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1  |  INTRODUC TION

The enthesis is the specialized microanatomical area at the inter-
face where soft tissue (i.e., tendon, ligament, joint capsule) attaches 
to hard tissue (i.e., bone). It allows uniform force transmission be-
tween mechanically distinct tissues through adaptations to coun-
teract the high-stress concentrations, such as an expanded, flared 

insertion shape (Benjamin et  al.,  2006; Schlecht,  2012; Shaw & 
Benjamin, 2007) and a highly irregular interdigitation at the true 
soft-hard interface (Milz et  al.,  2002; Shaw & Benjamin,  2007). 
Most entheses also exhibit an intervening layer of fibrocartilage 
that provides a transitional zone of increasing stiffness through 
a gradation of cellular and extracellular matrix (ECM) properties 
(Apostolakos et al., 2014; Doschak & Zernicke, 2005), diminishing 
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Abstract
The enthesis, the specialized junction between tendon and bone, is a common site of 
injury. Although notoriously difficult to repair, advances in interfacial tissue engineer-
ing techniques are being developed for restorative function. Most notably are 3D 
in vitro co-culture models, built to recreate the complex heterogeneity of the native 
enthesis. While cell and matrix properties are often considered, there has been little 
attention given to native enthesis anatomical morphometrics and replicating these 
to enhance clinical relevance. This study focuses on the flexor digitorum profundus 
(FDP) tendon enthesis and, by combining anatomical morphometrics with computer-
aided design, demonstrates the design and construction of an accurate and scalable 
model of the FDP enthesis. Bespoke 3D-printed mould inserts were fabricated based 
on the size, shape and insertion angle of the FDP enthesis. Then, silicone culture 
moulds were created, enabling the production of bespoke anatomical culture zones 
for an in  vitro FDP enthesis model. The validity of the model has been confirmed 
using brushite cement scaffolds seeded with osteoblasts (bone) and fibrin hydrogel 
scaffolds seeded with fibroblasts (tendon) in individual studies with cells from either 
human or rat origin. This novel approach allows a bespoke anatomical design for en-
thesis repair and should be applied to future studies in this area.
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compression and shear forces generated by changes in the angle 
of inserting fibres (Benjamin et al., 1991; Benjamin & Ralphs, 1998; 
Evans et  al.,  1990). Injury to the enthesis heals poorly, as these 
specialized features listed above are not well restored even with 
surgical repair, producing a generalized fibrovascular scar with 
sub-physiological biomechanical properties (Galatz et  al.,  2006; 
Liu et al., 1997; Rodeo et al., 1993; Silva et al., 2006; Thomopoulos 
et al., 2003).

Interfacial tissue engineering (ITE) provides the opportunity to 
study and generate the enthesis in vitro, ultimately aiming to provide 
a pre-formed soft-hard tissue interface for surgical replacement as 
an improved therapeutic option. However, ITE enthesis models lack 
clinical applicability particularly due to a disregard of anatomical (mi-
cro-)structure and proportion. Although the cellular, biochemical and 
biomechanical components are well considered (Boys et  al., 2017; 
Calejo et al., 2019; Font Tellado et al., 2015; Lei et al., 2021; Moffat 
et al., 2009; Patel et al., 2018; Paxton, Baar, & Grover, 2012; Shiroud 
Heidari et al., 2021; Smith et al., 2012; Yang & Temenoff, 2009), the 
inclusion of anatomical information, such as morphometric analysis 
of the particular region, would hasten the ‘bench to bedside’ transi-
tion (Loukopoulou et al., 2022). Incorporating dimensional aspects 
such as scale, sizing, shape and angle requires an innovative ap-
proach to manipulating the cell culture environment, and the main 
purpose of this study is to address this demand by creating novel, 
bespoke, culture-well geometry. Importantly, this methodological 
concept is applicable and relevant to ITE of distinct anatomical re-
gions, as properties critical for anatomical design in one area are un-
likely to be appropriate for another interfacial region (Loukopoulou 
et al., 2022).

A key approach to ITE is co-culture of different cell types. 
Heterogenous cell–cell contact and communication improves the 
in vivo simulation of multicellular tissue models (Goers et al., 2014), 
with paracrine signalling between cell populations influencing cell 
response, function, and gene expression (Bicho et  al.,  2018). In 
2-dimensional (2D) enthesis co-culture, the potential for cellular 
transdifferentiation and eventual fibrocartilage tissue formation 
has been demonstrated by the expression of fibrocartilage mark-
ers at the interface between fibroblast and osteoblast populations 
(Wang et  al.,  2007). However, co-culture models must focus on 
the three-dimensional (3D) environment as a more physiological 
representation, in which cells demonstrate more natural morphol-
ogy, cell–cell and cell–environment interactions, improving their 
viability, proliferation, differentiation, migration, and response to 
stimuli (Antoni et al., 2015). Such 3D models are, therefore, most 
appropriate to study cellular interactions as well as to accomplish 
tissue (re)generation, as a key aim of enthesis ITE development. 
3D models inherently require the additional consideration of di-
mensional design, and, rather than neglect this as a minor fea-
ture, we highlight it as an opportunity to greatly enhance clinical 
applicability.

