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ARTICLE INFO ABSTRACT

Keywords: Regeneration of severe bone defects remains a challenge. A formulation of synthetic glass-reinforced hydroxy-
D":Xtriﬂ apatite bone substitute, Bonelike® Poro (BL®P), 250-500 um-diameter, with a dextrin-based hydrogel (HG),
Injectable further loaded with human dental pulp stem cells (hDPSCs) with osteogenic differentiation ability, was tested for
Hydrogel the management of critical-sized defects in an ovine model

Bone regeneration . . ’

Stem cells Morphology, calcium release, and mechanical strength of HG + BL®P were analyzed. Then, BL®P, HG +

Dental pulp BL®P, and 10° hDPSCs-loaded HG + BL®P were implanted in ovine critical-sized 14 mm-diameter calvaria
defects. Bone samples were collected after 3 and 6 weeks for histological and micro-CT analysis.

BL®P exhibits a suitable porous size for cell ingrowth, from the nm (>200 nm) to the pm (5 um) range. The
addition of BL®P granules to the HG resulted in increased compressive elastic modulus and ultimate tensile
strength. The mildly acidic nature of the HG contributed to a faster dissolution of granules. In vivo results
confirmed the HG suitability as a carrier, providing better defect filling, easy handling, and injectability of BL&P
without compromising new bone formation nor biocompatibility. The HG + BL®P formulations can successfully
regenerate critical-sized defects; however, addition of hDPSCs did not significantly enhance new bone formation
under these conditions.

Granular BL®P provides an effective alternative to autologous grafts. The HG acts as a biocompatible carrier of
granular bone substitutes and cells, conferring injectability and cohesivity.

Abbreviation: ADH, adipic acid dihydrazide; ANOVA, one-way analysis of variance; ARS, Alizarin Red S; BL®P, Bonelike® Poro; HA, Ca, calcium; DPBS, Dul-
becco’s phosphate-buffered saline; FBS, fetal bovine serum; FCT, Portuguese Foundation for Science and Technology; GAGs, Sulphated Glycosaminoglycans; GRAS,
generally-recognized-as-safe; HA, Hydroxyapatite; HCL, hydrochloric acid; hDPSCs, human dental pulp stem cells; H&E, haematoxylin and eosin; HG, dextrin-based
hydrogel; HLA-DR, human leucocyte antigen — DR isotype; ICP-OES, inductively coupled plasma optical emission spectroscopy; MSCs, multipotent mesenchymal
stem cells; ODEX, oxidized-dextrin; ORO, Oil Red O; PBS, phosphate-buffered saline; PVA, polyvinyl alcohol; Circular Region of Interest, ROI; SD, standard deviation;
RT-PCR, real-time polymerase chain reaction; SEM, Scanning Electron Microscope; TCP, Tricalcium phosphate; VOI, volume of interest.
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A. Machado et al.

1. Introduction

Bone substitutes can substantially improve life quality by repairing
damaged bone, accelerating healing, avoiding complications, and
improving outcomes, but they become absolutely indispensable in cases
of critical-sized defects, defined as defects incapable of complete spon-
taneous regeneration during the entire lifetime [1]. A study report
shows the global bone graft and substitutes market size was valued at
USD 2.78 billion in 2020, being expected to grow at a rate of 5.8% from
2021 to 2028 [2]. Indeed, bone defect is a common event that may arise
from numerous clinical circumstances related to, for instance, fractures,
traumas, tumors, infections, and other disorders [3]. Incidence of these
scenarios will likely be aggravated as a consequence of the increasing
human life span. World Health Organization foresees the proportion of
the world’s population over 60 years to double from 12% to 22% be-
tween 2015 and 2050 [4].

In the management of bone defects, grafts have long been used to
support bone deposition at the early stages of osteointegration,
providing mechanical support, and a tuned resorption rate as synchro-
nized as possible with new host bone replacement, being osteo-
conductive, osteoinductive and osteogenic so that new bone can grow
within the biomaterial [3]. Hydroxyapatite (HA) is a bioactive ceramic,
one of the most effective calcium phosphates used for the development
of synthetic grafts for bone repair. This mineral mimics the composition
of natural bone, is porous, osteoconductive, resorbable, biocompatible
and shows good osseointegration, providing excellent conditions for
tissue ingrowth [5]. We have been applying a glass-reinforced HA bone
substitute of different granulometries, Bonelike®, for regenerative pur-
poses [6-13]. Bonelike® Poro (B®LP) is a biomaterial with micro and
macroporous interconnected architecture [14]. Contrasting with mi-
cropores which are an important factor for cell adhesion, macroporosity
is defined as possessing pores with one of its dimensions larger than 10
pm [15] which, together with interconnectivity, favors vessel infiltra-
tion for blood supply, cell colonization, communication, migration and
proliferation, exchange of water and nutrients [16]. Consequently,
macroporosity also favors cell-mediated biomaterial resorption which,
ideally, should not occur faster than new bone ingrow. Additionally,
osteoblasts (sized 10 - 50 um) show preference for >100 um pores [16,
17]. BL®P production method generates granules of sizes between 150
um and 6 mm (approximately), being convenient for various clinical
applications, from smaller to larger defects in dentistry and orthopedics.
Recently, BL®P from 2000 to 5600 pm in diameter, with pore sizes
ranging from 200 to 600 pm, enabled the regeneration of 17 mm
diameter critical-sized lesions over 5 months of recovery, in an ovine
model of iliac crest [14], performing comparably to the autograph
technique parallelly tested. Synthetic grafts emerge to overcome limited
sources, morbidity, and rejections associated with autographs or
allographs.

