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ABSTRACT: Mineralized biological tissues rich in type I collagen (e.g, bone and dentin)
exhibit complex anisotropic suprafibrillar organizations in which the organic and inorganic
moieties are intimately coassembled over several length scales. Above a critical size, a defect in
such tissue cannot be self-repaired. Biomimetic materials with a composition and microstructure
similar to that of bone have been shown to favorably influence bone regeneration. This
highlights the value of developing a similar formulation in an injectable form to enable
minimally invasive techniques. Here, we report on the fabrication and application potential of
an injectable collagen/CHA (carbonated hydroxyapatite) cell-free hydrogel. The organic part
consists of spray-dried nondenatured and dense collagen microparticles, while the inorganic part
consists of biomimetic apatite mineral. By mixing both powders at desired tissue-like ratios with
an aqueous solvent in one step, spontaneous co-self-assembly occurs, leading to the formation
of a mineralized matrix with suprafibrillar tissue-like features thanks to the induced liquid

crystalline properties of collagen on one hand and apatite on the other hand. When injected into soft tissue, the mineralized collagen
hydrogel free of chemical cross-linking agents exhibits suitable cohesion and is biocompatible. Preliminary in vitro tests in a tooth
cavity model show its integration onto dentin with a biomimetic interface. Based on the results, this versatile injectable mineralized
collagen hydrogel shows promising potential as a biomaterial for bone tissue repair and mineralized tissue-like ink for bioprinting

applications.

KEYWORDS: collagen—apatite composite, biomimetism, injectable biomaterials, bone, dentin, pulp regeneration

1. INTRODUCTION and mimick more closely the co-organization of collagen and

Mammalian mineralized tissues are organic—inorganic compo-
sites, organized at several hierarchical levels, from nano- to
macroscale. Bone and dentin tissues exhibit similarities in
terms of main components,1 microstructure at the fibril scale,
and mechanical properties (rigidity), although they have
distinct healing processes.” Bone is composed of a mineral
phase (about 65 wt %), an organic phase (around 25 wt %)
with type I collagen as its main component, and water (about
10 wt %). Bone extracellular matrix (ECM) is continuously
renewed and remodeled, which potentially enables healing of
small defects (such as micro fractures). However, above a
critical size (from several mm to cm depending on the type of
bone and the species), the defect can no longer be filled by
cellular processes.” In contrast, dentin tissue is more
mineralized (about 70 wt % mineral, 20 wt % organic phase
rich in type I collagen)” and not subjected to cell remodeling.

low concentrated collagen,

i 20,21
dentin surface.”™

sometimes with adf'uvants for

improved mechanical properties and gelation time.'>'® Those
for dentin repair are mostly inorganic, such as calcium silicates,
bioactive glasses, and amorphous calcium phosphate'” or
restorative materials like resin composites."
have shown promising results in terms of dentin micro-
morphology when bioactive materials were in contact with the
However, to the best of our knowledge,
none of the biomaterials from the literature take advantage of s8
the synergistic properties of biomimetic hydroxyapatite®
combined with tissue-like concentrated collagen in a one-
step process. This prevents the formation of a biomimetic 3D
architecture at the suprafibrillar level because the self-assembly 62

8,19 .
Recent studies

Owing to their high inorganic content, bone and dentin tissue
tend to be mechanically tough, reaching stiffnesses on the
order of several GPa.”® In contrast to biological tissues,
biomaterials proposed for mineralized tissue repair are often
made of simple physical blends of tissue components,
mimicking the organic/inorganic interface at the molecular
level.”® Recently, mineralization strategies have emerged to try
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apatite found in natural bone, but the density and degree of 47
hierarchical organization still remain low.” Injectable bio-

materials targeting bone tissue usually contain minerals with
10-14

48
49
50
s1
52

59
60
61


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milena+Lama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marion+Merle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elora+Bessot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camila+Bussola+Tovani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guillaume+Laurent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+Bouland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Halima+Kerdjoudj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Halima+Kerdjoudj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thierry+Azai%CC%88s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guylaine+Ducouret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tissiana+Bortolotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadine+Nassif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.4c02115&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf

63
64
65
66
67
68
69
70
7
72
73
74
75
76
77
78
79
80
8
82
83
84
85
86
87
88
89
90
9
92
93
94
95
96
97
98
99
100
10
102
103
104
105
10
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125