An example of enthesis injury in the finger is demonstrated 
by avulsion of the flexor digitorum profundus (FDP) tendon from 
the distal phalanx (DP) bone, causatively known as ‘jersey finger’, 

a common hyperextension injury of the finger mainly associ-
ated with sporting trauma (Abergo & Shamrock, 2022; Bachoura 
et  al.,  2017; Leddy & Packer,  1977; Ruchelsman et  al.,  2011; 
Shapiro & Kamal, 2020; Tuttle et al., 2006). Successful treatment 
is crucial owing to the high costs of healthcare and loss of pro-
ductivity from such functionally important hand injuries (de Putter 
et al., 2012); however, current FDP avulsion repair techniques are 
suboptimal due to surgical complications (Huq et  al.,  2013) and 
low healing strength from lack of functional enthesis regeneration 
(Silva et  al.,  2002, 2006) leading to unsatisfactory patient out-
comes (Moiemen & Elliot,  2000; Tempelaere et  al.,  2017; Zhang 
et  al.,  2014). Although overlooked as the focus of ITE studies 
compared to larger joint enthesis injuries [e.g., rotator cuff (shoul-
der), cruciate ligaments (knee), Achilles tendon (ankle)], the com-
pact size, practicable scale, and relative surgical accessibility of 
the FDP enthesis make it a convenient early candidate to design 
and develop an anatomically sized tissue-engineered replica, with 
potentially less complex future surgical implantation. Accordingly, 
we have previously analysed critical morphometric aspects of the 
FDP enthesis through human cadaveric dissection and histology 
for this purpose, specifically the size and shape of the tendon in-
sertion footprint on the DP and the angle of inserting tendon fi-
bres (Mortimer et al., 2021). This now requires the translation of 
the anatomical morphometrics into an ITE culture system that can 
generate a 3D tendon–bone co-culture construct with the defined 
enthesis dimensions.

The aim of the study was to design and demonstrate the fabrica-
tion of a novel 3D soft-hard tissue co-culture system, and determine 
the feasibility of integrating real morphometric data and potential 
for size scaling into the production of anatomically- and clinically 
relevant ITE models. This was achieved through careful design and 
creation of bespoke 3D anatomical culture zones based on 2 criti-
cal morphometric considerations: (1) the size and shape of the FDP 
enthesis (Mortimer et  al.,  2021) and (2) the angle of tendon fibre 
insertion (Mortimer et al., 2021). These design elements were incor-
porated into a previously established bone-to-bone ligament model 
comprised of fibrin hydrogel (soft tissue element) and brushite (hard 
tissue element) cell scaffolds (Paxton, Grover, & Baar,  2010). The 
novel model system was then employed to produce human FDP-DP 
tendon–bone co-culture constructs of average adult dimensions and 
further clinically relevant sizes.

2  |  MATERIAL S AND METHODS

2.1  |  Isolation and culture of human fibroblasts and 
osteoblasts

Primary cell cultures of both human tendon fibroblasts (HTFs) and 
osteoblasts (HObs) were isolated based on an explant protocol 
(Bakker & Klein-Nulend, 2012) and obtained from surgical discard 
tissue following informed consent from patients undergoing hand 
and wrist procedures, at St. John's Hospital, NHS, Edinburgh, UK 
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    |  3MORTIMER et al.

(under Tissue Governance approval, BioResource, local ethics com-
mittee). Discard digital extensor tendon (for HTFs) and ulna head 
bone (for HObs) were transported in 5% antibiotic–antimycotic 
solution (Gibco, Fisher Scientific, Cramlington, UK) in phosphate-
buffered saline (PBS) and laboratory-processed under sterile condi-
tions within 2 h.

Tendon tissue was cleared of residual connective tissue under 
×3 magnification, minced into small chunks or strands, and copi-
ously washed with PBS. Approximately 10 tissue pieces were each 
placed into 100 mm diameter dishes, and maintenance culture me-
dium [Dulbecco's modified Eagles medium (DMEM) (Sigma-Aldrich, 
Gillingham, UK), supplemented with 10% fetal bovine serum (FBS) 
(Labtech, Heathfield, UK), 2% l-glutamine (Gibco), 2.4% 4-2(2-hyd
roxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Gibco) 
and 1% penicillin/streptomycin (Gibco) (S-DMEM)] carefully added 
(avoiding tissue flotation). The cultures were left undisturbed for 
7 days at 37°C, 5% CO2, to allow outgrow and anchorage of HTFs 
before the first medium exchange. Standard culture in S-DMEM 
then continued with the tendon tissue removed and discarded at 1st 
passage, and the cells used in passages 2 and 3.

Bone samples were meticulously cleaned of connective and 
hematopoietic tissue, cut into 1–2 mm2 pieces, thoroughly washed 
in PBS, and placed into 0.2% collagenase type II solution (Gibco) in 
DMEM in a 37°C water bath for 2 h with regular vigorous manual 
shaking, to ensure soft tissue removal. Collagenase deactivation 
was achieved by repeatedly rinsing and shaking the extracted bone 
pieces in complete medium [S-DMEM + 25 μM ascorbic acid (AA) 
(Sigma-Aldrich)], then 10–15 pieces were each placed into 100 mm 
dishes for HOb explant culture. The initial, continued, and sub-
culture of HObs subsequently proceeded as per HTFs, except with 
maintenance in complete medium, and the cells were used between 
passages 2–4.

2.2  |  Isolation and culture of rat fibroblasts and 
osteoblasts

Primary cell cultures of rat tendon fibroblasts (RTFs) were isolated 
by a collagenase digestion method described previously (Paxton 
et al., 2009), from euthanized adult Sprague–Dawley rats obtained 
from local animal facilities at The University of Edinburgh. Bilateral 
Achilles tendons were dissected out, cleaned of residual connective 
tissue, and washed with copious PBS under aseptic conditions with 
×3 magnification. Tendons were digested in a 0.1% collagenase type 
II solution in DMEM, incubated at 37°C, 5% CO2 for 15 h, follow-
ing which the solution was passed through a 100 μm cell strainer 
(Falcon, Fisher Scientific) and centrifuged at 1250 rpm for 5 min. 
The resulting cell pellet was re-suspended in FBS for collagenase 
deactivation, then the suspension similarly spun for 2 min, with the 
final cell pellet re-suspended in S-DMEM. Routine cell culture in S-
DMEM continued at 37°C, 5% CO2, with RTFs used for experiments 
between passages 2–5.