Bone substitutes should provide mechanical stability and promote
the healing process, ultimately being replaced by functional tissue
through remodeling. However, the management of large defects, un-
satisfactory vascularization, and shortcomings in reabsorption rates and
biomechanical performances remain a challenge. The rate of resorption
is of primordial importance as it dictates the duration of osteoconductive
support essential for bone regeneration. Low resorption rates, such as
those found in pure HA or bovine-sed bone substitutes (Bio-Oss®,
Geistlich Biomaterials, Switzerland), can result in a number of compli-
cations, such as displacement of the graft materials, implant failure,
foreign body reactions, chronic inflammation, soft tissue fenestrations
and associated cysts, and lack of biodegradation requiring the removal
of the bone graft material [18]. In this regard, new bone substitute
materials associated with sodium alginate as a glue to fix the bone
particles, Mega-TCP and Mega-oss, performed comparably to Bio-Oss®
in terms osteoblast differentiation ability, though displaying higher
resorption rates than those of Bio-Oss (24.4%, 15.3%, and 3.3%,
respectively) [19]. On the other hand, synthetic TCP bone substitutes (e.
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g. Cerasorb®), with high resorption rates provide short-term mechanical
stability, having been associated with longer healing times [20]. Given
that de novo bone formation is dependent on a time-dependent syn-
chronized vascularization and bone formation, resorption rate of bone
substitutes becomes essential in bone tissue engineering strategies.

Grafts can be associated with other bioactive agents to modulate or
boost the regenerative process. Human dental pulp stem cells (hDPSCs),
present inside the dental pulp, are a type of self-renewing, multipotent
mesenchymal stem cells (MSCs) with easy accessibility and suitable for
cryopreservation, being attractive for clinical application. hDPSCs have
low immunogenicity, and lack expression of human leucocyte antigen
(HLA-DR) surface molecules [21], diminishing the risk of transplant
rejection between species [22]. hDPSCs are auspicious for bone repair
owing to their osteodifferentiation potential and secretion of important
pro-regenerative biomolecules. They can generate osteoblasts [23],
produce extracellular and mineralized matrix [24], and have shown
higher proliferative capacity and alkaline phosphatase activity
compared to the popularly used bone marrow-derived MSCs [25].
Although several critical-sized pre-clinical models have been used to
demonstrate the regenerative potential of hDPSCs associated with syn-
thetic scaffolds, they have been mainly performed in rats, whereas other
close-to-human models, such as goats, sheep, or swine are still rare [26].
Sheep is a suitable pre-clinical model of novel osteogenic technologies
for reasons such as ease of housing, compliance, docility, availability,
life-span for long-term treatment processes, and sufficiently large bones
to allow testing multiple conditions simultaneously. Bodyweight, the
macrostructure and the turnover and bone modeling rate are similar to
those of humans [27,28].

Currently, there are many clinical cases requiring bone filling ma-
terials but most commercially available grafts display limited handling
properties. The combination of hydrogels with bone substitutes is a well-
established trend that can not only confer injectability, moldability, non-
invasive techniques and avoid early evasion of particles, but also act as a
platform for cell colonization and as a carrier of bioactive molecules and
cells, which can considerably improve the healing process. Dextrin
((C¢H100s)n) is a glucose polymer predominately composed of a-(1 — 4)
glycosidic bonds, derived from starch by partial hydrolysis - a natural,
broadly available, renewable source. Dextrin is a smart option for
therapy design for several reasons, for instance: i) nontoxic, accepted as
a generally-recognized-as-safe (GRAS) food ingredient [29-33], and
available in medical grade; ii) low molecular weight (<2800 g/mol)
[34] below the renal filtration limit range (~30-50 kDa) [35,36],
avoiding tissue accumulation; iii) biodegradable, as it can be enzymat-
ically decomposed into glucose monosaccharides by blood a-amylases;
iv) holds multiple reactive primary and secondary hydroxyl groups,
suitable for conjugations or grafting strategies and other chemical re-
actions; and vi) low viscosity, which can be adjustable, to improve
quality of shape-filling materials [37]. In this work, aldehyde-bearing
dextrin spontaneously cross-linked with adipic acid dihydrazide
(ADH) amine groups by Schiff base reaction, without any chemical
initiator, was used [38]. An injectable in situ hydrogel (HG) is so ob-
tained, capable of complete filling and molding to irregular defects. This
network is gradually dismantled owing to the reversible nature of
hydrazone bonds in water [39]. We have previously reported HG’s
suitability as a carrier of nanogels, cells, biomolecules, and granular
ceramics [34,38,40-42] and also demonstrated the in vitro cyto- and
genocompatibility [38,43].

In a previous study, microporous BL®P (250-500 pm) associated
with hDPSCs improved bone regeneration in a non-critical ovine model
[44]. In this work, the same macroporous BL®P associated with HG will
be used as a transplantation-based strategy for hDPSCs and tested in
ovine critical-sized calvaria defects. Bone formation and biomaterial
resorption will be analyzed at weeks 3 and 6 post-treatment through
histologic and micro-CT processing. The aim of this study is to propose
the HG as a delivery agent for hDPSCs, and also as an
injectability-conferring agent, without compromising the regeneration
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process provided by BL®P.
2. Material and methods
2.1. Materials and reagents

Dextrin used in this study was Tackidex B 167 (Batch E 1445), was
kindly provided by Roquette (Lestrem, France). Sodium m-periodate,
diethylene glycol, adipic acid dihydrazide (ADH), silver nitrate, sodium
thiosulfate, dexamethasone, ascorbic acid-2-phosphate, f-glycer-
ophosphate, Alcian Blue, acetic acid, sodium carbonate (NapyCO3), cal-
cium fluoride (CaFp), calcium hydrogen phosphate (CaHPOj,), di-
phosphorus pentoxide (P20s) and polyvinyl alcohol (PVA), formalde-
hyde, pepsin and hydrochloric acid (HCl) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco’s phosphate-buffered saline
(DPBS), aMEM, fetal bovine serum (FBS), streptomycin, penicillin, and
amphotericin B were obtained from Gibco® (Waltham, MA, USA). BL®P
granules (250-500 um) were provided by Biosckin—Molecular and Cell
Therapies, S.A. Trypan Blue™ exclusion assay was purchased from
Invitrogen™, for use with the Countess™ Automated Cell Counter
Invitrogen™.

