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ABSTRACT

Understanding the optimal conditions required for bone healing can have a substantial impact to target
the problem of non-unions and large bone defects. The combination of bioactive factors, regenerative
progenitor cells and biomaterials to form a tissue engineered (TE) complex is a promising solution but
translation to the clinic has been slow. We hypothesized the typical material testing algorithm used is
insufficient and leads to materials being mischaracterized as promising. In the first part of this study, hu-
man bone marrow - derived mesenchymal stromal cells (hBM-MSCs) were embedded in three commonly
used biomaterials (hyaluronic acid methacrylate, gelatin methacrylate and fibrin) and combined with rel-
evant bioactive osteogenesis factors (dexamethasone microparticles and polyphosphate nanoparticles) to
form a TE construct that underwent in vitro osteogenic differentiation for 28 days. Gene expression of
relevant transcription factors and osteogenic markers, and von Kossa staining were performed. In the sec-
ond and third part of this study, the same combination of TE constructs were implanted subcutaneously
(cell containing) in T cell-deficient athymic Crl:NIH-Foxn1™ rats for 8 weeks or cell free in an immuno-
competent New Zealand white rabbit calvarial model for 6 weeks, respectively. Osteogenic performance
was investigated via MicroCT imaging and histology staining. The in vitro study showed enhanced up-
regulation of relevant genes and significant mineral deposition within the three biomaterials, generally
considered as a positive result. Subcutaneous implantation indicates none to minor ectopic bone forma-
tion. No enhanced calvarial bone healing was detected in implanted biomaterials compared to the empty
defect. The reasons for the poor correlation of in vitro and in vivo outcomes are unclear and needs further
investigation. This study highlights the discrepancy between in vitro and in vivo outcomes, demonstrating
that in vitro data should be interpreted with extreme caution. In vitro models with higher complexity are
necessary to increase value for translational studies.

Statement of significance

Preclinical testing of newly developed biomaterials is a crucial element of the development cycle. Despite
this, there is still significant discrepancy between in vitro and in vivo test results. Within this study we
investigate multiple combinations of materials and osteogenic stimulants and demonstrate a poor cor-
relation between the in vitro and in vivo data. We propose rationale for why this may be the case and
suggest a modified testing algorithm.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/)

* Part of the Special Issue on Biofabrication for Orthopedic, Maxillofacial, and E-mail address: martin.stoddar@aofoundation.org (M.J. Stoddart).
Dental Applications, guest-edited by Professors Hala Zreiqat, Khoon Lim, and Debby 1 These authors contributed equally to the work.

Gawlitta.

2 Current address for Angela R. Armiento and Keith Thompson: UCB Pharma, SL1

* Corresponding author at: AO Research Institute Davos, Clavadelerstrasse 8, 7270 3WE Slough, UK.

Davos Platz, Switzerland.

https://doi.org/10.1016/j.actbio.2022.08.021

1742-7061/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.actbio.2022.08.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.08.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:martin.stoddar@aofoundation.org
https://doi.org/10.1016/j.actbio.2022.08.021
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.P. Hatt, A.R. Armiento, K. Mys et al.
1. Introduction

Considering its complex structure, bone is a tissue with a sur-
prising regenerative capacity. Growth factors, multiple cell types
and mechanical forces synergistically contribute to the healing pro-
cess. While it is evident that bone can heal, it is still not clear
why this is not always the case. Non-healing fractured bones (non-
unions) and large bone defects of various pathological nature have
serious healthcare implications across the population and repre-
sent challenging medical conditions for orthopaedic surgeons.

This clinical scenario has triggered a quest to identify the opti-
mal conditions required for bone healing. The result is a multitude
of tissue engineering (TE) approaches, combining various cell types
and functional biomaterials in the presence of bioactive molecules,
to create in vitro models of bone healing and to develop new ther-
apies to restore lost bone [1]. Among the numerous natural bioma-
terials investigated, fibrin is easily obtained by the reaction of fib-
rinogen and thrombin, while hyaluronic acid (HA) and gelatin are
widely used in their methacrylated form (MeHA and GelMA, re-
spectively), which allows light-mediated tunable crosslinking. Cells
are also frequently encapsulated in these materials, particularly
bone marrow-derived mesenchymal stromal cells (BM-MSCs). BM-
MSCs have emerged as the archetypal cell in bone TE due to their
relative ease of isolation and capacity in vitro to differentiate into
relevant cell types for bone repair, such as chondrocytes and os-
teoblasts.

In vitro protocols for osteogenic differentiation of human BM-
MSCs were originally established in the late 1990s [2] and con-
tinue to represent one of the fundamental assays to demonstrate
MSC multilineage potential. The osteogenic cocktail contains 8-
glycerophosphate (BGP), dexamethasone (Dexa) and ascorbic acid,
supplemented to serum-containing culture medium. Within the
osteogenic cocktail, ascorbic acid is essential for collagen fibrilla-
tion, while BGP provides an organic source of phosphate for hy-
droxyapatite deposition during mineralization. Inorganic alterna-
tives to BGP are continuously investigated to obtain an optimum
calcium:phosphate ratio more akin to that of carbonated hydrox-
yapatite present in human bone [3] and to have stable levels of
free P; levels during the in vitro culture [4]. Among the inorganic
P; sources, polyphosphates (polyP) are an effective substitute to
BGP for osteogenic differentiation of human BM-MSCs in mono-
layer [5] and has been shown to be effective during bone forma-
tion in vivo [6]. During in vitro osteogenic differentiation, Dexa
is essential for mineralization, although, the specific contribution
of Dexa to stimulate human BM-MSC osteogenesis in vitro at the
molecular level remains to be adequately described. Both 10 and
100 nM doses of Dexa are currently used [7] with the lower dose
considered more physiologically relevant, while the magnitude of
cellular response varies across donors [8].

Despite numerous attempts at developing new biomaterials for
bone regeneration, there have been few successes achieving clini-
cal translation. A European multicentre analysis has reported a lack
of correlation between in vitro and in vivo outcome with a surpris-
ingly high failure of translation for biomaterials in the orthopaedic
field [9]. Part of the reason for this may be the approaches com-
monly used to investigate the potential of new materials to repair
bone. Strict guidelines are lacking and the International Organiza-
tion of Standardization (ISO) protocols for Biological Evaluation of
Medical Devices only requires in vitro cytotoxicity tests according
to ISO 10993-1:2018 (Biological evaluation of medical devices —
Part 1: Evaluation and testing within a risk management process).

In this study we follow a widely used approach to test biomate-
rials for TE purposes and demonstrate specific examples of promis-
ing in vitro TE constructs that fail to translate to the in vivo set-
ting. We have employed one cell type (human BM-MSCs), three
different biomaterials based on natural components of bone frac-
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ture callus (HA and fibrin) and extracellular matrix (collagen), and
two bioactive molecules (Dexa and polyP). We start with an in vitro
osteogenic differentiation assay and then proceeded to test these
biomaterials in typically used in vivo model systems: a cell con-
taining ectopic subcutaneous implantation in nude rats, and a cell
free orthotopic calvarial defect model in rabbits.