Rat osteoblasts (RObs) were acquired from Cell Applications, Inc 
(San Diego, CA, USA) as primary cells from healthy adult rat bone. 
RObs were cultured routinely in S-DMEM at 37°C, 5% CO2, and 
used between passages 10–12.

2.3  |  Functional fibroblast and osteoblast 
characterizations

HTFs and RTFs were tested for their ability to contract a fibrin 
hydrogel scaffold between 2 suture anchors in the formation of 
a basic tendon analogue construct, compared to acellular control. 
The base of 35 mm diameter wells in 6-well plates were coated 
with 1.5 mL silicone (poly(dimetholsiloxane); PDMS, [Sylgard 184 
silicone elastomer Dow Corning, Wiesbaden, Germany]) and left to 
polymerize in a 50°C oven overnight. 2 × 5.0 mm lengths of num-
ber 1 silk suture (Ethicon, Bridgewater, USA) were set down flat 
onto the PDMS 12 mm apart, end to end in series, held in place by 
Austerlitz minutiens stainless steel insect pins (Fine Science Tools, 
Cambridge, UK) at the suture ends. The wells, plate and lid were 
sterilized by 30 min soaking in 70% ethanol and air-dried before 
use. Fibrin gels were manufactured based on protocols described 
elsewhere (Paxton et al., 2009, Paxton et al., 2012; Paxton, Grover, 
& Baar, 2010). Briefly, 500 μL of ‘thrombin mix’ [50 μL/mL bovine 
thrombin (200 U/mL) (Merck, Darmstadt, Germany), 2 μL/mL ami-
nohexanoic acid (200 mM) (Sigma-Aldrich) and 2 μL/mL aprotinin 
(10 mg/mL) (Sigma-Aldrich)] was added dropwise to cover the 
entire PDMS-coated well base, then 200 μL of bovine fibrinogen 
(20 mg/mL) (Sigma-Aldrich) was subsequently added dropwise 
and the gel left to polymerize at 37°C for 1 h. HTFs or RTFs were 
seeded onto the fibrin gel in droplets at a density of 100,000 cells 
in 1 mL S-DMEM/well, whilst acellular controls were left unseeded 
in 1 mL S-DMEM (n = 3 each group). Plates were then incubated at 
37°C, 5% CO2, with 2 mL S-DMEM exchanged every 2–3 days, and 
regular overview photography was conducted to observe contrac-
tion up to day 28.

HObs and RObs were tested for their ability to produce a min-
eralized ECM in an osteoblast mineralizing medium, compared to 
controls in their maintenance medium. HObs were seeded in du-
plicate (per media group) at 100,000 cells per 35 mm well in 2 mL 
complete medium and incubated at 37°C, 5% CO2. On day 4 (con-
fluence), complete medium was exchanged for a laboratory-made 
human osteoblast mineralizing medium (HODM) [S-DMEM + 50 μg/
mL AA + 10 nM dexamethasone (Hello Bio, Bristol, UK) + 10 mM β-
glycerophosphate (Sigma-Aldrich)], with continued culture in this 
medium for the test group, whilst the control group continued in 
complete medium. RObs were similarly set up and cultured, seeding 
at 50,000 cells in S-DMEM, with media in the test group exchanged 
for rat osteoblast differentiation medium (RODM), acquired from 
Cell Applications, Inc (San Diego, CA, USA) and stated to allow min-
eralization of osteoblast ECM, on day 1, whilst the control group 
continued in S-DMEM. Cells were fixed with 4% formaldehyde 
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4  |    MORTIMER et al.

(Sigma-Aldrich) and stained with alizarin red (Millipore, Merck Life 
Science, Gillingham, UK) on days 11, 18 and 25, with digital micro-
scope and overview images captured directly after staining.

2.4  |  Histological analysis

Basic tendon analogue constructs manufactured from RTFs were 
fixed in 4% formaldehyde for 1 h at 4°C, before being washed in PBS 
at 4°C. Samples then underwent standard paraffin wax processing 
via a Tissue Tek processor and were embedded in wax. Sections of 
8 μm were produced in both the transverse and coronal planes, be-
fore being stained in Haematoxylin and Eosin for a general overview 
of tendon analogue structure and Masson's trichrome stain for quali-
tative collagen assessment.