—_

—_

—

p=t

(=}

—

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

of biomimetic apatitesu does not occur and/or the liquid-
crystal properties of collagen are not induced.”**’

In fact, the 3D organization of highly concentrated collagen
materials appears as a sine qua non condition to mimic the
ultrastructure of biological tissues, in particular the twisted
plywood found in bone.”® Such fibrillar collagen matrices also
exhibit improved mechanical properties without the need of
additives or toxic cross-linking agents.”” Besides, previous
works showed that in vitro mineralization of these highly
concentrated collagen matrices promotes both the formation
of biomimetic hydroxyapatite nanoplatelets and their coalign-
ment with collagen fibrils,”® possibly mimicking biological
processes.”” Such synthetic matrices are less mineralized than
native bone tissue (up to 10%).”" Nevertheless, the degree of
order was shown to lead to stiffness reaching the GPa, thus
strengthening interest in mimicking the organic scaffold by
processing high collagen concentrations to reach the properties
of mineralized tissues. In addition, these cell-free biomimetic
materials favorably influenced bone regeneration in murine
and ovine critical defect models.”’

Since all of these preformed collagen matrices are not
injectable, the production of dense collagen microparticles by
spray-drying®” was investigated. It allowed the formation of
highly concentrated collagen gels (above the liquid-crystal
treshold) by injection.” After setting in a mold, the self-
assembled collagen matrices exhibited tissue-like features both
in terms of microstructure and thermal and mechanical
properties, demonstrating that the process does not denature
the collagen molecules.”” Aside, the synthesis of biomimetic
hydroxyapatite”® resulted in nanoplatelets exhibiting similar
self—assembling properties in water as native bone apatite
nanoparticles.”> Their biomimetic structure and properties
strongly contrast with those of commercially available
stoichiometric hydroxyapatite used for bone and/or dental
repair.34

In this work, we mixed dense collagen microparticles with
biomimetic hydroxyapatite powder in order to produce
injectable mineralized collagen hydrogels with formulations
mimicking different types of mineralized biological tissues after
injection. These formulations free of chemical cross-linking
agents result in mineralized, highly concentrated collagen
matrices with biomimetic features in terms of composition and
microstructure. In addition, the rheological behavior shows
viscoelastic properties and softness that are suitable for
potential minimally invasive applications. Moreover, the
injection process does not require a high pressure nor
temperature. The comparison of the injectable mineralized
collagen hydrogels with effective preformed mineralized dense
collagen matrices’’ in an in vivo rat model shows their
biocompatibility and improved cell colonization for the
injectable biomaterials. One step further, they were applied
onto dentin in deep cavities. Both the resulting interface
between the collagen—apatite biomaterial and dentin together
with the formation of neovessels in the implanted rats open
perspectives to use such innovative cell-free materials as
injectable mineralized tissue analogues with adaptable
compositions in the field of mineralized tissue regeneration.

2. Materials and Methods. 2.1. Collagen Solutions.
Collagen solutions were extracted and purified from rat tail
tendons following a procedure described elsewhere.” Briefly,
fresh tendons were washed with a phosphate-buffered saline
(PBS) solution and solubilized in 0.5 M acetic acid solution.
The solution was centrifuged, and the supernatant was

precipitated with NaCl twice. After a final centrifugation and
subsequent dissolution of the precipitated collagen in acetic
acid at 0.5 M, solutions were dialyzed against acetic acid at 0.5
M to remove the residual salts. Their concentration was
assessed by hydroxyproline titration.*®

2.2. Collagen Microparticles. The collagen microparticles
were formed by using a Biichi B290 mini spray-drier following
a procedure described elsewhere.”> The resulting collagen
powder was weighed to determine the final concentration of
the materials by taking into account the presence of 10 wt %
water in the microparticles.

2.3. Carbonated Hydroxyapatite (CHA) Powder. The CHA
powder was synthesized following a procedure described
elsewhere.” Briefly, a solution of 110 mM CaCl,-2H,0, 33
mM NaH,PO,, and 33 mM NaHCOj; was prepared in 0.5 M
acetic acid. The pH was adjusted to 2.2 with a HCI solution at
37%. Two flasks (35 mL) were filled with 20 mL of this
solution and put in a 1 L beaker, together with another flask
filled with 8 mL of ammonia solution at 30% to induce salt
precipitation. The beaker was covered with parafilm. After 6
days, complete gas diffusion has occurred (pH ~ 9—10). The
precipitates were washed and centrifuged with milli-Q water
until reaching neutral pH and then with ethanol to remove
nonprecipitated salts. The precipitates were dried at 37 °C and
then gently milled with a pestle in a small mortar to obtain a
fine powder.

