genes 
(SOX9, COL2A1, ACAN) and a concomitant increased articular 
cartilage-specific matrix deposition as compared to hBM-MSCs cultured 
under the normoxic conditions. Gradients of expression in the markers 
of chondrogenesis are expectable in vitro, similar to the sequence of 
events observed during native chondrogenesis [61]. The ratios of 
expression of SOX9 to RUNX2, COL2A1 to COL1A1 and COL2A1 to 
COL10A1 show that hBM-MSCs within these scaffolds responded to 
hypoxia to a similar degree, even in the absence of CDM. Still, the 
combined effect of low oxygen tension and chemical induction was more 
conducive for a cartilage-like matrix formation, with higher production 
of SOX9 and aggrecan within 21 days. However, following 21 days in 
culture with CDM in hypoxia, the ACAN gene was expressed at a similar 
level as the undifferentiated control. While the ACAN gene is expressed 
by undifferentiated MSCs [62,63], its expression is significantly upre-
gulated during chodroprogenitor differentiation into chondrocytes [61, 
64] and continues during terminal differentiation [61,64]. Our results 
suggest that the ACAN gene was upregulated before day 21, leading to 
the high production of aggrecan protein that we evaluated by immu-
nocytochemistry. This is in line with the other results we show, as 
chondrocytes are not becoming hypertrophic. VEGFA, a critical regu-
lator in physiological angiogenesis and osteogenesis [65], also secreted 
by hypertrophic chondrocytes [66], was significantly downregulated 
when hBM-MSC-seeded scaffolds were cultured with CDM in hypoxia. In 
contrast to normoxic culture, hypoxia significantly downregulated the 
expression of COL1A1 and the hypertrophic gene MMP13, while the 
expression of COL10A1 was similar to the undifferentiated/naïve con-
trol. Immunocytochemistry results suggest that hypoxia does not 
completely suppress collagen type X protein production, which is in 
agreement with the observations of others [67–69]. 

Remarkably, under normoxia and in BM, hBM-MSCs seeded within 
the scaffolds produced high levels of SOX9, aggrecan and collagen type 
II proteins, as shown by immunocytochemistry, suggesting that the 
scaffold structure and its physico-chemical properties promote chon-
drogenesis. The dense cell distribution inside the grid structure of the 3D 

printed SiO2/PTHF/PCL-diCOOH hybrid induced cell-cell interactions 
and might have governed oxygen gradients under normoxia creating 
local hypoxia. Others have suggested that a physioxic region might 
occur in the central regions of pellets or scaffolds, producing a greater 
amount of glycosaminoglycan and collagen type II [70,71]. This may 
also explain the increase in the expression of PGK1 and P4HA1, targets 
of the HIF transcriptional complex [30,31], that we observed in this 
culture condition, suggesting that cell organization within these scaf-
folds mediated, at least in part, a hypoxic local environment inducive of 
chondrogenesis. hBM-MSC-seeded scaffolds cultured in BM under nor-
moxia for 21 days showed that the SOX9 gene expression returned to the 
baseline, with low expression of COL2A1, and high expression of ACAN. 
These results may suggest that chondrocytes are turning hypertrophic as 
it is known that the SOX9 gene is turned off in hypertrophic chon-
drocytes, while low levels of Col2A1 are still expressed, and the ACAN 
expression, which is switched on during chondrogenic differentiation, 
continues during hypertrophy [72]. However, we show that RUNX2 [27, 
28], COL10A1 [73] and MMP13 [74,75], which are typical markers of 
matrix-mineralizing terminal hypertrophic chondrocytes [72], were 
expressed at similar levels as in undifferentiated/naïve control, which 
implies cells are not hypertrophic. 

Overall, the in vitro data show that the scaffolds drive chondrogenesis 
of hBM-MSCs, which is enhanced under physiological hypoxia. This is 
important as it suggests that implantation of this 3D printed hybrid 
scaffold at sites of cartilage injury, where hypoxic condition prevails, has 
great potential to drive the formation of new cartilage. For accelerating 
clinical translation, the next preclinical step for functional validation 
will be confirming the efficacy of these scaffolds in a cartilage defect in a 
large animal model. 