2.5  |  Three-dimensional co-culture system 
preparation

2.5.1  |  Bone anchor

Bone anchors were fabricated from brushite and cast into a specific 
trapezoidal shape to mimic the FDP bony insertion by a process of 
reverse moulding, modified from previous work described elsewhere 
(Paxton, Grover, & Baar,  2010; Figure  1). The intended trapezoidal 
shape of the bone anchor was first composed and integrated into 
a multi-shape casting tray as a computer-aided design (CAD) file in 
Tinkercad software (Autodesk, San Rafael, CA, USA) (Figure 1a). The 
height, base width and apex width dimensions were determined by 
previously established measurements of the human FDP insertion 
trapezoid (Mortimer et al., 2021) whether a ‘universal’ average size, 
or a 3-level ‘large’, ‘medium’ or ‘small’ size (Mortimer et al., 2021), with 
a fixed depth of 2 mm (Table 1). The casting tray was 3D printed in 
Acrylonitrile Butadiene Styrene (ABS) (Figure 1b), using a ThermoJet 
solid object printer (3D Systems, Valencia, USA), and an impression 
mould was created using Kemsil silicone (Associated Dental Products, 
Swindon, UK) (Figure 1c). Brushite cement was formed by mixing β-
tricalcium phosphate powder (β-TCP) (Plasma Biotal, Buxton, UK) 
with a solution of 3.5 M 85% pure orthophosphoric acid (OA) (Sigma-
Aldrich), containing 200 mM citric acid (Sigma-Aldrich) and 200 mM 
sodium pyrophosphate (Sigma-Aldrich) as retardants, at a powder-
liquid ratio of 3.5 g/mL, on a vibrating plate. The cement was imme-
diately packed into the negative shapes of the mould, setting within 
30–60 s at room temperature, then the cast bone anchors were re-
moved for sterilization by soaking in 70% ethanol for 30 min and air 
drying, and subsequently stored for experimental use (Figure 1d).

2.5.2  |  Mold insert design

A mould insert was designed in Tinkercad software (Figure  2) to 
convert a standard 35 mm diameter well into a precise 3D culture 

zone, once 3D printed in ABS and surrounded by moulding mate-
rial. The mould insert design components consisted of a well insert 
(Figure 2a) and a lattice frame to incorporate 6 well inserts within a 
single mould for a 6-well plate (Figure 2b).

The 3 key elements of the well insert were:

•	 an area to position and securely house the bone anchor (‘tail’);
•	 an area for tendon analogue formation by hydrogel contraction 

and culture media containment/exchange (‘body’);
•	 a defined angle between the bone anchor area (‘tail’) and tendon 

analogue area (‘body’) matching tendon fibre bony insertion angle.

The size of the ‘tail’ varied to match the size of the bone an-
chor (Table 1), and hence determined the overall size of the de-
sired model for the co-culture system—‘universal’ (average), ‘large’, 
‘medium’ or ‘small’—as per previous anatomical measurements 
(Mortimer et al., 2021). The angle between the ‘tail’ and the ‘body’ 
was fixed at 30°, similarly based on previous human anatomical 
analysis of the angle of FDP tendon fibres inserting onto bone 
(Mortimer et  al.,  2021). The bone anchor was presented angled 
from below to allow a horizontal culture surface for tendon ana-
logue formation. The dimensions of the well insert are described 
in Figure 2a.

The lattice frame component consisted of vertical, horizontal 
and diagonal struts to suspend 6 well inserts centrally within each 

F I G U R E  1  Bone anchor production. The ‘universal’ size 
is demonstrated, with specific ‘universal’ size dimensions in 
parentheses; AW, apex width; BW, base width; D, depth; H, height. 
(a) Computer-aided design (CAD) of a 6-shape negative impression 
moulding tray. (b) Three-dimensional (3D) printed tray from (a) in 
Acrylonitrile Butadiene Styrene (ABS). (c) Kemsil silicone impression 
mould from (b). (d) Cast brushite bone anchor formed from a single 
trapezoidal shape impression from (c).
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    |  5MORTIMER et al.

TA B L E  1  Bone anchor dimensions with cell seeding number for different model sizes.

Model size

Bone anchor dimensions (mm)
Osteoblast seeding number (cell 
number/μl S-DMEM)Height Base width Apex width Depth

Universal 5.45 8.58 1.60 2.00 15,000/50

Large 6.36 9.30 1.66 2.00 21,000/42

Medium 5.05 8.30 1.56 2.00 15,000/30

Small 4.33 7.57 1.65 2.00 12,000/24

Note: Dimensions and size categorizations previously determined by Mortimer et al. (2021).
Abbreviation: S-DMEM, supplemented Dulbecco's modified Eagles medium.

F I G U R E  2  Mold insert CAD specifications. The ‘universal’ size is demonstrated, with specific ‘universal’ size dimensions in parentheses. 
(a) Well insert, lateral (upper panel) and superior view (lower panel). The ‘tail’, composed of blue and red blocks, provides space for insertion 
and housing, respectively, of the bone anchor. The ‘body’, composed of a cylindrical brown/orange block, provides space for the developing 
tendon analogue. The red block mimics the trapezoidal bone anchor size and shape, set at 30° to the horizontal inferior surface of the brown/
orange block, positioned at the point where its 2 forward-facing bottom corners both intersect the curved edge of the brown/orange block. 
Note the superior and inferior surfaces of the brown/orange block are flat but appear rounded in 3D image projection. H, BW and AW of the 
red block (bone anchor) are specific to model size, whilst D is common to all sizes (Table 1). The blue block continues the 3D shape of the red 
block to the level of the superior surface of the brown/orange block to create the space necessary to insert the bone anchor. The dimensions 
of the brown/orange block are common; the 8.00 mm depth was designed large enough to contain a volume of contracting fibrin gel and 
culture medium without extending above the height of a standard 35 mm diameter well, whilst the 21.00 mm diameter provides the new 
ample culture space for the tendon analogue, fitting comfortably within a 35 mm diameter well, whilst still allowing enough space for the 
additional ‘tail’ components of all specific model sizes. (b) Lattice frame, superior (upper panel) and superior oblique view (lower panel). All 
units in millimetres. Frame dimensions were calculated to allow 6 well inserts to each be held centrally within the wells, whatever the model 
size (well insert) required. Well inserts are suspended centrally by 7.00 mm (diameter) × 4.00 mm (depth) cylinders at the intersection of the 
horizontal and vertical bars of the lattice. Lattice frame depth 2.00 mm.
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6  |    MORTIMER et al.

of the wells of a standard 6-well plate, whilst allowing a single mould 
structure to sit unsupported on a lidless plate and providing strength 
to the overall unit. The dimensions of the lattice frame are described 
in Figure 2b.