2.4. Injectable Collagen/CHA Hydrogels. A desired amount
of collagen powder and hydroxyapatite powder were weighed
then mixed in a mortar, and then the aqueous solvent (0.9%
NaCl or Milli-Q water) was added (1 mL for the 50:50
formulation, 0.6—1 mL for the 30:70 formulation). After
mixing for 1—5 min, the paste was transferred into a 1 mL
syringe. All steps can be performed under sterile conditions
(under a PSM hood). Two collagen/hydroxyapatite ratios
were investigated: 50/50 and 30/70, for a total dry weight of
120 mg. The injectable mineralized collagen hydrogel was
immediately used after synthesis.

2.5. Preformed Mineralized Dense Collagen Matrices by
Injection-Reverse Dialysis. The preformed mineralized
collagen matrices were synthesized following a procedure
described elsewhere.”® Disk-shaped collagen matrices (thick-
ness of ~1 mm and width of ~10 mm) were stored in sterile
phosphate buffer at 4 °C.

2.6. Fresh Bone Samples. Weight, bone and joint structure,
and bone regeneration in sheep share substantial similarities
with those in humans.”” Bone was extracted from ewe
following the same procedure and was reviewed and approved
by the same Ethics Committees as reported elsewhere.’®
Briefly, the bone samples were preserved in phosphate-buffered
saline (0.01 mol-L™" PBS) until characterization (up to 1 h)
then directly prepared following the sample preparation for
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations or directly inserted
in a rotor for the solid-state nuclear magnetic resonance
(ssNMR).

2.7. X-ray Diffraction (XRD). Characterizations were
performed on a Bruker D8 X-ray diffractometer operating in
reflection mode at Cu Ko radiation. Data were collected in the
range 5—80° (26) with steps of 0.06° and a counting time of 9
s.

2.8. 3'P Solid-State NMR. 3'P NMR experiments were
performed on an Advance 300 Bruker spectrometer operating
at v, ("H) = 300.13 MHz and v;, (*'P) = 121.5 MHz. Samples

https://doi.org/10.1021/acsbiomaterials.4c02115
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX

—
w
Y

134
135
136
137
38
139
140
41
4
43
44
145
146
147
148
149

—

—_ e e e

—_
N
o8

—_
N
[


pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

189 were packed into a 4 mm zirconia rotor and analyzed under
190 magic angle spinning (MAS) at vy,g = 12.5 kHz. One
191 dimensional *'P cross-polarization (CP) MAS experiments
192 were performed with a contact time CT of 10 ms and a recycle
193 delay RD of 2—S5 s, depending on the sample. Radio-frequency
194 (RF) fields were vpr ("H) = 60 kHz and v (3'P) & 50 kHz
195 during CP. High power proton decoupling was applied during
196 acquisition (SPINAL-64, vpe ("H) ~ 60 kHz). *'P chemical
197 shift was referenced (6 = 0 ppm) to 85 wt % aqueous HyPO,.
18 2.9. Differential Scanning Calorimetry (DSC). Experiments
199 were performed with a TA Q-20 machine. The heating rate
200 was set at 5 °C/min and the temperature ranged from 20 to 80
201 °C. About 20 mg of material was weighed and placed in a
202 sealed aluminum pan. An empty sealed aluminum pan was
203 used as a reference.

204  2.10. Polarized Light Microscopy (PLM). The materials
205 were placed without any treatment between a glass slide and a
206 coverslip by injection through a syringe. Observations were
207 made using a transmission Zeiss Axiolmager A2 POL. The
208 microscope is equipped with the standard accessories for
209 examination of birefringent samples under polarized light (i.e.,
210 crossed polarizers) and an AxioCam CCD camera.