2.2. Preparation of dextrin-based hydrogel

First, dextrin was oxidized as previously described by our group
[41]. Briefly, sodium m-periodate (NalO4), was added to dextrin solu-
tion (2% w/v), at an equivalent theoretical degree of oxidation of 40%
(mol). The reaction was left stirring for 20 h at room temperature,
protected from light, until stopped with a NalO4-equimolar amount of
diethylene glycol. NalO4 and diethylene glycol were removed by dialysis
(1000 Da cut-off membrane from Merck Millipore, USA) over 48 h with,
and the dialyzed product, oxidized-dextrin (ODEX) was freeze-dried.
Then, dextrin-based hydrogel was prepared as described by Pereira
et al. [43]. ODEX solution was prepared in phosphate-buffered saline
(PBS) buffer (30% w/v) and sterilized by gamma irradiation (20 kGy; 2
kGy/h), by IONISOS (Dagneux, France). ADH solution was prepared in
PBS buffer as well (3.76% w/v) and sterilized by filtration with a 0.22
pm pore filter membrane (Pall Corporation, USA). ODEX and ADH so-
lutions were used in a volume ratio of 7:3 to prepare in vivo formulations.

2.3. Preparation of Bonelike® Poro

BL®P was prepared as previously reported [45,46]. Briefly, HA
powder and P20s5-CaO-based glass were individually prepared and
mixed. To prepare P,0s5-CaO phase, appropriate quantities of NayCOs,
CaHPOy, CaFs, and P205 were mixed and heated up to 1450 °C, for 90
min, in a glass furnace and poured into deionized water, then crushed in
an agate mortar and sieved to obtain a fine glass powder with a particle
size below 50 pm. BL®P was obtained by mixing 2.5 wt.% of this glass
powder with 97.5 wt% of HA, and then further mixed with
pore-forming agents, microcrystalline cellulose and polyvinyl alcohol, to
obtain the micro and macroporous structure. The resulting mixture was
dried at 60 °C for two days and samples were sintered at 1300 °C for 1 h,
using a heating rate of 4 °C/min, then milled to the desired granule size.
BL®P of 250-500 pm granule size was obtained, displaying a macro-
porous structure with interconnective porosity. Table 1 shows BL®P
composition and properties were characterized by chemical analysis,
X-ray diffraction (phases quantification), scanning electron microscopy

Table 1
Composition and properties of BL®P.
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(morphology), and mercury porosimetry (porosity).
2.4. Bonelike® Poro dissolution behavior

The dissolution behavior of BL®P was determined by measuring the
concentration of calcium (Ca) ions released into solution, using induc-
tively coupled plasma optical emission spectroscopy, ICP-OES (Optima
8000, PerkinElmer). In short, the dissolution rate was measured by
immersing BL®P (30 + 0.2 mg) in PBS buffer (without Ca®* and Mg?",
BioConcept Ltd.) pH 7.2, and in ODEX solution (30% p/v) with PBS in a
7:3 ratio at pH 5.2, i.e., using the HG components without ADH, to
prevent gelling, at 37 °C, under mild agitation. Samples (n = 5) were
collected at defined time-points, then diluted with ultra-pure water,
filtered through a membrane with a 0.22 um pore size and a few drops of
nitric acid, HNOs, (Fisher, Loughborough, UK, 69%) were added before
analysis. A standard curve between 0.05 mg/L and 40 mg/L was pre-
pared in nitric acid (5%) and plotted before analyzing samples. The
operating conditions of ICP-OES were as follows: RF (radio frequency)
power: 1400 W, argon plasma flow: 12 L/min, auxiliary gas flow: 0.2 L/
min, nebulizer gas flow: 0.7 L/min. The plasma view was axial and the
wavelength used for Ca analysis was 317.933 nm.

2.5. Mechanical test

Mechanical properties of empty or BL®P loaded HG samples were
analyzed by uniaxial compression measurements on a TA HD Plus
Texture Analyzer (Stable Micro Systems, UK), using a 25 mm aluminum
probe. Test samples (5 mm thickness x 12 mm diameter) were poured
into cylindrical molds and left crosslinking for 30 min before analysis.
The force used to compress 70% of the initial height was measured at a
speed rate of 0.5 mm/s. A trigger force of 1 g was used. The rupture point
was evaluated by the maximum peak of the stress-strain curve, and
Young’s modulus (E) was determined as the average of the slopes of the
first linear interval in the range between 2 and 7% deformation of the
stress-strain curve. Tests were performed in triplicate.

2.6. Scanning electron microscopy

Dried BL®P granules before and after 15 days of immersion in PBS or
ODEX were added to aluminum pin stubs with electrically conductive
carbon adhesive tape (PELCO Tabs™) and 25 angstroms Au coated. The
coated samples were then placed on a Phenom Standard Sample Holder
and characterized using a desktop Scanning Electron Microscope (SEM)
(Phenom ProX, Netherlands) at 15Kv. All resulting images were ac-
quired using the ProSuite software v.3.0.