2.5.3  |  Component integration and set up

The mould insert was placed on a 6-well plate (Figure 3a), with the 
well inserts located in the wells away from the well rim (Figure 3b). 
PDMS was then filled around the well inserts to the level of the su-
perior surface of the ‘body’ (Figure 3b), requiring approximately 9 mL 
for each well, and cured in a 50°C oven overnight. For positional 
security the frame was temporarily fixed to the plate with adhesive 

tape during PDMS filling and curing. The entire mould insert was 
then removed to leave the impression of the well insert (Figure 3c).

The suture anchor was prepared by cutting number 1 silk suture 
with sharp dissecting scissors to the same width as the ideal tendon 
width of a particular culture model size, ranging from 3.7 to 5.4 mm, 
based on previously determined width measurements of the human 
distal FDP tendon 12 mm from bony insertion (Mortimer et al., 2021). 
The suture was secured flat onto the PDMS with stainless steel insect 
pins at the suture ends, vertical, parallel and central to the point where 
the well insert ‘body’ impression becomes the ‘tail’ (i.e., the nearest 
bone anchor edge when in position), at a 12 mm distance (Figure 3d–f). 
Suture and construct distances were judged under guidance of a mil-
limetre slide rule and ×3 magnification. Plates and lids were then ster-
ilized with 70% ethanol soaking for 30 min, air-dried and stored sterile 

F I G U R E  3  Co-culture system set up. ‘Universal’ size shown. (a) Mold insert in place on a standard lidless 35 mm well diameter 6-well 
plate. (b) Magnified side view of a single well of the 6-well plate, showing the well insert suspended centrally above the well base. Sylgard 
is then filled around the well insert up to the broken line. (c) Negative shape impressions of the well inserts produced in the cured Sylgard 
after removal of the entire mould insert, creating the 3D internal culture zones. (d) Sterilized wells set up with bone anchors and pinned 
sutures in position. (e) Superior view of a single 35 mm well, displaying the newly created internal culture zone with 21 mm diameter ‘body’. 
The bone anchor is located at the base of the ‘tail’ of the culture zone, with the suture anchor secured at a 12 mm distance within the ‘body’. 
(f) Superior oblique view of (e), showing the full presenting surface of the bone anchor, ready for addition of the tendon analogue culture 
components.
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    |  7MORTIMER et al.

before use. A sterile bone anchor, once seeded with osteoblasts, was 
then positioned into the base of the ‘tail’ impression (Figure 3d–f) when 
co-culture was ready to commence.

2.6  |  Tendon–bone co-cultures

2.6.1  |  ‘Universal’ human model system

Co-cultures of a ‘universal’ (average adult) size model system using 
human cells were prepared in a 6-well plate as described above. 
Sterile ‘universal’ bone anchors underwent 6 × 10 min washes in 1 mL 
S-DMEM, replenished after each wash, for acid washout and pre-
soaking in culture medium. After 30–60 min air drying, HObs were 
seeded onto the bone anchors (Table  1) by droplet seeding in non-
tissue culture-treated plates (Falcon, Fisher Scientific), and incubated 
for 4–5 h at 37°C, 5% CO2 for cell attachment. Seeded bone anchors 
were then moved to a fresh well and cultured in 1 mL HODM for 
7 days, with media replacement every 2–3 days, before placing in the 
base of the ‘tail’ impression of the culture zone. 1000 μL of thrombin 
mix was then added dropwise into the ‘body impression’ of the culture 
zone, ensuring the whole of the angled bone anchor presenting surface 
was covered, similarly followed by 400 μL fibrinogen. After 1 h of po-
lymerization at 37°C, HTFs were seeded onto the fibrin gel at a density 
of 200,000 cells in 1 mL S-DMEM/well (n = 3) and cultured at 37°C, 5% 
CO2, with culture medium changing to a 50:50 mix of S-DMEM:HODM 
on day 1. Routine culture continued for 28 days with medium change 
every 2–3 days and overview photography obtained weekly.

2.6.2  |  Multi-size model systems

6-well plates of ‘large’, ‘medium’ and ‘small’ culture system model 
sizes, and bone anchors of corresponding sizes (Table  1), were 
similarly established, cultured and observed as described for the 
‘universal’ size system (n = 3 co-culture constructs per model size). 
RObs were seeded onto each size of bone anchor as per Table  1. 
The seeded bone anchors were cultured in RODM before integra-
tion into the culture system, whilst RTFs were seeded onto the fibrin 
gel in S-DMEM as per HTFs, with culture medium then changing to a 
50:50 mix of S-DMEM:RODM onwards from day 1.