The results clearly show that standard in vitro evaluations are
not sufficient to predict or justify follow up animal models and
more representative in vitro tests are warranted to reduce the
number of unproductive and expensive preclinical studies.

2. Material and methods
Unless otherwise stated all reagents are from Sigma-Aldrich.
2.1. Ethical approval

Human MSCs used for both the in vitro experiment and the sub-
cutaneous model are isolated from the bone marrow aspirate of
a female patient (age 28) upon written consent and approval of
Freiburg ethical committee (418/19).

All animal procedures are approved by the ethical committee of
Grisons (Switzerland) and performed according to the Swiss Ani-
mal Protection Law in an AAALAC International-accredited facility
(Authorization Number: GR2018_11 and 17_2019).

2.2. Fabrication of PCL microspheres loaded with Dexa

Poly(e-caprolactone) (PCL) microspheres loaded with Dexa are
fabricated following a previously described method with minor
modifications [10]. A total of 400 mg PCL (MW: 80,000 g/mol) is
dissolved in 15 mL dichloromethane (DCM; Carl Roth) and 100 mg
dexamethasone (Dexa, TCI Chemicals) is dissolved in 8 mL ace-
tone. After 1 hour under moderate stirring, the two solutions are
mixed. To create an emulsion, 1% poly(vinyl alcohol) (PVA; MW:
30000 g/mol) is used as aqueous phase. The PCL/Dexa solution
is added dropwise to 100 mL of PVA solution, and the emulsion
is obtained by probe sonication (Bandelin Sonopuls GM70) on ice
with three bursts of 10 seconds at 700 W. The organic phase is
allowed to evaporate overnight at room temperature under moder-
ate stirring. To remove any agglomerate, the resulting microspheres
are filtered using a 70 um cell strainer and the dispersion is cen-
trifuged for 15 min at 37700 x g using an ultracentrifuge (Optima
XE-90, Beckman Coulter). The collected microspheres are washed
in Milli-Q® water to remove the excess of the PVA surfactant and
thoroughly dispersed by sonication and re-collected by ultracen-
trifugation. After two washes, the microspheres are dispersed in
Milli-Q® water, lyophilized, sterilized using ethylene oxide gas and
stored at -20°C until use. SEM image of Dexa-laden PCL microparti-
cles is presented in Supplementary Figure 1.The yield is quantified
as dry weight of the microspheres.

To quantify the amount of encapsulated Dexa, high perfor-
mance liquid chromatography (HPLC) is performed. The lyophilized
microspheres are dissolved in a cosolvent system of 80/20
methanol/DCM to a concentration of 1 mg/mL The DCM sol-
vent is allowed to evaporate overnight at room temperature and
the next day the volume is adjusted with methanol to reach
the previous concentration of 1 mg/mL. The PCL is precipitated
and removed via filtration and the Dexa remained solubilized
in methanol. A standard curve is prepared using a solution of
Dexa in methanol: 100, 30, 20, 15, 10, 5 and 2 pg/mL. All so-
lutions are filtered with 0.22 pm Phenex syringe filters (Phe-
nomenex) before loading in the HPLC (Agilent Technologies 1260
Infinity). UV absorption is measured at 239 nm. The efficiency of
encapsulation is calculated according to the following equation:
EE% = (Dexaencapsulated/Dexainitial) x 100%. Dexaencapsulated is the
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Table 1
MSCs-laden biomaterials with and without particles.

Group  Dexa-loaded microspheres (mg/mL)  PolyP nanoparticles (ng/mL)
1 - -

2 10 -

3 - 30

4 10 30

dexa: dexamethasone, polyp: polyphosphate.

amount of Dexa quantified via HPLC and Dexa;js, iS the amount
of Dexa added to the emulsion. Three independent batches are fab-
ricated following the described procedure.

2.3. In vitro release of Dexa from PCL microspheres

A total of 10 mg of Dexa-loaded microspheres is incubated in
1 mL of phosphate buffered saline (PBS) at 37°C under mild shak-
ing. At each time point (0.5, 1, 2, 4, 6, 8, 24, 48, 96 h and 5, 6,
7, 8, 11, 12, 13, 15 and 20 days), the samples are centrifuged at
12000 x g for 10 min and the supernatant is removed and replaced
with 1 mL fresh PBS. The Dexa released is quantified via HPLC us-
ing a standard curve as described in the previous section (2.2).

2.4. Synthesis of methacrylate hyaluronic acid and gelatin

Methacrylated hyaluronic acid (MeHA) is synthesized according
to previously reported protocol [11]. Briefly, hyaluronic acid sodium
salt from Streptococcus equi (280 kDa, Contipro Biotech S.R.0.) is
fully dissolved at 5% (w/v) in distilled water at room temperature.
Methacrylic anhydride (MA) is added dropwise to the hyaluronic
acid solution under vigorous stirring. The solution is allowed to re-
act for 4 h under stirring and the pH is maintained between 7.5
and 8.5. After overnight stirring the solution is dialyzed against
distilled water for 1 week. The solution is lyophilized and stored
at -20°C until use.

Gelatin methacryloyl (GelMA) is synthesized through the reac-
tion of gelatin and MA, as described previously [12]. Briefly, type A
porcine skin gelatin (Bloom 180) is mixed at 10% (w/v) into PBS at
60°C and stirred until fully dissolved. MA is added dropwise to the
gelatin solution (0.14 mL/g of gelatin) under stirring conditions at
50°C. The solution is allowed to react for 3 h at 50°C and then is
diluted 5 times with PBS. The mixture is dialyzed against distilled
water using 12-14 kDa cut-off dialysis tubing for 1 week at 40°C
to remove unreacted MA. The solution is lyophilized and stored at
-20°C until use.

The degree of methacrylation of MeHA and of GelMA is quan-
tified by 1H nuclear magnetic resonance (NMR) as 47% and 55%,
respectively. NMR spectra are presented in Supplementary Figure
2. Before cell encapsulation and animal surgeries, the lyophilized
materials are sterilized using ethylene oxide gas.

2.5. In vitro osteogenic differentiation within 3D hydrogels

2.5.1. Cell encapsulation and osteogenic differentiation

Human bone marrow derived MSCs are isolated and cryopre-
served according to established protocol [13]. Upon thawing, the
cells are expanded until passage 3 as previously described [5].
MeHA (2% w/v) and GelMA (8% w/v) are dissolved in Irgacure
(0.3% w/v) solution. Fibrinogen (28 mg/mL) is prepared in 0.9%
NaCl containing 1000 U aprotinin (Carl Roth). All the solutions
are kept at 37°C until cell encapsulation. For each biomaterial
four groups are created (Table 1): 1. Biomaterial + cells (MSCs);
2. Biomaterial + cells + 10 mg/mL Dexa-loaded microspheres
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(MSCs + Dexa); 3. Biomaterial + cells + 30 pg/mL polyP nanoparti-
cles (MSCs + polyP); and 4. Biomaterial + cells + 10 mg/mL Dexa-
loaded microspheres + 30 pg/mL polyP (MSCs + Dexa + polyP).
MSCs are suspended in MeHA, GelMA or fibrinogen (& Dexa and/or
polyP) at a final density of 20x10° cells/mL. Cylindrical cell-laden
hydrogels (100 L volume; containing 2x10% cells) are produced in
4% (w/v) agarose moulds, created using a 6 mm diameter biopsy
punch (Braun). MeHA and GelMA are subsequently crosslinked
within a BioLink® BLX 365 irradiation system (Witec AG) at 1 ],
for 1.5 min and 10 min, respectively. The cell-laden fibrinogen is
then supplemented with thrombin (1:1 volume) just before cast-
ing into the moulds and clotting is obtained at 37°C within 30 min.
The final concentration of fibrinogen, aprotinin and thrombin is
14 mg/mL, 500 U/mL and 2 U/mL, respectively.