2.7. Human dental pulp stem cells (hDPSCs) culture and characterization

Cells were obtained from AllCell, LLC (Cat. DP0O037F, Lot No.
DPSC090411-01) and cultured under standard conditions (37 °C, 95%
humidified atmosphere and 5% CO>) with aMem (32,561,029, Gibco®),
supplemented with 10% FBS (A31608-02, Gibco®) and 100 IU/ml
penicillin, 0.1 mg/ml streptomycin (15,140,122, Gibco®), 2.05 mg/ml
amphotericin B (15,290,026, Gibco®). We have previously shown
hDPSCs differentiation ability towards the osteogenic, chondrogenic
and adipogenic cell lineages, and further MSCs’ phenotype identifica-
tion, assessed by flow cytometry and real-time polymerase chain reac-
tion (RT-PCR) [41,47].

Material Ca/P ratio HA (%) o-TCP (%) B-TCP (%) Ions Granules size (pm) Surface area (mz/g) Porosity (%)
BL®P 1.70 75 15 8.0 Ca®', PO3, F~ 250-500 7.237 65
+2 +2 + 1.1

HA, Hydroxyapatite; BL®P, Bonelike® Poro; TCP, Tricalcium phosphate.
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Each cell dosage was composed of 10° viable hDPSCs at passage 4,
suspended in 0.05 mL DPBS (14,190,144, Gibco®). Cell viability was
assessed using the Trypan Blue™ exclusion assay, after trypsinization of
the cells at passage 3. Cell population presented approximately 98%
viability after trypsinization. Cell dosages of 10° viable hDPSCs were
prepared in DPBS, immediately prior to in vivo application.

2.8. Preparation of formulations for in vivo implantation

To reach a final HG volume of 500 pL, 150 pL of ADH (3.76%, w/Vv)
and 350 pL of ODEX (30%, w/v) were aliquoted separately. BL®P
granules (0.29 g) were distributed in microtubes, representing 60% (w/
v) of the hydrogel (wpr/vig). A dose of 10° of hDPSCs were used per
formulation. Cells were thawed and washed by centrifugation (270 g, 7
min) with culture medium to eliminate the cryoprotectant, dimethyl
sulfoxide, and then washed with PBS to eliminate fetal bovine serum
present in the culture medium, to avoid any undesired reaction. The
final pellet was resuspended in 50 uL PBS. Formulations were prepared
according to Table 2. When used without HG, BL®P granules were
mixed with autologous blood prior to application. For injectable sam-
ples, BL®P granules were poured into ODEX solution and 50 pL of cell
suspension in PBS were then added. ADH was mixed for crosslinking
reaction, which took 20 to 30 min until a properly gelled and mouldable
paste was achieved. For HG + BL®P formulation, 50 pL of empty PBS
was added in substitution of cell suspension. The preparation and
handling details are represented in Fig. 1.

2.9. Surgical procedure

All procedures were in conformity with the Directive 2010/63/EU of
the European Parliament and Portuguese legislation (Portaria 1005/92),
and with the approval of the Portuguese Veterinary Authorities
(Direcao-Geral de Alimentacao e Veterindria). Ovis aries (churra da
terra quente sheep) were included this study: 10 healthy nonpregnant
adult female individuals, with an average weight of ~40 kg and aged
between 7 and 8 years. Animals were randomly sacrificed at weeks 3 and
6, 5 animals per time-point for bone deposition analysis. In each animal,
four identical defects were performed in the calvaria and randomly filled
with different formulations, as follows: i) no treatment (control); ii)
BL®P; iii) HG + BL®P and iv) HG + BL®P + hDPSCs (Fig. 1). Block
randomization was used to allocate the different conditions. The animals
were pre-medicated with 0.1 mg/kg acepromazine (Calmivet®, Veto-
quinol) and 0.01 mg/kg buprenorphine (Bupaq®, Richter Pharma AG),
with anesthesia induction performed with 0.25 mg/kg diazepam
(Labesfal), 5 mg/kg ketamine (Ketabel®, Bela-pharm) and 4 mg/kg
propofol (lipuro®, Bbraun). Endotracheal intubation was performed by
direct visualization using a rigid endoscope placed inside the endotra-
cheal tube. Surgeries were conducted under inhaled general anesthesia
using isofluorane and intravenous fluid was provided at maintenance
rate (NaCl 0,9% B Braun®). The skin was prepared by performing wool
shaving and antisepsis with chlorhexidine 4% and an incision was made
along the sagittal plan from the base of the horns until the middle of the
nasal bone, so that defects could be made in the calvaria. The periosteum
was opened and full thickness critical-sized bone defects were

Table 2

Composition of formulations applied in vivo.
Formulation BL®P (60% hDPSCs ODEX (30% ADH (3.76

WBL/VHG) w/v) w/v)
BL®P 029g - Autologous blood
HG + BL®P 0.29g 50 uL PBS 350 L 150 yL
HG + BL®P + 0.29 g 10° cells in 50 350 uL 150 pL
hDPSCs uL PBS

BL®P, Bonelike Poro; HG, hydrogel; hDPSCs, human dental pulp stem cells;
ODEZX, oxidized-dextrin; ADH, adipic acid dihydrazide.
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performed in the frontal bone with a trephine (outer @ 14 mm) overlying
the frontal sinus, leaving the sinus mucosa and its fibrous connections
intact. During this procedure, the bone was continuously irrigated with
saline solution in order to avoid overheating and consequent bone ne-
crosis. HG formulations were then placed in the defect with a syringe,
excepting for the HG-depleted BL®P sample that was mixed with
autologous blood. All treatments were sculpted within the defect with a
spatula. Periosteum and soft tissues were closed in layers with resorb-
able sutures in a continuous pattern and the skin with an intradermic
suture. The animals were set free and received analgesic medication for
4 days, with flunixin meglumine and antibiotic treatment for 7 days with
amoxicilin. Animals were sacrificed with a lethal intravenous injection
of 40% sodium pentobarbital (Euthasol®). The frontal bones were
removed from the head using an oscillating saw, a hammer and an
osteotome and then fixed in 4% formaldehyde solution and X-ray images
were obtained. Then, each bone defect was sectioned using an oscil-
lating saw and maintained in formaldehyde until analysis.