Conclusions 

3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds were success-
fully sterilised by γ-irradiation. 3D printed SiO2/PTHF/PCL-diCOOH 
hybrid scaffolds maintained their structure when subcutaneously 
implanted in mice, showed in vivo biocompatibility and a resolving mild 
local inflammatory response. Following hBM-MSCs culture within the 
scaffolds (~250 μm pore channels), the hBM-MSCs differentiated to-
wards the chondrogenic lineage even in the absence of CDM, as shown 
by gene expression and protein deposition analyses. The chondrogenesis 
within these scaffolds was enhanced under hypoxic conditions, with 
high aggrecan production. Taken together these results suggest that the 
hypoxic conditions of endogenous cartilage would be optimal to drive 
chondrogenesis within these scaffolds. 

The in vivo biocompatibility and in vitro chondrogenic differentiation 
of hBM-MSCs indicate that 3D printed SiO2/PTHF/PCL-diCOOH hybrid 
scaffolds are promising medical devices for cartilage regeneration. 
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Fig. 4. Culture of hBM-MSC-seeded scaffolds under the hypoxic conditions with chondrogenic differentiation medium enhances hBM-MSC differentiation towards an 
articular chondrocyte-like phenotype. 
a. Gene expression analyses for COL2A1 (a marker of articular cartilage), COL10A1 (a marker of hypertrophic cartilage), normalised to undifferentiated/naïve hBM- 
MSCs (set to 1) and ratio of the gene expression of COL2A1 to COL10A1 for hBM-MSCs within 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds (n ≥ 10, 
means + s.d). b. Plots show the pixel intensity-based semi-quantification (integrated density of fluorescence signal showing the median as a black line) of collagen 
type II and collagen type X produced per cell (n ≥ 13 3D projections). c. Representative micrographs of interior sections of the hBM-MSC-seeded scaffolds stained for 
collagen type II (magenta) and collagen type X (green) with nuclei counterstained with Hoechst (blue) after 21 days in culture under normoxic conditions (20 % O2) 
with basal medium (BM), or hypoxic (5 % O2) conditions with BM or chondrogenic differentiation medium (CDM). The scale bar is 200 µm. In a and b a Kruskal- 
Wallis and Dunn’s multiple comparison test was used to detect statistical significance: *p < 0.05 for comparisons between groups, or #p < 0.05, ####p < 0.0001 for 
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Fig. 5. Culture of hBM-MSCs within scaffolds precludes osteogenic and hypertrophic transcriptional profiles. 
a. Gene expression analyses for P4HA1 and LOX that encode for enzymes responsible for post-translational modifications of secreted collagen in articular cartilage. b. 
Gene expression analyses for hypertrophic/osteoblastic differentiation markers (RUNX2, BGLAP, COL1A1, VEGFA). c. Ratios of expression of SOX9 to RUNX2 and d. 
COL2A1 to COL1A1. e. Gene expression analyses for MMP13 (a marker of hypertrophic cartilage) for hBM-MSCs within 3D printed SiO2/PTHF/PCL-diCOOH hybrid 
scaffolds after 21 days in culture under normoxic conditions (20 % O2) with basal medium (BM) or hypoxic conditions (5 % O2) with BM or chondrogenic dif-
ferentiation medium (CDM). In a, b, c, d and e expression levels (mean + s.d.) are shown as fold change normalised to expression in undifferentiated/naïve hBM- 
MSCs (set to 1) (n ≥ 8). A Kruskal-Wallis and Dunn’s multiple comparison test was used to detect statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001 for comparisons between groups, or #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 for comparisons with undifferentiated/naïve hBM-MSCs (see 
Supplementary Table 6 for statistical analyses). 
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