Cell-laden hydrogels are pre-incubated in osteocontrol (OC)
medium (Dulbecco’s Modified Eagle Medium (DMEM 1 g/L glucose,
Gibco), 10% FBS (Gibco), and 100 U/mL plus 100 pg/mL penicillin
and streptomycin, respectively) for the first 24 h. After this period
(day 0), the samples are cultured in OC medium supplemented
with the osteogenic cocktail (10 nM dexamethasone, 50 pg/mL
ascorbic acid 2-phosphate and 10 mM S-glycerophosphate). 6-
Aminocaproic acid (5 pM) is added to the culture medium of fib-
rin gels to reduce the cell-induced shrinkage. Medium change is
performed three times per week and cultures are repeated with 3
technical replicates for each group and analysis.

2.5.2. RNA isolation and RT-qPCR

Cell-laden hydrogels are harvested at day O and 28 and RNA
is extracted according to previously described protocol [14] with
modifications for fibrin gels. Briefly, MeHA and GelMA samples
are pulverized, lysed in TRI-Reagent® (1 mL/sample, supplemented
with 5 pL/mL of Polyacryl Carrier; both Molecular Research Center
Inc.) and homogenized using QIAShredder columns (Qiagen). Fibrin
samples are directly lysed in TRI-Reagent® and homogenized us-
ing QIAShredder columns. Phase separation and precipitation is ob-
tained using 1-bromo-3-chloropropane (BCP) and isopropanol, re-
spectively. Gene expression analysis is carried out using two-step
reverse transcription quantitative polymerase chain reaction (RT-
qPCR). Total RNA (250 ng) is reverse transcribed using random hex-
amers and SuperScript™ VILO™ (Invitrogen), according to manu-
facturer’s instructions and real time qPCR is carried out using Tag-
Man® Universal Master Mix with 5 ng of cDNA in a 10 pL reaction
volume. Each PCR reaction is performed in technical triplicates for
40 cycles using a QuantStudio® 6 Flex Real-Time PCR System (Ap-
plied Biosystems®). Primers used are listed in Supplementary Ta-
ble 1. Data are analyzed according the AACt method using RPLPO
as normalizer and day O samples as calibrator.

2.5.3. Cytological preparation and von Kossa staining

At day 0 and day 28 cell-laden hydrogels are rinsed in PBS and
fixed in 10% neutral buffered formalin for 24 h. Samples are rinsed
in tap water and transferred to 5% sucrose solution in PBS at 4°C.
After overnight incubation, the samples are embedded in cryocom-
pound and sectioned (12 pm) using a Microm HM560 cryostat
(Thermo Fisher Scientific® Inc.). Von Kossa staining is carried out
according to the routine protocol. Briefly, the sections are brought
to deionized water and then flooded with 5% silver nitrate aqueous
solution for 30 min while exposed to strong natural light. After a
wash in deionised water, the sections are treated with 5% sodium
thiosulfate for 10 min and then washed again with running tap
water first and deionized water after. Nuclear fast red is used as a
counterstain. The sections are then dehydrated in an ethanol gradi-
ent, cleared in xylene and mounted using Eukitt® Quick-hardening
mounting medium. Images are acquired using BX63F light micro-
scope equipped with a DP74 digital camera (Olympus).
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bl \.
Fig. 1. Subcutaneous model in T cell-deficient athymic rats. A. photograph and 3D render of 3D printed PCL holder used to contain the biomaterials; B. Sample distribution
for the subcutaneous model; C. Photograph demonstrating implantation of the PCL holder containing the biomaterial with its open side facing the body.

2.6. In vivo subcutaneous model

2.6.1. 3D printing of PCL holders and biomaterial preparation

Polycaprolactone (PCL) holders are printed using RegenHU 3D
Discovery® Bioprinter (RegenHU). PCL pellets (MW: 68'413) are
melted at 75°C in the heated tank. The printhead is set at 70°C and
a stainless steel needle (0.33 mm in diameter) is used with a rate
of movement of 4 mm/second and step height between each layer
set to 0.26 mm in the Z direction. The following dimensions are
used: 0.8 cm inner diameter, 1.2 cm outer diameter and 0.5 cm
height (Fig. 1A). PCL sample holders are sterilized using ethylene
oxide gas.

For each biomaterial (MeHA, GelMA, fibrin) five groups are cre-
ated with 6 replicates per group: 1. Biomaterial (Biomaterial only);
2. Biomaterial + cells (MSCs); 3. Biomaterial + cells + 10 mg/mL
Dexa-loaded microspheres (MSCs + Dexa); 4. Biomate-
rial + cells + 30 pg/mL polyP nanoparticles (MSCs + polyP);
and 5. Biomaterial + cells + 10 mg/mL Dexa-loaded micro-
spheres + 30 pg/mL polyP (MSCs + Dexa + polyP). The cell
encapsulation is carried out just before the implantation accord-
ing to procedure described in section 2.5.1 and the biomaterials
(200 ul) are transferred into the 3D printed PCL holders to
constitute the implants for the subcutaneous model.

2.6.2. Animal housing and randomization

A total of 20 skeletally mature (9 - 11-week-old) female T cell-
deficient athymic Crl:NIH-Foxn1™" rats (Charles River) with aver-
age preoperative weight of 173.4 4+ 12.3 g are included in the
subcutaneous model study. The rats are randomly allocated to
experimental groups and are group-housed in IVC cages (up to
4 rats/cage) with 12 h light/dark cycle. They receive mouse and
rat maintenance food and water ad libitum and are acclimatized
to the housing conditions for at least 2 weeks before surgery. The
surgeon and post-op care givers are blinded to group allocation.

2.6.3. Surgical procedure

Rats receive 2 mL pre-warmed Ringer’s solution administered
subcutaneously before surgery. General anaesthesia is induced and
maintained with 6 - 8% and 2 - 3% sevoflurane (Sevoflurane Bax-
ter®, Baxter AG) in 0.6 - 1 L/min oxygen, respectively. Carprofen
(5 mg/Kg, Norocarp®, Ufamed AG) and buprenorphine (0.1 mg/Kg,
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Bupag®, Streuli Pharma AG) are administered subcutaneously as
pre-emptive analgesics.