211 2.11. Scanning Electron Microscopy (SEM). Samples were
212 carefully prepared in order to preserve their microstructure
213 following a slightly modified procedure as reported else-
214 where.””*" Synthetic and bone samples were fixed in a 2.5%
215 glutaraldehyde solution. After being washed in cacodylate/
216 saccharose buffer solution, they were dehydrated through
217 ethanol baths (from 30% to 100% ethanol). Supercritical CO,
218 drying was performed by a CPD-300 (Leica). Dried samples
219 were cut into pieces, put on carbon tape covering sample
220 holders, and covered with a 15 nm gold layer (or 10 nm).
221 Observations were carried out using a Hitachi S-3400N
222 microscope operating at 3 kV and 30 pA (or 10 kV and 15
223 mA).

24  2.12. Transmission Electron Microscopy (TEM). Samples
225 were carefully prepared in order to preserve their micro-
226 structure following a slightly modified procedure as reported
227 elsewhere.””*” Injectable collagen/CHA and bone samples
228 were fixed in a 2.5% glutaraldehyde solution. After washing in
229 cacodylate/saccharose buffer solution, they were postfixed in
230 2% osmium tetroxide solution. After being washed, the samples
231 were dehydrated through ethanol baths (from 30% to 100%
232 ethanol). Then, they were embedded in Araldite resin for
233 ultrathin sectioning (~70 nm) performed with an Ultracut 7
234 (Leica), and the sections were further deposited on copper
235 grids. Observations were carried out by using an FEI TECNAI
236 G2 Spirit Twin electron microscope operating at 120 kV.

237 2.13. Linear Rheology. Rheology experiments were
238 performed on a stress-controlled rheometer (DHR, TA
239 Instruments) with the TRIOS software. A 20 mm diameter
240 striated parallel plate geometry was used with a 1000 um gap,
241 and the applied strain was limited to 0.4%, as determined
242 within the linear regime. A setup consisting of a plastic ring
243 retaining ~5 mL of distilled water around the bottom plate,
244 covered with a cap before starting the experiment, thus
245 enclosing both bottom and top plates, ensured a humid
246 atmosphere to prevent sample drying. Average storage moduli
247 were measured on 2—3 samples.

248 2.14. Swelling Tests. The 50:50 and 30:70 formulations of
249 the injectable collagen/CHA hydrogels were injected into
250 cylindrical PDMS molds (diameter of 10 mm and thickness ~3
251 mm) 30 min after mixing and loading into the syringe. The

=t

19

—

(=)}

—

=

molds were immediately removed, and the matrices were 252
weighed individually in a Petri dish. Then, each sample was 253
immersed into 25 mL of 0.9% NaCl preheated at 37 °C and 254
kept in a 37 °C oven for a specific time T (from 30 min to 2 255
weeks). At T, each matrix was reweighed after gently removing 256
the excess water with Kimtech paper. The swelling ratio was 257
defined as the weight of the swollen sample at T normalized by 258
the initial weight. Three samples of each composition were 259
tested. 260

2.15. Compressive Tests. Stress—strain tests were per- 261
formed on a DMA 850 Discovery from TA Instruments using 262
compression clamps on three injectable mineralized collagen 263
hydrogels for each formulation after being immersed for 1 264
week into 0.9% NaCl at 37 °C. A stress ramp was applied 265
between two parallel 15 mm diameter plates, from 2.107° to 266
10.0 N at a rate of 0.5 N/min and a fixed temperature of 25 °C. 267
Young’s modulus was determined on the first 10% of the linear 268
portion of the stress—strain curve. 269

2.16. Surgical Procedure of In Vivo Tests. This study was 270
authorized by the Local Ethical Committee and the French 271
Ministry of Higher Education and Research under reference 272
no. APAFIS#1437. The procedure complied with the 3R rule. 273
Eight Sprague—Dawley male rats (Charles River), weighing 274
401 =+ 17 g, were anaesthetized by isoflurane inhalation. After 275
shaving and disinfection, samples of about 150 mm? in volume 276
were implanted or injected in a muscle pocket of each 277
posterior leg (n = 16, i.e., 8 for each group). Then, a layer-by- 278
layer surgical suture was performed. After 28 days, the rats 279
were euthanized. Implantation sites were collected and stored 280
in a 4% formalin buffered solution. 281

2.17. High Resolution X-ray Micro-CT. Scans were 252
performed on two reference samples (one preformed, one 283
injectable), on rats right after implantation, and on explanted 254
samples with a SkyScan-1076 micro-CT machine (resolution 285
18 pm) and analyzed with SkyScan analysis system software. 256