2.10. Micro-computed tomography analysis

The micro-CT images of the collected samples were obtained using
SkyScan 1275 equipment (source voltage 80 kV and source current 125
uA and with an acquisition time of 45 min) (Bruker, Karlsruhe, Ger-
many). The images were reconstructed using Nrecon 1.7.5.0 software.
For data analysis, samples were first aligned perpendicular to the skull
surface and a volume of interest (VOI) with 300 slices was defined using
DataViewer 1.5.6.3 software. Then, using CTanalyser 1.18.10.0 soft-
ware, a Circular Region of Interest (ROI) with a diameter of 13.9 mm
was determined (Fig. 2). The cut to start the data analysis was deter-
mined by the first lower cut that presented a closed bone circle. In order
to characterize the different types of components existing in the samples
three thresholds were defined: the one characterizing the ceramic
granules (170 / 255); the one characterizing the previously existing
bone (110 / 160) and the one characterizing the newly formed bone (85
/ 255). The data analysis was performed firstly by subtracting in the ROI
the existing bone with the 110 / 160 threshold and then determining the
presence of granules with the 170 / 255 threshold and the formation of
new bone with the 85 / 255 threshold.

2.11. Histological analysis

Bone samples kept in formaldehyde solution were decalcified with
Surgipath decalcifier II (Leica Biosystems, USA), for at least 5 days,
dehydrated and embedded in paraffin wax, in an automatic tissue pro-
cessor Hypercenter XP (Shandon®, GMI Trusted Laboratory Solutions,
USA). Consecutive 3 pm sections were cut and stained with haematox-
ylin and eosin (H&E) and Masson’s trichrome. Images were acquired
using a Nikon VR microscope connected to a Nikon VR digital camera
DXM1200.

2.12. Statistical analysis

Experimental data were presented as mean + standard deviation
(SD). Statistical analysis of data was performed by one-way analysis of
variance (ANOVA) followed by the Tukey’s post-test, a value of p < 0.05
(*) was considered to be significant, except for the mechanical test in
which a students t-tests was used. Shapiro-Wilk test was applied as a
normality test. The analysis was performed using Prism Graph Pad 8.0.2
software® (Graph Pad Software, La Jolla, CA, USA).

3. Results
3.1. Human dental pulp stem cells characterization

hDPSCs used in this experiment were previously characterized and
published [44]. Figure 3 shows hDPSCs morphology cultured at passage
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Pour 0.29 g BL®P Thaw and Add hDPSCs Add ADH Progressive Ready for
into ODEX solution =~ Wash hDPSCs  pellet to ODEX solution gelling process sculpting
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Fig. 1. Sequence of events demonstrating preparation and handling of hydrogel formulations, accompanying the surgical procedure time length. ODEX, oxidized-
dextrin; ADH, adipic dihydrazide; hDPSCs, human dental pulp stem cells. (2-column fitting image; color).
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Fig. 2. Micro-CT protocol visually exemplified. (2-column fitting image; color).

3. Briefly, hDPSCs were demonstrated to present characteristic hMSCs’
markers, as assessed through flow cytometry. Over 90% of the popula-
tion was positive for CD90, CD105 and CD44, and <2% were negative
for CD34, CD11b, CD19, CD45 and MHC II. Gene expression was per-
formed through RT-qPCR analysis. Total RNA was successfully extracted
from cultured hDPSCs and specific gene expression was assessed. CD34
was not detected, as expected for hDPSCs. CD105, CD73 and CD90 were
highly expressed; CD166, MHC I and CD117 showed strong to moderate
expression. Multipotency genes as Nanog, Oct4, Sox2, were also weakly
expressed (Delta threshold cycle value >35). Moreover, weak expression
of MHC class II was detected in hDPSCs by RT-qPCR analysis, however,
membrane expression demonstrated by flow cytometry, was not detec-
ted. Tri-lineage differentiation was quantitatively evaluated through Oil
Red O (ORO), Alizarin Red S (ARS) and Sulphated Glycosaminoglycans
(GAGs) protocols, to evaluate adipogenic, osteogenic and chondrogenic
differentiation, respectively. Results demonstrated successful differen-
tiation towards the three lineages, with significant differences from
undifferentiated controls. Particularly relevant was the capacity for

osteogenic differentiation, proven both qualitatively through alizarin
red staining and quantitatively through alizarin red staining quantifi-
cation, a concentration that showed statistically significant differences
with the control group, that is, hDPSCs not subjected to osteogenic
differentiation medium. The RT-PCR technique also allowed to identify
the osteogenic activity marker ALP, with ACt values higher than those
identified in other MSCs such as those derived from the umbilical cord.