3  |  RESULTS

3.1  |  Functional fibroblast and osteoblast 
characterizations

Both HTFs and RTFs were able to similarly contract the fibrin hy-
drogel around and between suture anchor points to form a basic 
tendon analogue, indicating required functionality (Figure 4a). The 
vast proportion of contraction occurred over the first week; within 
the first few days the fibroblast-seeded gel rapidly contracted 

from the well rim towards the anchors, and by 7 days the shape 
of the gel in overview had roughly conformed to the anchor posi-
tions, stretched between them. From day 7–14, the gel condensed 
down further between the anchors, becoming slimmer and denser. 
Between day 14–28 macroscopic changes were minimal, although a 
subtle progression in contraction appeared to continue. HTFs pro-
duced slightly less contraction than RTFs, but all fibroblast-seeded 
constructs behaved similarly. All acellular control constructs showed 
no contraction of the fibrin gel. Histological assessment of the basic 
tendon analogue demonstrates cellular distribution both within and 
around the fibrin hydrogel (Figure 4b,c) at a period of 4 weeks in cul-
ture. Cellular alignment and collagen production are also observed in 
the tendon analogue (Figure 4d) as expected from previous studies 
(Paxton et al., 2012).

Both HObs and RObs could produce a mineralized ECM by 
day 11–18 when cultured with a mineralizing medium, confirming 
functional ability (Figure  5). ECM could be discerned as patchy 
dark granular deposits on a confluent cell monolayer in early cul-
ture, which then became the origin of mineralization, and the con-
tinued focal point as mineralization progressed. RObs produced a 
trabecular pattern of mineralized ECM running between the focal 
nodules, whilst the mineralized ECM of HObs was more diffuse 
over the whole monolayer with less prominent nodules. Control 
cultures in maintenance medium produced a similar pattern of 
ECM formation but with no evidence of alizarin-red positive min-
eral staining.

3.2  |  Three-dimensional co-culture system 
observations

Curing of the PDMS around the well insert created a 3D replica 
negative impression culture zone which was transparent for visuali-
zation and microscopy of the co-culture construct. The lattice frame 
component of the overall mould insert successfully allowed simulta-
neous 6-well preparation and adequately positioned well inserts in 
all wells without contact with interior well surfaces. PDMS moulded 
closely to the well insert shape, and the ‘tail’ impression provided 
a tight fit for the angled bone anchor and ensured single surface 
attachment of the tendon analogue onto the intended ‘presenting’ 
surface during co-cultures, with no fibrin gel present in the tail area 
on or around unintended bone anchor surfaces. The 21 mm diam-
eter ‘body’ impression provided enough space for tendon analogue 
formation and maturation between the bone and suture anchors, 
and the freshly polymerized fibrin gel on day 0 crucially covered the 
entire presenting surface of the bone anchor. The markedly reduced 
volume of the new culture zone, compared to an original 35 mm di-
ameter well, necessitated a maximum solution volume of approxi-
mately 1 mL for fibroblast seeding and medium exchanges after the 
gel was in place.

ABS printed moulds were faithful to the Tinkercad designs but 
lacked perfect finish on upper and lower surfaces. This surface 
roughness translated to a fine notching on the horizontal culture 
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8  |    MORTIMER et al.

F I G U R E  4  Fibroblast and osteoblast functional characterization. (a) Contraction of fibrin gel around suture anchors over time in a basic 
tendon analogue construct in a 35 mm diameter well, induced by human tendon fibroblasts (HTFs) (upper panels) and rat tendon fibroblasts 
(RTFs) (lower panels). Scale bar all wells 5 mm. n = 3 in each group; representative images. (b–d) Representative histology micrographs of 
the tissue-engineered tendon portion of the constructs at 4 weeks in culture with RTFs. (b) Mid-transverse and (c) mid-coronal sections 
demonstrating cellular fibrin hydrogel in folds (red arrows), with a cellular capsular layer (black arrows). Haematoxylin and Eosin. (d) Mid-
coronal section demonstrating cellular alignment in the axis of tension and collagen (blue) produced in the peri-cellular and capsular regions. 
Masson's Trichrome stain.

F I G U R E  5  Alizarin-red positive extracellular matrix (ECM) mineral staining developing over time on microscopy and overview 
photography produced by human osteoblasts (HObs) (left panels) and rat osteoblasts (RObs) (right panels). Red-orange stain indicates calcium 
presence. Scale bar all micrographs 200 μm, all wells 5 mm. n = 2 in each group at each time point; representative images.
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    |  9MORTIMER et al.

zone surface, but this did not appear to macroscopically impinge on 
fibrin gel contraction and did not require any gel release procedures 
from the under surface. The printed mould surface texturing also 
resulted in a roughened presenting surface to the bone anchor (see 
Figure 1), but this was likely advantageous in aiding attachment and 
integration of the inserting tendon analogue.

Notably, air bubbles became trapped under the surface of the well 
insert during PDMS curing (see Figures 3d–f, 6 and 7), usually <1 mm 
diameter but occasionally as larger coalesced bubbles of >5 mm. 
Although these bubbles lay below the flat culture surface and did not 
cause undulation of the top surface of the PDMS, removal of the well 
insert moulds from the cured PDMS did occasionally result in pene-
tration into the larger bubbles, rendering the well unsuitable for use.

3.3  |  ‘Universal’ human tendon–bone co-cultures

The 3D co-culture system was able to direct the attachment of a 
HTF-contracted fibrin hydrogel tendon analogue onto a single attach-
ment surface of an angled HOb-seeded bone anchor, with a tendon 
insertion angle and attachment area matched to the average angle 
and dimensions, respectively, of the adult human FDP attachment 
(Figure 6). Fibrin gel contraction proceeded comparably over time to 
the basic tendon analogue constructs forming between 2 suture an-
chors (see Figure 4a), with the majority of contraction over the first 
week followed by more minimal progressive contraction beyond day 
14 (Figure 6a). However, the co-culture system was able to manipulate 

the tendon analogue to remain attached to the bone anchor presenting 
surface whilst it contracted around a single vertically orientated suture 
that also guided the width of the formed tendon.