2.18. Histological Analysis. Two reference samples and 16 287
explanted samples were embedded in paraffin, cut in sections 288
of 4—S pm thickness, and stained with hematoxylin/eosin. 289
Observations were performed with an optical microscope 290
(Nanozoomer, Hamamatsu). For the immunohistochemistry, 291
after deparaffinization, sections were incubated with EDTA 292
(pH = 8.4) for 20 min at 97 °C before incubation overnight 293
with the primary rabbit anti CD31 monoclonal antibody 294
(Abcam, Ab 182981, Cambridge, UK), a specific marker of 295
endothelial cells diluted at 1/1000 using Emerald Antibody 296
diluent (Cell Marque). The secondary biotinylated goat 297
antirabbit (Abcam) was incubated for 10 min at room 298
temperature. An immunoperoxidase, polymer-based detection 299
system was used (rabbit specific HRP/DAB (ABC) detection 300
IHC kit, Abcam). The chromogen was aminoethyl carbazole 301
(AEC). All incubations were performed at room temperature. 302
The sections were counterstained by using hematoxylin. 303
Images were taken using a VS 120 OLYMPUS scanner 304
(Shinjuku-ku, Tokyo, Japan). 305

2.19. Dentin Tests. Deep class I cavities were prepared in 306
two extracted molars, which were anonymously collected. 307
Intratubular fluid flow with a solution of phosphate-buffered 308
saline (PBS) and horse serum was performed in order to 309
simulate the biological environment of a living tooth.'” The as- 310
prepared tooth cavity was etched with a 37% H;PO, aqueous 311
solution for 20 s. Then a layer of the injectable mineralized 312
collagen hydrogel (collagen/CHA mixture at a ratio of 50:50 313
or 30:70) was applied. A thin layer of a light-cured bonding 314

https://doi.org/10.1021/acsbiomaterials.4c02115
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Figure 1. (a) Hlustration of the process for producing injectable mineralized collagen hydrogels with adaptable compositions. (b) 3'P CP-MAS
NMR spectra of the injectable collagen/CHA 50:50 hydrogel, CHA, bone, and dentin references displaying similar broadenings and centered
around 3 ppm. TEM micrographs (unstained ultrathin section) of (c) the injectable mineralized collagen hydrogels at a 50:50 ratio and (d) 30:70
ratio, displaying coalignment domains between collagen and CHA platelets (yellow arrowheads) similar to those found in (e) bone (ewe).

Table 1. Chemical Composition, Calcium to Phosphate (Ca/P) Molar Ratio, and Organic to Inorganic Weight Ratio of
Different Mineralized Tissues and Synthetic Hydroxyapatites Including the One Used in This Study (CHA)“

materials chemical composition

Ca7A5(PO4)2.8(HPO4)2,6(C03)0,6(OH) 02
Cag 1 (PO,)43(HPO,),5(CO;5)1,(0H) 3
Cag(PO,)44(HPO,)o7(CO;3)09(OH) 4
CalO(PO4)6(OH)2

bovine bone
human bone
human dentin
crystalline HA

carbonated HA (CHA)

. 22 73,7
“Reference values taken from the literature.”>>**+7374

Cayo1(PO,)s-,(CO;),(OH),_, with 0 < x < 2

Ca/P molar ratio organic:inorganic (wt %)

171 25:65
~2

1.61 20:70
1.67 0:100
173 0:100

agent (Optibond FL) was placed on top in order to isolate the
mixture layer from the cement and avoid any chemical
interaction. After the glass ionomer cement was applied, teeth
were stored for 15 days at 37 °C under dentinal perfusion until
characterization. Then cross sections of the biomimetic
material—dentin interface were procured, fixed, polished, gold
sputtered, and observed under SEM (ZEISS Sigma 300 VP).
Chemical profiles were obtained by energy dispersive X-ray
(EDX) analysis (X-Max silicon drift detector (SDD)). The
values of Ca, P, and C were averaged from two acquisitions.