The animal is placed in ventral recumbency and the back from
neck to tail based is aseptically prepared. Incision foil is placed
over the back of the animal. Using a dummy PCL sample holder,
the positions of the implants are marked onto the skin with a ster-
ile skin marker according to distribution in scheme in Fig. 1B and
Supplementary Table 2. The most caudal pockets (Spot 3 and 6)
are prepared first, to avoid an implantation above the hips. Next,
implants are inserted in spot 2 and 5 and finally in spot 1 and 4.
Each incision is done using a scalpel blade no. 15 and it is approx-
imately 2 cm in length. At each incision, a subcutaneous pocket is
created bluntly using scissors in cranial direction. The implant is
inserted into the subcutaneous pocket with the open side of the
PCL holder facing the body (Fig. 1C). The skin is closed by intra
cutaneous suturing of the skin (5-0 VICRYL RAPIDE® C-3 reverse
cutting, Ethicon).

Paracetamol (Dafalgan Sirup 3%, Bristol Myers Squibb SA) is
added to the drinking water (7 mL/100 mL) as analgesic for 4 days
post-surgery.

2.6.4. Micro computed tomography

At the end point (8 weeks) general anaesthesia is induced and
maintained with 6 - 8% and 2 - 3% Sevoflurane in 0.6 - 1 L/min
oxygen, respectively. Animals are euthanized via intracardiac in-
jection of 1 mL Pentobarbital (200 mg/mL). All the implants with
the surrounding soft tissue and skin are collected and stored in
4% buffered formalin for imaging. Fixed implants are scanned via
micro computed tomography (CT) using VivaCT40 (Scanco Medical
AG), as previously described [15]. Briefly, a 10 mm long ROI, with
a 925.6 mm field of view are scanned. The X-ray tube is operated
at 70 kV voltage, 114 pA current, with a 0.5 mm aluminium fil-
ter. 1000 projections are acquired over 180° rotation, with 200 ms
integration time, resulting in a scan time of 21 min.

2.6.5. von Kossa staining

After imaging via microCT, undecalcified sections are obtained
after embedding in LR White resin and are stained using von Kossa
according to a routine protocol.
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2.7. Calvarial defect model

For each biomaterial (MeHA, GelMA and fibrin) four groups are
created (all cell-free) with 6 replicates per group: 1. Biomaterial
(Biomaterial only); 2. Biomaterial + 10 mg/mL Dexa-loaded mi-
crospheres (Dexa); 3. Biomaterial + 30 pg/mL polyP nanoparti-
cles (polyP); and 4. Biomaterial + 10 mg/mL Dexa-loaded micro-
spheres + 30 pg/mL polyP (Dexa+ polyP). The biomaterials are
prepared just before the implantation according to procedure de-
scribed in section 2.5.1. Materials were implanted directly into the
defect without a PCL sample holder.

2.7.1. Animal housing

A total of 18 skeletally mature (older than 24-week-old) female,
immunocompetent New Zealand white rabbits with average pre-
operative weight of 3.4 4+ 0.2 Kg are included in the calvarial de-
fect model study. During the acclimatization period (8 weeks) the
rabbits are group housed with a 12 h dark/ 12 h light cycle, fed
with hay, carrots, fennel, parsley, and supplemental feed for rab-
bits (Biomill) ad libitum.

2.7.2. Surgical procedure

Rabbits are sedated with an intramuscular injection of
0.2 mg/Kg medetomodine (Medetor®, Virbac AG), 0.5 mg/Kg mida-
zolam (Dormicum®, Roche) and 0.005 mg/Kg fentanyl (Sintenyl®,
Roche) and general anaesthesia is induced with intravenous injec-
tion of 0.2 mg/Kg propofol (Propofol 1% MCT®, Fresenius). Animals
are placed in sternal recumbency, intubated, and maintained under
general anaesthesia with 1.8 - 2.5% sevoflurane in 0.6 - 1 L/min
oxygen. As pre-operative analgesic, transdermal fentanyl patches
(12 pg/hour, Fentanyl-Mepha®, Mepha Pharma AG) are applied at
right ear base and carprofen (4 mg/Kg, Rimadyl®, Pfizer) is ad-
ministered intravenously. During surgery, fentanyl is administered
via constant rate infusion in an ear vein catheter at 30 mcg/kg/h
(Fentanyl Sintetica 0.5 mL/10 mL Sintetica SA). The dorsal aspect
of the head is clipped and aseptically prepared. A skin incision is
made on midline from the nasal bone to the occipital crest using
a scalpel blade no. 10 and the occipitalis and temporalis muscles
are reflected. A bone cutting jig is placed on the midline, spanning
the left and right parietal bones just caudal to the horizontal su-
ture line, and the locations of the four evenly distributed defects
are marked through blunt dissections of the periosteum. Following
removal of the jig the periosteum of these four locations is further
roughened using a scalpel blade no. 15 to help the following en-
gagement of the perforator with the bone. Four craniotomy defects
(6 mm diameter) are then created using an Anspach drill (Depuy
Synthes) and a 9 mm Codman perforator (Integra Life Science) [16].
Any remaining bone piece is gently removed from the defect site.
The biomaterials are press-fit into the defects (Fig. 2A) according to
distribution scheme reported in Fig. 2B and Supplementary Table 3.
The subcutaneous tissues are closed with a simple interrupted su-
ture pattern (4-0 MONOCRYL, Ethicon), and the skin is closed using
5-0 VICRYL RAPIDE® with an intradermal pattern.

Post-operative analgesia is administered to the animals through
subcutaneous injections of 50 pg/Kg buprenorphine (Bupaq®,
Streuli Pharma AG) directly after surgery, 6 — 8 h later and the
morning of the following day and of 4 mg/Kg Rimadyl® the morn-
ing after and then every 24 h for 72 h. Transdermal fentanyl
patches are removed at 96 h.

Empty controls (16 samples) are historical data from a previous
project [17].

2.7.3. Micro computed tomography

MicroCT scanning is carried out under general anesthesia
postoperatively (Day 0) and after euthanasia (6 weeks) using
a high resolution peripheral quantitative computed tomography
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(XTremeCT, Scanco Medical AG) at 82 um voxel size and using
200 ms integration time. After euthanasia, also a microCT scan (Vi-
vaCT40, Scanco Medical AG) is performed at 19 pm voxel size using
the following scan parameters: 70 kV, 114 pm and 400 ms integra-
tion time.

The standard Scanco segmentation for both scanners is used
to segment the samples using Scanco’s IPL analysis software
(XtremeCT: a Laplace-Hamming filter combined with a global
threshold; VivaCT40: a Gaussian filter combined with a global
threshold). Postoperative and subsequent scans are overlaid using
in Amira 2019.4 (Thermo Fisher Scientific, USA) and a cylinder of
6 mm diameter are placed in the defect site. The bone volume
(BV) in the cylinder is calculated in both scans. New bone volume
fraction is calculated as BV/TV = (BVeuthanasia — BVpostoperatively )/ TV
where the total volume (TV) of the defect was calculated as a
cylinder of 6mm diameter (defect size) with an estimated thick-
ness of 1.5 mm.