3.2. Dissolution rate, morphology and mechanical behavior

Despite being mostly composed of HA, BL®P also possesses a-TCP
and B-TCP phases (table 1) which are much more soluble than HA. The
dissolution rates of BL®P at different pH are summarized in Fig. 4. In the
weak acidic ODEX solution (pH 5.2), simulating the hydrogel pH envi-
ronment, BLP released Ca®" ions at a faster rate compared to PBS (pH
7.2). Figure 5 shows the BL®P morphology, exhibiting irregular struc-
ture with interconnected macropores from the nm (>200 nm) to the ym
range at 4500 x magnification. No significant morphological differences



A. Machado et al.

Fig. 3. Human dental pulp stem cells (hDPSCs) cultured at passage 3, with a
~90% confluency, prior to trypsinization, cell viability assessment by the
Trypan Blue™ exclusion assay, and dosage preparation. (Single column
fitting image).

were seen after 15 days of dissolution.

A compressive test was performed on HG and HG + BL®P formula-
tions with 5 mm thickness and 12 mm in diameter (Fig. 6). The addition
of BL®P to the HG increased its Youngs modulus and maximum
compressive strength, from 0.163 + 0.040 kPa to 0.400 + 0.137 kPa and
from 66.8 + 6.5 kPa to 163.3 + 13.2 kPa, respectively (Table 3). The
HG + BL®P presents better mechanical properties, but insufficient to
confer relevant load bearing ability to the composite.

3.3. Surgical analysis

The surgical procedure was simple and well tolerated by the animals.
The HG formulations were convenient to handle and administered in
one step, perfectly shaping to the defects up to the edges, without
leaking granules. On the contrary, BL®P previously mixed with autol-
ogous blood, was implanted with a surgical spatula little by little, until
complete defect filling, each time gently compressing in an attempt to
stick the material together and prevent leakage out of the defect. Gelling
time refers to the moment when samples become sticky enough as to
properly being implanted without leakage. The more time, the stickier
or harder the sample becomes. The addition of hDPSCs pellet (or empty
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g —~ PBSpH7.2
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Fig. 4. Dissolution of Bonelike® Poro (BL®P), expressed as the amount of
calcium ions release as a function of time in oxidized-dextrin (ODEX) solution
pH 5.2, and phosphate-buffered saline (PBS) buffer pH 7.2, up to day 15. Data
are presented as mean =+ standard deviation (n = 5). (Single-column
fitting image).
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PBS) to the pre-stablished 7:3 (v/v) (ODEX:ADH) HG formulation,
diluting the sample, culminated in a gelling time around ~25 to 30 min,
with no influence on handling, sculpting, cohesivity, injectability or any
other formulation feature. A representative final aspect of the implan-
tation sites is shown on Fig. 7A and that of the harvested bone after the
fixation process on Fig. 7B. The post-surgery period was free of any
complications (infections, abscesses or allergic reactions), and the sur-
gical skin incision healed as expected. Also, no evidence of adverse tis-
sue reaction nor infection were detected during bone sample harvesting.

3.4. Bone regeneration of critical-sized defects

3.4.1. Micro-computed tomography analysis

Implantation sites were examined 3- and 6-weeks post-treatment.
Micro-CT analysis provided visual proof of bone deposition in the
whole implanted area in each time-point, further enabling the distinc-
tion between new bone and remaining granules (Fig. 8). Control con-
dition was not able to regenerate over time, presenting scarce and small
ossification focus, whereas all the three BL®P treatments displayed
considerable bone deposition. These conditions achieved an almost
complete osteointegration up to week 6, excepting for the peripheral
area and, in the case of HG formulations, few interspersed empty areas.

The effect of the addition of the HG or hDPSCs to BL®P formulations
can be more precisely distinguished in Fig. 9(A) and (B), where the
volume of new bone, granules and total bone were quantified in mm? (n
= 5). New bone and total bone volumes were not significantly different
among treatments with and without HG, for both time-points, which
demonstrates that the HG does not compromise the formation of new
bone. These results also show that hDPSCs loaded into the HG and BL®P
did not significantly enhance new bone formation for the specific con-
ditions used and up to week 6 of tissue repair, though a tendency for
more bone ingrowth may be denoted at early stage compared to the HG
+ BL®P formulation. At week 3, the remaining amount of granules was
higher in the BL®P condition, as compared to the HG formulations
(although not statistically significant - Fig. 9(C)), which suggests a faster
resorption in the presence of the HG, as shown previously on Fig. 4. At
week 6, the remaining granules are present in similar amounts for all
formulations; although a trend towards lower amount of granules over
time (week 6 versus week 3) is apparent, the difference is not significant,
due to the low absorption rate of the biomaterial.

3.4.2. Histological analysis

The tissue obtained after regeneration was further analysed histo-
logically. Figures 10 and 11 show H&E and Massons trichome staining,
respectively. Three weeks post-surgery, defects without treatment
(control) show dense connective tissue with scattered inflammatory
cells and no signs of bone formation. Usually, all treatments presented
new trabecular bone interspersed with connective tissue circling the
granules, evidencing the presence of osteoblasts, osteoclasts and vessels.
BL®P group induced a faster regenerative process, evidencing notorious
mature bone with well differentiated osteocytes. Both the addition of HG
and hDPSCs to BL®P granules showed no benefit in terms of bone for-
mation at week 3, according to micro-CT analysis (Fig. 9). Macrophage
activity was detected around a material suspected being HG remains.