3. RESULTS AND DISCUSSION

3.1. Composition and Self-Assembly Process of the
Injectable Materials. Highly concentrated collagen micro-
particles were 3I;roduced by our previously reported spray-
drying process.”” Briefly, a dilute acidic collagen solution was
sprayed in a chamber through a two-fluids nozzle, and the

droplets were instantly dried into highly concentrated (>90 wt
%) spherical collagen microparticles (Figure S1) of about ~1
pum diameter while preventing any heat-induced denaturation.
Aside, hydroxyapatite powder was produced by the vapor
diffusion process.”” It consists of promoting the formation of 334
the thermodynamically stable biomimetic apatite crystalline 335
phase from apatite precursors initially in acidic solution 336
(CaCl,-2H,0, NaH,PO,, and NaHCO;) by slow diffusion of 337
ammonia vapors over a week before washing until neutral pH, 338
drying, and grinding. After both powders were obtained, the 339
synthesis of injectable mineralized hydrogels was achieved 340
within minutes (Figure la). After mixing collagen micro-
particles and carbonated hydroxyapatite (CHA) powder
without any chemical cross-linking agent, an aqueous solution
(see Experimental section) was added, thus resulting in an
opaque paste that was easily placed in a syringe (Figure S2).
During solubilization, collagen microparticles release collagen
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347 molecules which progressively concentrate in the medium and
348 thereby start self-assembling locally into alignment domains.
349 Since apatite platelets were shown to coalign under collagen-
350 induced confinement,” we anticipate that the mixing process
351 will similarly promote this collagen/apatite coalignment. As a
352 proof of concept and inspired by the differences in mineral
353 content in mineralized biological tissues,* two injectable
354 collagen/CHA hydrogels were synthesized (50:50 and 30:70).
3ss Since the collagen matrix was shown to act as a backbone for
356 apatite growth and orientation,”® we hypothesized that a 1:1
357 ratio would provide an efficient scaffold for bone tissue,"”
358 which has a more complex geometry. In addition, preformed
359 mineralized dense collagen matrices, which were Iess
360 mineralized than bone tissue, led to “in situ mineralization”
361 in a bone defect.’’ On the other hand, we hypothesized that a
362 30:70 ratio would be more suitable to match the composition
363 (Table 1) and structure of dentin tissue.” Importantly, the
364 compositions were fixed to allow injection of the mineralized
365 collagen hydrogels independently of the ratio.

366 Following the HA-2 synthetic procedure described by Nassif
367 et al,”” B-type CHA was preferentially synthesized with the
368 following formula: Ca,o_ (PO,)s_(CO;),(OH),_, with 0 < x
369 < 2.** XRD analysis of the CHA powder alone, which consists
370 of spherulitic aggregates of nanoplatelets before grinding
371 (Figure S3a), shows consistent results with the literature™” and
372 confirms the formation of apatite (Figure S3b). Then, the
373 injectable collagen/CHA hydrogel in a ratio of 50:50 was
374 investigated by *'P solid-state NMR (ssNMR). Local acidic
375 release by collagen microparticles during their solubilization
376 might modify locally the crystallinity, therefore ssNMR was
377 used to determine whether the crystalline structure of CHA is
378 modified during the process. As shown in Figure 1b, the *'P
379 NMR spectrum of the injectable mineralized collagen hydrogel
380 displays a single resonance around 3 ppm, which is typical of
381 hydroxyapatite but broader than that of CHA (~25% broader).
382 This result highlights that the mixing process induced local
383 changes around phosphate ions without changing the overall
384 crystalline phase. Thus, the NMR spectrum of the injectable
385 mineralized collagen hydrogel tends to be close to that of bone
386 and dentin in terms of resonance and line width. In apatite
387 mineral, the >!P resonance line width originates from changes
388 in the chemical environment of phosphate ions, e.g,
389 substitutions, degree of crystallinity, and amorphous mineral
390 layer.*>*® Importantly, it appears that the mixing process of
391 CHA powder with collagen microparticles tends to recreate
392 such biological phosphate chemical environment, as previously
393 achieved for preformed mineralized dense collagen matrices.”®
394 Such matrices were obtained by injection of low concentrated
395 collagen solution into a 3D mold combined with reverse
396 dialysis, enabling a gradual concentration of collagen in the
397 bulk in the presence of apatite precursors to form a biomimetic
398 hybrid mesophase.”” This process resulted in bone-like
399 mineralized collagen matrices with calibrated and oriented
400 apatite nanoplatelets. Further, in the TEM micrographs in
401 Figures 1c and 1d, aligned CHA nanoplatelets within a dense
402 collagen matrix are observed, which is similar to native bone
403 tissue (Figure 1le). The striking similarity between the
404 collagen/CHA 50:50 hydrogel (Figure 1c) and native bone
405 (Figure le) supports our hypothesis, while the coalignment in
406 the collagen/CHA 30:70 hydrogel (Figure 1d) appears to
407 occur on a smaller scale. Therefore, it seems that our process
408 through the dissolution of microparticles promotes at the same
400 time both (i) CHA self-assembly (biomimetic apatites are