2.7.4. Semi-quantitative histopathological evaluation

Following euthanasia with an overdose of pentobarbital, the
calvaria containing the 4 defects is resected from the skull us-
ing an oscillating saw and it is stored in 4% buffered formalin for
histological processing. Undecalcified sections are obtained after
embedding in methylmethacrylate and are stained using Giemsa-
Eosin according to a routine protocol. Histopathological severity
is assessed using a 6-point grading scheme (0 - 5). Among oth-
ers, semi-quantitative analysis is focused on new bone formation,
namely the defect closure, which can be characterized by two pa-
rameters: 1) the size (nm?2) of the defect area filled with new bone
tissue; and 2) the distance (um) of the defect diameter spanned by
bone tissue. Additionally, parameters characterizing the biomaterial
itself (amount, surface irregularity, fragmentation, pores), its rela-
tionship towards the host tissue (cell infiltration, osseous integra-
tion, mineralization) and its capacity to induce inflammatory cell
reactions (granulocytic, lymphocytic, granulomatous, fibrotic cap-
sule formation) are analyzed. Finally, unintended changes of the
adjacent brain tissue (hemosiderin deposition, astrocytosis, pro-
lapse of brain tissue and nests of meningeal tissue in the defect,
biomaterial in the brain) are also recorded.

2.8. Statistical analyses

Normally distributed data is assessed using one way ANOVA,
with Tukey’s multiple comparison test. Semiquantiative data is as-
sessed using Kruskal-Wallis. Data is analyzed in GraphPad Prism 8
software (GraphPad Software, San Diego, CA, USA) p < 0.05 being
considered significant.

3. Results
3.1. In vitro release of dexamethasone from PCL microspheres

The PCL microspheres are produced with an efficiency of Dexa
encapsulation of 51.37% + 14.71, which corresponds to 99.5 pmol
and 0.678 pmol per mg of PCL. The quantification via HPLC shows
a 35% of Dexa release over a period of 500 h with over 15% Dexa
being released in the first 48 h (Fig. 3A). Cumulative drug release
of Dexa is fitted using the conventional model Korsmeyer-Peppas,
which is defined as Ky,*t"n, Ky, being the release constant, t the
time and n the slope as described previously [10]. Dexa drug re-
lease can be plotted as logarithmic scale: linear trendlines with
R? = 0.979, n = 0.313 and R? = 0.955, n = 0.2972 for the release
of the total amount of Dexa and the percentage, respectively, indi-
cating a purely diffusion-based drug release with negligible effects
of polymer erosion (Fig. 3B).
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Fig. 2. Calvarial defect model in New Zealand white rabbits. A. Photograph showing the defects soon after creation (upper row) and after material implantation (lower row);

B. Sample distribution for the calvarial defect model.
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Fig. 3. In vitro release of Dexa from PCL microspheres. A) The release of Dexa from PCL microspheres is measured in vitro up to 500 h and expressed as total amount (ug)
and percentage of encapsulated Dexa. Data are shown as mean + S.D. of three independent batches; B) Dexa release remodelled to fit the Korsmayer-Peppas model for

sustained drug release.

3.2. Gene expression profile of BM-MSCs under osteogenic culture
conditions

The differentiation of BM-MSCs into osteoblasts is characterized
by the gene expression of specific transcription factors and miner-
alization associated markers. For this reason, we studied the ex-
pression of the transcription factors Runx2, Sox9, Runx2/Sox9 ratio
[18], PPARy and Sp7, and alkaline phosphatase (ALPL) and integrin
binding sialoprotein (IBSP) as proteins involved in the mineraliza-
tion process (Fig. 4). The addition of Dexa downregulates the ex-
pression of Runx2, Sox9 and PPARy in MeMA, but upregulates the
Runx2/Sox9 ratio and ALPL. Gene expression values in GelMA is un-
changed when Dexa is added, except for ALPL. Dexa causes a high
upregulation of ALPL in Fibrin, an upregulation in Runx2 and the
Runx2/Sox9 ratio and a downregulation in PPARy. The addition of
Dexa to all three biomaterials upregulates the expression of ALPL,
which is not the case when Dexa is combined with polyP, or polyP
alone. The addition of polyP causes downregulation in ALPL in all
biomaterials and in PPARy in MeHa and Fibrin, an upregulation of
Sox9 in all biomaterials or stays unchanged in the other groups.
The combination of both bioactive factors does not follow the trend

of each factor individually, but increases the Runx2/Sox9 ratio in
GelMA and polyP. Each of the bioactive factors and in combination
leads to a downregulation of the PPARy gene in MeHA and fibrin,
but not in GelMA.

3.3. In vitro osteogenic differentiation is confirmed by von Kossa
staining and gene expression of markers associated to mineralization

All three tested cell-laden biomaterials with or without the ad-
dtion of Dexa and/or polyP show promising osteogenic poential,
indicated by positive von Kossa staining (Fig. 5A) and upregulation
of osteogenically-relevant gene expression markers IBSP and SP7
(Fig. 5B). No osteogenic response was detected in biomateral only
(Supplementary Fig. 3). The osteogenic response is enhanced when
Dexa is added to GelMA and Fibrin, or when polyP is added to
MeHA, demonstrated by increased mineral deposition seen in the
von Kossa images and upregulation of the IBSP and SP7 genes. The
addition of polyP in fibrin with and without Dexa shows increased
mineralization, but does not correlate to the gene expression pro-
file, likely due to artifacts, which could be caused by the shrink-
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Fig. 4. In vitro gene expression profile of BM-MSCs under osteogenic culture condit

ions within different biomaterials. Relative quantification (RQ) at day 28 calculated using

the 2-22C formula with RPLPO as reference gene and sample at day 0 as calibrator. All the data are shown as mean=+ SEM of three replicates. Runx2: Runt related transcription
factor 2; SOX9: SRY-Box transcription factor; ALPL: Alkaline phosphatase, biomineralization associated; PPARy: peroxisome proliferator activated receptor gamma; RPLPO:

ribosomal protein lateral stalk subunit PO.

Table 2

Overview of sample allocation for surgery 1 of subcutaneous implantation in nude rats.