At week 6, non-treated group confirmed the difficulty on developing
new bone as expected for a critical-sized defect, showing dense con-
nective tissue with few minor focus of ossification. Groups with
HG+BL®P and HG+BL®P+hDPSCs evidenced the presence of larger
amounts of mineralized bone (magenta color on Masson$ trichome stain)
spread throughout almost the entire defect, engulfing granules of
smaller size, accompanied by a decrease in fibrous tissue, as compared to
week 3. The groups treated with BL®P granules presented several new
vessels circling the biomaterial. No signs of HG remains was noticed at
this stage. Overall, the addition of HG and cells did not compromise nor
accelerate bone formation, respectively.
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BL®P in ODEX
for 15 days

1

Fig. 5. SEM images of (A and D) Bonelike® Poro (BL®P) granules before immersion, (B and E) BL®P after 15 days of immersion in PBS solution and (C and F) in
oxidized-dextrin (ODEX) solution. Macropores of BL®P are indicated by green arrows (A to C: 500x magnification, scale bars = 100 pm, E to G: 4500 magnifi-

cation, scale bars = 10 pm). (2-column fitting image; color).
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Fig. 6. Compressive test: preparation of (A) disc-form HG + BL®P material in 12-diameter molds before (B) positioned under the probe, and (C) stress—strain curves
for HG and HG + BL®P formulations. Data are presented as mean =+ standard deviation (n = 3). (2-column fitting image; color).

4. Discussion synthetic glass-reinforced HA bioceramic associated to an HG, further

loaded with hDPSCs. Main features of the formulation include ease of

We hereby show the regeneration of full-thickness 14 mm @ critical- preparation and administration, safety validation and bone deposition
sized defects performed in the calvaria of an ovine model, using a after 3 and 6 weeks of treatment.
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Table 3

Compressive modulus, stress (at 70% strain) for HG and HG + BL®P formula-
tions. Data are presented as mean + standard deviation (n = 3). Statistical
analysis was performed using unpaired student’s t-test.

Sample Young’s modulus (E) [kPa] Maximum compressive strength [kPa]
HG 0.163 + 0.040 66.8 + 6.5

HG + BL®P  0.400 + 0.137 163.3 + 13.2

p value 0.0452 0.0003

Materialia 30 (2023) 101859

Calcium ions release was nearly 3 times higher in acidic ODEX so-
lution than in PBS at day 15, therefore expected to result in a faster BL®P
dissolution rate in vivo. We have previously observed this outcome in
other dextrin-based HG reinforced Bonelike® formulations applied in
vivo [41]. How this release of calcium ions may affect the viability and
proliferation of hDPSCs was not specifically explored in this work, and it
would be important to analyze this factor in vitro in the future, although
the fact that the presence of hDPSCs did not accelerate formation bone
until week 6 with the presence of ODEX seems to indirectly indicate that
there is no effective influence on cellular performance. The dissolution
behavior of HA and TCP-based bone substitutes in weak acidic solution,
mimicking Howship’s lacunae, has been shown to be faster compared to

Fig. 7. (A) Frontal bone critical-sized defects performed in sheep, fulfilled with formulations: control (left-bottom); Bonelike® Poro (BL®P) mixed with autologous
blood (right-bottom); dextrin-based hydrogel (HG) + BL®P + human dental pulp stem cells (hDPSCs) (left-upper) and HG + BL®P (right-upper). (B) Harvested

frontal bone after fixation. (1.5-column fitting image; color).
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+ BL®P
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Granules Reconstructed
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Fig. 8. Representative micro-CT slice images of the implantation sites after 3 and 6 weeks of treatment with different formulations. (2-column fitting image).
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Fig. 9. Quantification of the new bone (A), total bone (B) and granules (C) volumes in implanted sites after 3 and 6 weeks of treatment. Total bone refers to the sum
of new bone with granules. Statistical analysis was performed within each time-point using one-way analysis of variance (ANOVA) followed by the post-hoc Tukey
test (** p < 0.01 and *** p < 0.001). Results are shown as mean values + standard deviation (n = 5). BL®P, Bonelike® Poro; HG, hydrogel; hDPSCs, human

mesenchymal stem cells. (2-column fitting image).

Control
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HG +

Fig. 10. Haematoxylin- and eosin-stained histological sections from implanted sites after 3 and 6 weeks of treatment. CT, connective tissue; BL®P, Bonelike®Poro
granules; NB, new bone; V, vessel; Ob, osteoblasts; Ocy, osteocytes; MB, mature bone; Mg, macrophage. Scale bar 500 um (larger images) and 100 um (smaller

images). (2-column fitting image; color).

physiological solution, mostly owing to the TCP phase [48]. Though,
significant morphological differences could not be noticed microscopi-
cally for up to 15 days of immersion. The HG exhibits a soft structure,
and the incorporation of ceramic granules increased the stiffness of the
material, providing a more stable 3D shape where granules are homo-
geneously distributed within the bone defect. Stability of the 3D shape
can be important to avoid defect collapse. Youngs modulus and
maximum compression strength increased by nearly 2.5 times by adding
the mineral phase to the HG, though the material is still soft and
moldable enough to fit non-regular shapes. Indeed, the addition of
ceramic particles to hydrogels has been reported to reinforce mechanical
properties simultaneously exhibiting moldability [17]. Hydrogel stiff-
ness has been shown to have major impact on MSCs differentiation and
fate [49-51], playing a major role in fracture healing. The spreading

capacity of umbilical cord MSCs and expression of osteoblastic makers
were shown to be stronger as the stiffness of polyacrylamide gels
increased (Young’s modulus: 13-16, 35-38, 48-53, and 62-68 kPa)
[50]. The interplay between biomaterial composition, stiffness and
cellular response should therefore be customized. Since this matter is
highly target-specific, comparisons with data from the literature is not
straightforward. In our case, ODEX HG may be customized by adjusting
the HG to BL®P ratio or degree of crosslinking.