The tendon–bone interface remained intact with gentle axial 
tension (Figure 6b) and during extraction of the day 28 constructs 
from the 3D co-culture system after cutting through the PDMS 
(Figure  6c). Axial tension demonstrated that tendon analogue at-
tachment appeared focused towards the lower aspect of the bone 
anchor presenting surface (Figure 6b); however, in the relaxed ex-
tracted state, the tendon–bone interface was displayed over the 
whole of the bone anchor presenting surface (Figure  6c). The ex-
tracted constructs demonstrated a slightly shortened tendon an-
alogue length (Figure  6c) compared to during culture, highlighting 
the tension provided by the pinned suture anchor in the co-culture 
system.

3.4  |  Multi-size tendon–bone co-cultures

The co-culture system was also able to produce tendon–bone 
constructs of varying sizes, relating to the previously established 
3 size groupings of the adult human FDP insertion (Figure 7). The 
constructs formed through fibroblast-seeded fibrin gel contrac-
tion (Figure 7a) in the same manner as the ‘universal’ size construct 
(see Figure 6), but the tendon analogues were guided to attach to 
a greater or smaller surface area of bony interface, dictated by the 
size of the ‘tail impression’ and contained bone anchor. As such, 

F I G U R E  6  ‘Universal’ size human co-culture model system and construct. (a) Representative formation of a tendon–bone construct by 
human fibroblast-induced fibrin gel contraction over time onto a specifically sized (average) human osteoblast-seeded bone anchor in a 
35 mm diameter (original) well. Scale bar all wells 5 mm. n = 3. (b) Superior oblique views of the day 28 construct without culture medium, 
with the suture anchor still pinned in place (upper panel) and with gentle axial tension on the tendon analogue with forceps (lower panel). 
Scale bar all wells 5 mm. (c) Overview of the day 28 construct removed from culture.
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10  |    MORTIMER et al.

and also relative to the size variation of the suture anchors, the fi-
brin gel contraction appeared greatest in ‘small’ sized models, fol-
lowed by ‘medium’ and then ‘large’. The tendon–bone attachment 
remained intact in all co-cultures. Gentle axial tension on the formed 
constructs at day 28 again suggested the focus of tendon analogue 
attachment over the lower aspect of the bone anchor presenting 
surface (Figure 7b).

4  |  DISCUSSION

This study aimed to demonstrate the integration of real human ana-
tomical morphometrics into a previously established non-anatomical 
ITE enthesis model. The work served as a proof of concept for the 
important principle that will enhance the clinical applicability of any 
future, or previously developed, ITE model. This was accomplished 

through manipulation of the 3D co-culture environment using a 
silicone impression negative shape system, which allowed guided 
attachment of a tendon analogue onto a specifically shaped bone 
anchor surface area at a precise insertion angle. The model system 
was successfully trialled with different sizes and cell species, further 
demonstrating versatility and applicability to ITE models focusing on 
different body regions or utilizing different cellular approaches.

Morphological features at the enthesis are inherently related to 
the local biomechanics, as the influence of mechanical factors dic-
tates the principle of ‘form follows function’ underpinning Wolff's 
Law (Benjamin et al., 2006; Milz et al., 2005). The tendon enthesis 
functions to dissipate stress and provide anchorage as it transfers 
force through the biomechanically distinct structures of tendon to 
bone; tissues differing in Young's modulus between 200 MPa and 
20 GPa, respectively (Thomopoulos et al., 2010). The flared shape as 
tendons attach to bone provides a greater contact surface area for 

F I G U R E  7  Multi-size co-culture model system and constructs. (a) Representative formation of ‘large’, ‘medium’ and ‘small’ tendon–bone 
constructs by fibroblast-induced fibrin gel contraction over time onto different size levels of osteoblast-seeded bone anchors in 35 mm 
diameter (original) wells. Scale bar all wells 5 mm. n = 3 for each size. (b) Superior oblique views of the day 28 constructs without culture 
medium, with the suture anchor still pinned in place (upper panels) and with gentle axial tension on the tendon analogue with forceps (lower 
panels). Scale bar all wells 5 mm.
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    |  11MORTIMER et al.

attachment and dispersal of interfacial stress forces, and resistance 
to the effects of insertional angle change during joint movement 
(Benjamin et al., 2006; Schlecht, 2012), whilst the attachment angle 
itself affects strain concentration. Regarding the FDP insertion, 
the previous findings of a consistent shape (trapezoid) and tendon 
fibre angle (30°) suggests that these are features important to me-
chanical stability, balancing increased surface area with acceptable 
stress concentration (Mortimer et al., 2021). The application of these 
features to an ITE model, as described here, therefore, integrates 
essential biomechanical characteristics, providing a significant step 
towards recreating the in vivo environment. It is, therefore, essential 
that these morphological features should be considered and applied 
to any ITE model to augment its research utility and potential clinical 
applicability.