Rat # Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

218001 MeHA GelMA N/A Fibrin PCL only N/A

218002 MeHA GelMA N/A Fibrin PCL only N/A

218003  MeHA® GelMA N/A Fibrin PCL only N/A

218004 MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC+Dexa* GelMA+MSC+Dexa Fibrin+MSC+Dexa
218005 MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC+Dexa* GelMA+MSC+Dexa Fibrin+MSC+Dexa
218006 MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC+Dexa GelMA+MSC+Dexa Fibrin+MSC+Dexa
218007 MeHA+MSC+polyP GelMA+MSC+polyP  Fibrin+MSC+polyP ~ MeHA+MSCs+Dexa+polyP* GelMA+MSC+Dexa+polyP  Fibrin+MSC+Dexa+polyP
218008 MeHA+MSC+polyP GelMA+MSC+polyP  Fibrin+MSC+polyP ~ MeHA+MSCs+Dexa+polyP GelMA+MSC+Dexa+polyP  Fibrin+MSC+Dexa+polyP
218009 MeHA+MSC+polyP* GelMA+MSC+polyP  Fibrin+MSC+polyP ~ MeHA+MSCs+Dexa+polyP* GelMA+MSC+Dexa+polyP  Fibrin+MSC+Dexa+polyP

* Gel broke while implanting (n=7/15 MeHA samples); in bold animals euthanized at day 4, before endpoint, due to severe weight loss (n=3/9 animals); in italics animals

with severe weight loss but not sufficient for exclusion (n=3/9 animals).

age behaviour of fibrin, making fibrin the least stable biomaterial
used.

All materials were then tested in vivo in a subcutaneous im-
plantation model in nude rats.

3.4. Subcutaneous model in nude rats

The subcutaneous surgery was performed in two sessions:
surgery 1 included nine animals (6 samples per animal), of which
one animal (Animal #218011) was lost before the surgery (Table 2)
and surgery 2 included ten animals (6 samples per animal)
(Table 3). Both tables include notes about deviations. An overview
of the initial body weight loss of surgery 1 and 2 is shown in Sup-
plementary Fig. 4 and Supplementary Fig. 5, respectively. Based on
the body weight loss observed in surgery 1, surgery 2 focused on
the comparison between the effects of the cells and the effect of
Dexa inclusion. The overall substantial body weight loss is caused
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by a systemic response triggered by the implantation of the bio-
materials. Three and two animals from surgery 1 and 2, respec-
tively, were excluded due to severe weight lost (highlighted as bold
in Table 2 and Table 3). Implanted biomaterials with and without
bioactive factors did not produce consistent mineralization, as no
ectopic mineralization was detected based on von Kossa staining
of histology slides (Supplementary Fig. 6A). MeHA combined with
Dexa and polyP showed moderate mineralization as determined by
MicroCT images and von Kossa staining (Supplementary Fig. 6B).
Subsequently, all the samples were then assessed in the orthotopic
calvarial defect model in rabbits.

3.5. Calvarial defect model in rabbit

The calvaria surgery was performed in three repetitions, with
6 animals per biomaterial in each repetition (4 samples per ani-
mal), with notes about deviations (Table 4). Data was compared to
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Fig. 5. von Kossa staining and gene expression of markers associated to late in vitro mineralization. A. Representative images of von Kossa staining at day 28. Scale bars
are 500 and 100 pm for the low and high magnification, respectively; B. Relative quantification (RQ) at day 28 calculated using the 2-24Ct formula with RPLPO as reference
gene and sample at day O as calibrator. All the data are showed as mean+ SEM of three replicates. IBSP: integrin binding sialoprotein; SP7: Sp7 transcription factor; RPLPO:

ribosomal protein lateral stalk subunit PO.

Table 3

Overview of sample allocation for surgery 2 of subcutaneous implantation in nude rats.
Rat # Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6
218010 MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC* GelMA+MSC Fibrin+MSC
218016  MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC GelMA+MSC Fibrin+MSC
218012 MeHA-+MSC GelMA+MSC Fibrin+MSC MeHA+MSC* GelMA+MSC Fibrin+MSC
218013 MeHA GelMA Fibrin MeHA+Dexa* GelMA-+Dexa Fibrin+Dexa
218014 MeHA GelMA Fibrin MeHA+Dexa GelMA+Dexa Fibrin+Dexa
218015 MeHA GelMA Fibrin MeHA+Dexa GelMA+Dexa Fibrin+Dexa
218017 MeHA+polyP GelMA+polyP  Fibrin+polyP =~ MeHA+Dexa+polyP* GelMA+Dexa+ polyP  Fibrin+Dexa+polyP
218018 MeHA+polyP*  GelMA-+polyP  Fibrin+polyP =~ MeHA+Dexa+polyP*  GelMA+Dexa+ polyP  Fibrin+Dexa+polyP
218019 MeHA+MSC GelMA+MSC Fibrin+MSC MeHA+MSC+Dexa* GelMAMSC+ Dexa Fibrin+MSC+Dexa
218020 MeHA+MSC* GelMA+MSC Fibrin+MSC MeHA+MSC+Dexa* GelMA+MSC+ Dexa Fibrin+MSC+Dexa

* Gel broke while implanting (n=8/20 MeHA samples).

** Animal replaced 218011 excluded due to a rash; in bold animals euthanized at day 5, before endpoint, due to severe weight loss (n=2/10
animals); In italic animals with severe weight loss but not enough for exclusion (n=4/10 animals); Underlined are animals that did not
recover from anaesthesia (n=1/10 animals). in bold animals euthanized at day 4, before endpoint, due to severe weight loss (n=3/9 animals);
in italics animals with severe weight loss but not sufficient for exclusion (n=3/9 animals).

historical empty controls of previously published work using the
same model system [17] in line with 3R principles. BV/TV values
based on CT scanning and semiquantitative histopathological anal-
ysis correlate in terms of bone repair of the empty defect and the
biomaterials with and without bioactive factors after 6 weeks of
implantation (Fig. 6). Representative microCT images are presented
in supplementary Fig. 7. The empty defect shows slightly improved
bone regeneration compared to the other groups. The implantation
of biomaterials with and without the addition of bioactive factors
did not improve the bone regeneration outcome and the defect re-
mained without mineralization. Histology images independent of
the treatment show that gap closure for all tested biomaterials is
by areas of newly formed trabecular bone (stained rose) is gen-
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erally quite low and is only visible at the periphery of the os-
teotomy edges (Fig. 7). Masson’s trichrome images are presented
in supplementary Fig. 8. In some spots a thin layer of bone at the
meningeal/inner side of the defect leads to partial defect bridg-
ing (least pronounced in GelMA, highest in Empty; in biomaterial-
treated spots a complete bridging was never observed). Direct con-
tact of bone to biomaterial (osseous integration) was nearly absent
and only recorded in very few spots for very short distances. MeHA
(stained light blue to blue) displays pronounced fragmentation, in-
dicating a certain fragility of this biomaterial and cell infiltration
is dramatically limited to only superficial areas (Table 5) investi-
gated via a blinded semiquantitative scoring system. MeHA also
displays low amounts of inflammatory cell infiltrates (lymphocytic
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Fig. 6. Bone volume fraction for calvarial defect model in rabbit. Ratios of bone volume (BV) and total volume (TV) post euthanasia (6 weeks post-surgery) are calculated
based on XtremeCT post-euthanasia (6 weeks post injury).
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Fig. 7. (calvarial defect model in rabbit). Histopathological changes in representative calvarial defects in rabbit for each treatment group (6 weeks post surgery; Giemsa Eosin
stained, MMA-embedded thick-sections). The representative images show the inter-animal variability of empty spots. Overall, the median amount of bone is higher than that
of the 3 biomaterials. Scale bars are 1 mm.
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Table 4