—_

-

-

known to spontaneously self-assemble in water**) and (ii)
collagen self-assembly by reaching locally the threshold for
liquid crystalline organization (>40 mg-mL™").

The codissolution—self-assembly transition was further
investigated by polarized light microscopy (PLM) (Figure
2). Collagen microparticles alone (Figure 2a) exhibit

Figure 2. (a) (Polarized) light micrographs of pure collagen
microparticles displaying birefringence in their center (yellow
arrowhead in a’ and a”). (b) Optical micrographs of the injectable
collagen/CHA 50:50 hydrogel; the yellow square highlights (c)
aligned structures possibly made of coaligned collagen and CHA
domains evidenced by the yellow arrowhead. (d) Polarized light
micrographs of the injectable collagen/CHA 50:50 hydrogel
displaying dark and bright birefrigent domains caracteristic of nematic
(alignement, N), precholesteric (banded, P), and precholesteric
(dotted, P*) pattens when observed between crossed-polarizers in d
and d’. The cross (x) indicates the presence of the bubble air artifact.
(e) Observation of (d) with a first-order retardation plate.

birefringent patterns in their center (yellow arrowheads)
(Figures 2a’ and 2a”). Such anisotropic domains are due to
molecular and/or fibrillar alignment within the particles.””
After mixing both powders with the aqueous solvent and
subsequent injection (t &~ S min, Figures 2b—2e), the resulting
mixture is heterogeneous in both formulations with both a
granular appearance due to the remaining collagen and CHA
particles (Figure 2b) and a locally layered structure (yellow
arrowhead, Figure 2¢ for the collagen/CHA 50:50 hydrogel
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Figure 3. (a) Scanning electron micrographs of the injectable collagen/CHA 50:50 hydrogel (top, ewe bone tissue (middle) and collagen/CHA
30:70 hydrogel (down). Yellow arrows evidence oriented domains. (b) TEM micrographs of ultrathin unstained sections of the collagen/CHA
50:50 hydrogel (left), ewe bone tissue (middle), and the collagen/CHA 30:70 hydrogel (right). Yellow arrowheads show alignment domains;
yellow stars show isotropic domains. (c) DSC analysis of the injectable collagen/CHA 50:50 and 30:70 hydrogels compared to that of collagen
mixed with saline solution. (d) DSC analysis of the collagen/CHA 50:50 and 30:70 hydrogels with saline solution or Milli-Q water. (e) Swelling

behavior of both formulations in 0.9% saline solution at 37 °C.

425 and Figure S$4 for the 30:70 one). Large birefringent domains
426 above the microparticle size scale are observed by PLM
427 (Figures 2d and 2e). Note that the entrapped air bubble is
428 marked with a cross (x). As collagen concentration proceeds in
429 solution, nematic generally evolve into the precholesteric
430 phase.”” Here, aligned-nematic (N) and precholesteric-banded
431 (P) patterns are identified by rotating the polarization filters
432 from 0—90° (Figure 2d) to 45°—135° (Figure 2d’) with
433 inversion of the bright and dark domains or by observation of
434 alternating blue and orange domains with an inserted first-
435 order retardation plate (i.e, gamma plate) (Figure 2e, e.g,
436 polarizers at 0—90°). A dotted pattern characteristic of the
437 precholesteric* phase (P*)** appears to emerge consistently at
438 the interface between the nematic and the precholesteric
439 phase. These observations confirm that collagen and CHA start
440 to organize locally upon the microparticles’ solubilization to
441 form a highly organized hydrogel as expected.

442 In summary, our process preserves collagen self-assembly
443 properties and even tends to promote collagen and apatite
444 biomimetic coassembly. The two collagen/CHA ratios are
445 likely to lead to different microstructures.