The key morphological features of the FDP enthesis were suc-
cessfully realized in  vitro by applying anatomical analysis of the 
native insertion to 3D CAD of a moulded well insert (Figure 2), to 
then create a negative silicone impression that reshapes a stan-
dard culture well into a precise housing for 3D co-culture assem-
bly (Figure 3). This is a simple stepwise process of reverse design, 
which can be applied as an anatomical design method of 3D enthe-
sis models in any anatomical region. The study also demonstrates 
that this technique is scalable to different 3D dimensions; both 
as fine-tuning of small, but clinically important, dimensions of 
the same model, as shown with the 3-level sizes described here 
(Figure 7), but also with the potential to expand to larger relevant 
magnitudes. The FDP enthesis provided a suitable size to develop 
the overall methodological approach in standard 35 mm culture 
wells of a 6-well plate, but the same methodology is applicable 
to any in vitro culture accessories for the development of diverse 
model sizes. With this adaptability, this approach may also be used 
to generate other ITE models of other common injury sites where 
bone–tendon/ligament healing is required, such as the ligaments 
of the ankle (Doherty et al., 2014; Herzog et al., 2019), the ante-
rior cruciate ligament (Bram et al., 2021; Kaeding et al., 2017), the 
Achilles (calcaneal) tendon (Kvist, 1994; Saltzman & Tearse, 1998) 
or rotator cuff group (Fitzpatrick et al., 2022; Patel & Amini, 2022). 
Indeed, the increased need for models to investigate ITE ap-
proaches has been highlighted elsewhere (Calejo et  al.,  2019; 
Lei et  al.,  2021; Patel et  al.,  2018; Sensini et  al.,  2021), yet our 
approach is unique as it considers and proposes that anatomical 
morphometric data should be included in co-culture system design 
to ensure that anatomical and clinically applicability is at the fore-
front of ITE design strategy.

Our unique design approach is based upon the ability to ac-
curately fabricate and manipulate the dimensions of cellular 
scaffolds, as a critical material property in addition to providing 
a replacement ECM. This study employed the fibrin hydrogel 
and brushite calcium phosphate salt soft-hard tissue constructs 
previously designed by Paxton, Grover, and Baar  (2010), which 
has shown promising properties of soft tissue collagen fibre de-
velopment and soft-hard interface strength (Paxton, Donnelly, 
et al., 2010) and allowed control of the separate tissue dimensions. 

Fibrin is classically used to create tendon constructs by contract-
ing around and between anchoring materials under tension (Bayer 
et al., 2010; Kapacee et al., 2008; Paxton, Wudebwe, et al., 2012), 
but a key advancement in the adaptation of the previously estab-
lished model (Paxton, Grover, & Baar,  2010) in this study is the 
attachment of the fibrin tendon analogue to a single bone anchor 
surface. This was achieved through the careful design of the inte-
gration between the ‘tail’ and ‘body’ regions of the well insert, as 
well as the ‘tail’ shape and presenting angle (Figures 2 and 3). Axial 
tension on the tendon analogue demonstrated an intact soft-hard 
interface, with these model components expected to achieve an 
interface ultimate tensile strength in the same order of magni-
tude as embryonic ligaments (Paxton, Grover, & Baar,  2010). 
Encouragingly, a previous study has also used electron micros-
copy to demonstrate that the fibrin, and developing replacement 
collagen fibres, grow into the porous brushite (Paxton, Grover, & 
Baar, 2010), creating a microscopic interface of interlocking mixed 
tissues much like the native enthesis. However, it was observed 
in the current study that the focus of the tendon analogue at-
tachment was on the lower aspect on the bone anchor present-
ing surface when axial tension was applied. This was likely due 
to a combination of too little a volume of fibrin hydrogel, over-
contraction of the fibrin hydrogel, and gravity. To further refine 
the current model, an optimum balance of initial fibrin hydrogel 
volume and fibroblast cell density for controlled contraction and 
attachment over the entire bone anchor presenting surface re-
quires systematic investigation. Less significant material concerns 
can also be remedied, such as eliminating the surface roughness 
of the culture surface by using higher resolution 3D printed ther-
moplastics or by varying the printing material or technique used 
(Li et al., 2022; Stansbury & Idacavage, 2016). Also, removing air 
bubbles from the PDMS by curing under negative pressure vac-
uum (Luo et al., 2010), or vacuum desiccation, may solve the exist-
ing issues with clarity of the PDMS well surround which prevents 
clear visualization under light microscopy. Most promising would 
be the application of 3D CAD design and 3D printing to manufac-
ture the cell culture moulds directly using more novel techniques, 
enabling printing in softer materials than the thermoplastics pre-
sented here (Chen et al., 2020; Li et al., 2022). With these exciting 
possibilities, the general model premise demonstrated here shows 
significant potential as a 3D enthesis co-culture model, with im-
proved clinical applicability by this amalgamation with anatomical 
construction. Furthermore, advances in 3D bioprinting technolo-
gies (Gupta & Bit, 2022; Zhang et al., 2021) may bring anatomical 
design and fabrication to the forefront of model design for en-
thesis ITE.

Further to this, the versatility, adaptability and scalability of 
the design concept described here allows integration of the tech-
nique into studies with a greater focus on interface development, 
as the defining feature of ITE. A key extension will be combining 
anatomically designed models with specially designed bioreactors, 
where the native anatomical morphology may act synergistically 
with controlled maturation and resulting gradient properties of 
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12  |    MORTIMER et al.

the interface, such as mechanical conditioning and timed bio-
chemical manipulation, to escalate overall functionality. With fur-
ther studies to inform optimum material and cell components, in 
addition to vital studies on the nutrient availability and diffusion 
of these throughout the engineered tissue, the addition of ana-
tomical design may provide a key advancement in creating a native 
enthesis in vitro.

5  |  CONCLUSIONS

This study is the first to demonstrate the application of anatomical 
morphometrics to ITE model design and is an important develop-
ment towards replicating the native enthesis. An FDP enthesis co-
culture model is described, as pre-analysed morphometric data was 
available, but provides a template methodological approach that 
can be scaled to construct ITE models of any anatomical region. ITE 
provides a vital avenue for therapeutic advances, and basing design 
upon the original anatomical framework will expedite its clinical 
translation.
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