Overview of surgery results (calvarial defect model in rabbit).
Rabbit #  Spot A Spot B Spot C Spot D
319068 Fibrin MeHA+Dexa GelMA-+polyP Fibrin+Dexa+polyP
319069 Fibrin MeHA+Dexa GelMA-+polyP Fibrin+Dexa+polyP
319073 Fibrin MeHA+Dexa GelMA+polyP Fibrin+Dexa-+polyP
319079 Fibrin MeHA+Dexa GelMA+polyP  Fibrin+Dexa+polyP
319080 Fibrin MeHA+Dexa GelMA+polyP Fibrin+Dexa+polyP
319086 Fibrin MeHA+Dexa GelMA+polyP Fibrin+Dexa-+polyP
319070 MeHA GelMA+Dexa  Fibrin+polyP MeHA-+Dexa-+polyP
319074 MeHA GelMA+Dexa Fibrin+polyP MeHA+Dexa+polyP
319075 MeHA GelMA+Dexa  Fibrin+polyP MeHA-+Dexa+polyP
319076 MeHA GelMA-+Dexa Fibrin+polyP MeHA+Dexa+polyP
319081 MeHA GelMA+Dexa  Fibrin+polyP MeHA-+Dexa-+polyP
319082 MeHA GelMA+Dexa  Fibrin+polyP MeHA+Dexa+polyP
319071 GelMA  Fibrin+Dexa MeHA+polyP GelMA+Dexa+polyP
319077 GelMA  Fibrin+Dexa MeHA=+polyP GelMA+Dexa+polyP
319078 GelMA  Fibrin+Dexa MeHA+polyP GelMA+Dexa+polyP
319083 GelMA  Fibrin+Dexa MeHA+polyP GelMA+Dexa-+polyP
319084 GelMA  Fibrin+Dexa MeHA+polyP GelMA+Dexa+polyP
319085 GelMA  Fibrin+Dexa MeHA-+polyP GelMA+Dexa-+polyP

Grey: animals with macroscopic dura mater injury defined by surgery observa-
tion in at least one spot (n 13/34); underlined: spots with macroscopically al-
tered/intact/not attached dura mater defined by surgery observation (n=18/88);
bold: spots with microscopic dura mater injury (n= 43/88 spots; defined by pres-
ence of meningeal tissue nests in defect); italic: spots with hydrogel not fitting well
into the defect (n 8/72 treated spots).

Table 5

Results of semiquantitative histopathological analysis of the calvarial defects.
Parameter MeHA GelMA  Fibrin  Empty
Number of samples (n) 23 23 24 16
Bone tissue
Defect closure, bone, area 1.7 1.3 2.2 23
Defect bridging, bone, span/length 2.0 1.7 2.6 3.0
Biomaterial properties
Amount, blue material 3.6% 3.6 1.4 1.0
Surface irregularity, hydrogel 1.4 24 1.5% 0.0
Fragmentation, hydrogel 2,27 0.7 2.8 1.0
Pores, hydrogel 1.7 1.9 1.2% 0.0
Host tissue reaction
Cell infiltration, into biomaterial 0.9 0.5 0.4 0.0
Osseous integration of biomaterial 0.7 0.3 0.0 0.0
Mineralization of biomaterial 0.0 0.3 0.0 0.0
Inflammatory reaction
Inflammation, granulocytic/purulent 0.2 0.0 0.0 0.0
Inflammation, lymphocytic 1.6 3.0 2.0 0.3
Inflammation, granulomatous 1.0 2.2 1.1 0.1
Fibrosis (e.g. capsule formation) 2.2 1.3 1.0 1.3

* 1 Sample of MeHA was excluded due loss of gel during post-mortem handling.

** 1 Sample of GelMA was excluded due to loss of gel during post-mortem han-
dling.

** Values compromised/too high (spill-over of MeHA into neighbouring fibrin-
treated or empty spot, n= 21/39 defects).

#* Value compromised/too low (spill-over of MeHA- into neighbouring spots,
n=9/39 defects).

= Value compromised/too high (due to damage/fragmentation during surgery,
n=9/39 defects).

and granulomatous in nature), with a low tendency for a fibrous
encapsulation.

In contrast to MeHA, GelMA (stained dark blue) displays nearly
no fragmentation but a pronounced tendency to shrink. Similarly,
cell infiltration was nearly absent in GelMA constructs. Compared
to MeHA, the inflammatory cell infiltrates (both lymphocytic and
granulomatous) are more pronounced in GelMA, reaching moder-
ate amounts. In contrast, the tendency to form a fibrotic capsule is
lower.

Fibrin constructs are observed to be completely resorbed by
6 weeks post-surgery, with increased evidence of partial bridging
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when compared to MeHA and GelMA biomaterials. Inflammatory
cell infiltration (lymphocytic and granulomatous) is low to low and
comparable with MeHA.

4. Discussion

Bone is a complex tissue and is characterized by constant re-
modelling that occurs throughout life. Healthy bone is extremely
tough and resilient and has incredible self-healing potential leav-
ing a regenerated defect without scars. With the current lifestyle
changes and increasing aging population, combined with the di-
minished bone healing capacity in elderly patients, suggests that
healing complications associated with bone fractures (e.g., delayed
bone healing and potential progression to non-union) are esti-
mated to rise [19,20]. The current standard of care, which involves
bone grafting from autologous tissue or allografts, as well as im-
plantation of BMP-2-laden collagen sponges, are associated with
significant drawbacks [21], thus necessitating a search for alterna-
tive bone regenerative biomaterials. A tissue engineered scaffold
can provide a new alternative solution but, despite extensive re-
search, recent advances in this field show a low clinical translation
rate, potentially due the complexity of the tissue engineering ap-
proach but also due to the methods typically used to screen po-
tential therapies. The reproducibility and reliability of any research
study is based on the robustness of the methods and is negatively
affected when insufficient information and details are provided. In
the case of animal studies, the consequence is not only a lack of re-
producibility and reliability but most importantly the resulting ex-
perimental animals being wasted. Therefore, for science and ethics
it is crucial to fully report on animal data using reporting struc-
tures such as the ARRIVE guidelines 2.0 [22].

The combination of cells, biomaterials and factors are difficult
to assess using only simple in vitro tests, and preclinical models
need to be more robustly chosen to answer the question at hand.
In this study we sought to assess the performance of a variety of
tissue engineering relevant biomaterials both in vitro and in two
preclinical models commonly used to assess efficacy: an ectopic
rodent subcutaneous implant model and a rabbit calvarial defect
model. We adopted the typical workflow of a biomaterial-based
research study including the design, conduct and analysis and will
discuss common pitfalls.