The surgical process was free of any complications. The adminis-
tration of BL®P was more convenient when associated to the HG, which
molded granules (250-500 pm) into a cohesive paste-like material
suitable for injectability, within 25 to 30 min. The HG formulations were
applied in one step without granules leakage, while granules embedded
in blood required a multiple step administration-and-sculpt process. The
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HG + BL®P + hDPSCs

Fig. 11. Masson’s trichrome-stained histological sections from implanted sites after 3 and 6 weeks of treatment. CT, connective tissue; BL®P, Bonelike®Poro
granules; NB, new bone; V, vessel; Ob, osteoblasts; Oc, osteoclasts; Ocy, osteocytes; MB, mature bone. Scale bar 500 um (larger images) and 100 pm (smaller images).

(2-column fitting image; color).

addition of cells (or PBS) to the BL®P and HG components slightly
delayed the gelling time by around ~10 min. The HG formulation is,
therefore, suitable for holding small volumes of water-based bioactive
agents, particularly those requiring immediate administration upon
preparation, whereas autologous blood would not serve this purpose. In
an attempt to deliver and retain Bonelike® granules and hDPSCs,
fibrinogen and thrombin-based TISSEEL Lyo® glue of human origin was
used in another work, evidencing the need for a vehicle or handling tool
for this type of grafts [44]. Although generally safe, products derived
from human blood cannot exclude the possibility of transmitting in-
fections, or generate allergic or hypersensitivity reactions as with any
protein-containing products. TISSEEL Lyo® mimics physiological clot
and can only been applied topically or epilesionally as a thin layer, to
maintain efficacy and avoid interference with the healing process, being
also inadequate for injecting, as stated in the products data sheet.

A 14 mm diameter defect was not able to regenerate up to week 6
without treatment. BL®P was an effective biomaterial for this critical-
sized repair and the addition of HG did not compromise bone regener-
ation. The addition of hDPSC at these specific conditions did not
improve outcomes at weeks 3 and 6. As histologically observed, all
treatments were free of any adverse reaction to the biomaterials used,
providing safety validation of all intervening components: BL®P, HG an
hDPSCs. Generally, granules were surrounded by new bone and con-
nective tissue, evidencing the presence of osteoblasts, osteoclasts and
vessels, reflecting a good osseointegration and osteoconduction, as
previously reported for other Bonelike® granules [14,41]. The mecha-
nism involved in enhancing bone repair is likely correlated with the
supply of biologically active ions through BL®P surface (e.g. calcium
release), resulting in a favorable microenvironment for apatite forma-
tion and osteoid matrix deposition by activated osteoblasts [52]. Indeed,
molecular signals (e.g. calcium) are capable of triggering cell differen-
tiation into osteoblastic cell lines, initiating the induction of bone for-
mation as a secondary response [53]. Thus, degradation of
calcium-containing BL®P mimics the bone remodeling mechanism,
resulting in an osteoinductive microenvironment. At week 3, the pres-
ence of the HG formulations, irrespective of cells presence, exhibited a
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slight apparent delay on bone mineralization compared to BL®P gran-
ules, but later converged to much similar values at week 6, being
indicative of HG degradation during the first weeks. Despite the higher
BL®P dissolution rate observed in vitro in the presence of ODEX, granule
degradation was not faster than that of bone formation in vivo, therefore
still providing an adequate scaffold.

This work shows evidence that allogenic transplantation of hDPSCs is
a safe therapeutic strategy for the repair of bone defects.

This work shows evidence that allogenic transplantation of hDPSCs is
a safe therapeutic strategy for the repair of bone defects. There are
several studies that over the last few years have demonstrated the ability
and tendency of hDPSCs to follow different lines of differentiation when
subjected to appropriate in vitro or in vivo stimuli, particularly osteo-
genic differentiation, which is especially relevant in this work [23,41,
47]. In this way, even without a specific immunoselection of the cells
used, considering the work previously carried out by our research group
and by other researchers regarding the isolation, characterization and
demonstration of the capacity for osteogenic differentiation of these
cells, the hDPSCs could be used with safety. It is also known that MSCs
from different origins express angiogenic markers, have proangiogenic
characteristics and the ability to promote endogenous angiogenesis
through microenvironmental modulation. This ability sequentially
promotes an increase in local vascularization and better tissue regen-
eration secondary to better nutrition and oxygenation of the tissues
under repair. This effect can also be noticed in this work, where an in-
crease in the number of new blood vessels was observed during the
histological evaluation, eventually stimulated by the proangiogenic ef-
fects of the applied hDPSCs 54,[55].

Although significant improvements on bone deposition could not be
perceived. This may be explained by inadequacy of time-points or cell
dose, for instance. In another work, a hDPSCs dose of 10° cells per 5 mm
@ defect (non-critical) was able to improve bone regeneration in an
ovine model after 60 and 120 days, i.e. week 8 and 16. Therefore, a
positive effect at later stages should not be excluded in this work, along
with different cell dose. Moreover, large animals present large vari-
ability between individuals. With a limited number of animals, due to
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costs and ethical issues, a single cell dose of 10° was tested. Other doses
should be addressed, together with different time-points. Yet, pre-
liminary outcomes could be attained, such adding pre-clinical data on
safety validation on host tissue-biomaterial interaction and cell trans-
plantation methodology that can help designing future experimental set-
ups. The conditions towards effective stem cell transplantation treat-
ments in critical-sized defects needs more investigation for clinical
translation.

5. Conclusion

The addition of HG to BL®P performed comparably to BL®P gran-
ules, enabling the regeneration of critical-sized bone defects and,
therefore, validating its potential for clinical application as a tool to
confer easy handling, injectability and moldability, while simulta-
neously acting as a carrier of cells for bone regeneration purposes. The
HG is an advanced 3D carrier instead of a simple sticky binder. However,
the presence of hDPSCs did not accelerate bone formation until week 6,
although a positive effect at latter stages or with a different cell dose
should not be excluded.
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