Within this study we chose materials that have generated pos-
itive in vitro results and used bioactive factors with known in
vitro and in vivo osteogenic potential. Dexamethasone is a routinely
used osteogenic and chondrogenic in vitro supplement [23], which
has also shown benefits in clinical bone regeneration [24]. PolyP
is an inorganic energy source with strong wound healing [25] and
osteoinductive potential both in vitro and in vivo, including in cal-
varial models [26,27]. The presented results showed promising os-
teogenic potential of MSCs-laden biomaterials (MeHA, GelMA, fib-
rin) in combination with bioactive factors (Dexa-MP, polyP NP) in
vitro, based on gene expression of relevant markers and von Kossa
staining. The cell concentration within the biomaterials is based on
a previous work [28].

When studying new bone biomaterials, promising in vitro re-
sults often do not correlate with the outcome obtained from the
in vivo experiments. While this is anecdotally discussed, there are
very few papers that directly address this issue [9]. Thus, there is
a need to investigate this discrepancy further and use the data ob-
tained to improve the process used to test next generation bone
biomaterials. Why in vitro data leads to false positive results are
still largely unknown and yet it is a major weakness in the mate-
rial development pathway.

Therefore, a particular focus must be placed on the limita-
tions of each assay utilized. In vitro assays typically use only
one cell type and use a classical dexamethasone containing os-
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teogenic medium [8,29]. However, bone can heal via two different
routes, either intramembranous bone formation, where the infil-
trating cells differentiate directly into an osteoblast phenotype, or
endochondral ossification, which utilizes an initial cartilage tem-
plate formed as a result of chondrogenic differentiation of callus-
infiltrating MSCs, which subsequently mineralizes into bone tissue.
These two pathways require different conditions, both in the scaf-
fold design and the in vitro culture media used [1]. Therefore, it
should also be considered whether osteogenic medium should be
the standard when testing materials where the endochondral route
is expected to be the primary mechanism of action. While these
are the classically accepted pathways, evidence is emerging that
the actual process of fracture repair and bone formation may be
more complex [30,31]. This should also be considered when de-
signing the testing protocol for new materials. A further considera-
tion is whether the planned clinical use would include cell encap-
sulation and delivery, or whether a cell-free material will be im-
planted with subsequent cell infiltration. Effective testing of these
conditions in vitro will require a source of cells capable of undergo-
ing differentiation. While the initial in vitro tests will require cells
being encapsulated and differentiation assessed, an additional cell
migration assay would be warranted when the final implanted ma-
terial is planned to be used in a cell free approach and therefore
requires cell infiltration.

Within this study, each material demonstrated in vitro os-
teogenic differentiation of encapsulated hMSCs with various de-
grees of success. Yet cell free orthotopic implantation suggested
there was limited cell infiltration, leading to no intramembranous
bone formation. The materials used in this study have been uti-
lized in various bone healing studies and each has a range of po-
tential permutations in formulation (e.g. crosslinking and resulting
mechanical properties). The need for cell migration and the effect
of each modification on the ability of cells to enter the gel should
also be considered and reported during the initial material assess-
ments.

As the in vitro work showed promise, all materials were tested
using encapsulated hMSCs in a nude rat subcutaneous model. In
our data, subcutaneous implantation of MSC-laden biomaterials
did not lead to ectopic mineralization, despite the presence of os-
teogenic cells and osteogenic induction signals, a situation similar
to the in vitro study where mineralization occurred. Given the in-
herent inter-donor variability in osteogenic and chondrogenic po-
tential of human MSCs, we used the same donor for both the
in vitro and in vivo experiments to avoid donor-specific differ-
ences. The reasons for the poor correlation of in vitro and in vivo
outcomes are unclear, with potential off target effects or doses
of bioactive factors. Previous studies have demonstrated ectopic
bone formation using subcutaneous implantation, where a com-
mon theme is the incorporation of an osteoinductive component
such as BMP-2 or demineralized bone that drives the osteogenic
response [32-34]. This suggests that the subcutaneous model re-
quires the implantation of all the required differentiation drivers.
The implantation of cell-laden biomaterials in nude mice is an es-
tablished procedure, however, when using human cells in a nude
rat model, it should not be overlooked that although they lack
T cells, the Crl:NIH-Foxnlrnu rats have a normal complement of
B and NK cells, which may still respond to the xenogeneic cells.
MSCs have immunosuppressive potential [35,36], but their implan-
tation within immunocompromised animal models may diminish
the translational aspect, due to the importance of the immune sys-
tem for optimal bone healing. Initial inflammation is beneficial for
bone healing [37], but maintained inflammation impairs healing
[38]. A way to potentially improve efficacy testing of hMSC - laden
biomaterials and its clinical translation is the use of humanized
mice engrafted with functional human cells [39]. Bone healing has
been shown to be dependent on the immune status of the animal
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by implanting MSC-laden alginate hydrogels into T cell-deficient
nude rats and comparing the response to immunocompetent rats
[40]. Nude rats display improved healing response in muscle tis-
sue compared to competent rats, indicating an incomplete under-
standing how animal models respond when biomaterials are ap-
plied [41].

To establish the role on the in vivo model in data interpretation,
all materials were then tested cell-free within an intramembranous
orthotopic calvarial defect model in immunocompetent animals.
The implanted material led to a reduced bone formation when
compared to the empty defect, with the difference being more ex-
treme in the MeHA and GelMA groups, while the bone formation
using fibrin was similar in volume. The histological evaluation sup-
ported this conclusion and indicated this was due to a lack of cell
migration into the defect, further highlighting the critical role on a
migration assay in the materials development algorithm. Further-
more, dexa-laden biomaterials did not enhance calvarial bone re-
pair compared to the empty defect. Other publications using these
biomaterials implanted in calvarial defect reported positive data
[42-48], which indicates the exact formulation is key to the re-
sponse obtained [49].

This raises questions regarding the workflow that should be
adopted when testing new materials for osteogenic differentiation.
Taken together it suggests improvements can be made to the bone
testing algorithm. We would suggest routine use of a migration as-
say, humanized rodent models to allow the use of human cells,
and in vitro challenge of the materials with immune cells to as-
sess unwanted inflammatory responses. One key change could be
the implantation of proposed materials into an orthotopic model,
such as a drill hole model, early in the development cycle. This
would identify failures at an early time point, allowing optimiza-
tion to be focused on materials that have already shown potential
in an orthotopic environment. Due to the increasing evidence of
immunological regulation of healing, this should ideally be done
in an immune competent animal to identify early any unexpected
reactions. Substantial effort is often placed into optimizing in vitro
osteogenesis when there is no guarantee this will reflect the final
orthotopic function. An early orthotopic screen in vivo would high-
light which materials offer true potential thus reducing the effort
placed to test materials in vitro that are destined to fail in vivo.
Furthermore, the adequacy of the in vivo model in assessing com-
plex TE approaches, and how to ask the right question with the
right model (e.g. direct versus indirect bone formation) when us-
ing combinations of cells, bioactive factors and biomaterials while
also applying the 3Rs, must not be overlooked.

In conclusion, despite promising in vitro data, 12 material com-
binations utilizing 3 different base materials all failed to lead to
bone formation in an orthotopic model. Optimization of in vitro
material testing protocols may identify some of these failures at an
earlier time point and more studies are needed to understand how
host responses to biomaterials differ based on the animal model
used.
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