46 3.2. Microstructure and Stability. In accordance with
447 PLM observations, SEM observations confirm that the
448 collagen/CHA 50:50 hydrogel is made of oriented collagen
449 fibrils (yellow arrow in Figure 3a, top), exhibiting high
450 similarities with ewe bone microstructure at this scale (Figure
451 3a, middle). Few heterogeneously distributed collagen-rich
452 aggregates and/or CHA spherulites are also observed. Such
453 domains are consequently more loosely packed in collagen

(Figure SS, left). However, most of the CHA nanoplatelets are 454
not discernible in the matrix, which contrasts with other 4ss
injectable mineralized collagen matrices in the literature.'"** It
suggests that our process promotes collagen/apatite coaligne- 4s7
ment in the collagen/CHA 50:50 hydrogel as observed for the 4s8
cholesteric mesophase™® and that the collagen confinement in 4s9
the nematic and the precholesteric mesophases also influences 460
the three-dimensional distribution of apatite. The collagen/ 461
CHA 30:70 hydrogel also appears oriented (yellow arrowhead 462
in Figure 3a, bottom) but more rough, in agreement with its 463
higher mineral content and consistent with other highly 464
mineralized collagen matrices (ratio collagen/CHA 20:80) in 465
the literature™ including ewe bone (Figure S5, middle). As 466
observed for the collagen/CHA 50:50 hydrogel, collagen and 467
CHA are heterogeneously distributed, since parallel packings 468
of mineralized fibrils are also clearly seen (Figure SS, right, 469
white star). The coassembly is also observed locally in 470
unstained ultrathin sections of the collagen/CHA 50:50 471
hydrogel by TEM (Figure 3b, left). The material exhibits 472
contrasted and dense domains, reflecting the distribution of 473
CHA nanoplatelets. Their lateral and axial alignments (yellow 474
arrowhead) are observed and are similar to that of the ewe 475
bone (Figure 3b, middle). Domains with randomly oriented 476
CHA nanoplatelets are also observed (yellow stars, Figure 3b), 477
possibly owing to a local decrease in collagen concentration 478
(below the threshold for molecules’ self-assembly). Abundant 479
spherulitic crystals from incomplete grinding are also seen 4so
locally in ultrathin unstained sections of collagen/CHA 30:70 481
hydrogel (yellow star in Figure 3b, right) together with 4s2
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Figure 4. (a) Representative curves of the strain sweep within the linear regime at fixed frequency (1 Hz) of the injectable collagen/CHA 50:50
and 30:70 hydrogels. Full symbols, storage modulus (G’); open symbols, loss modulus (G”'). (b) Frequency sweep at fixed strain (0.4%) of
collagen/CHA 50:50 and 30:70 hydrogels within the linear regime, evidencing the formation of a viscoelastic gel in both cases. (c) The presence of
water instead of saline solution appears to have a limited effect on the mechanical properties of the injectable mineralized collagen hydrogels. (e)
Representative stress—strain curves of the collagen/CHA 50:50 (line with squares) and 30:70 (line with triangles) hydrogels at (de)swelling
equilibrium under unconfined compression. (f) Young’s modulus of both hydrogels.

domains where CHA nanoplatelets are aligned (yellow
arrowhead). However, such oriented domains appear smaller
in size, which is consistent with their lower collagen
concentration (collagen:CHA ratio is 30:70). It is worth
mentioning that ewe bone also exhibits domains where CHA
nanoplatelets are randomly oriented (yellow star in Figure 3b,
middle). Overall, our results show that the elaboration process
induces a dissolution-to-reprecipitation of a significant portion
of initial apatite crystals into biological-like apatite particles in
agreement with *'P NMR observations. Moreover, the size and
the three-dimensional distribution of the resulting CHA
nanoplatelets are controlled by the confinement resulting
from the high collagen concentration.””

The thermal behavior of both formulations as assessed by
DSC appears similar (Figure 3c). Both injectable collagen/
CHA hydrogels exhibit a denaturation temperature Ty, & 42
°C, slightly higher than the denaturation temperature of
collagen at acidic conditions’' but lower than that of collagen
microparticles solely mixed with NaCl (T, ~ 44 °C). This
phenomenon can be explained by the formation of fibrils in
nonacidic conditions, which tend to improve the thermal
stability. The injectable mineralized collagen hydrogels exhibit
large endothermal peaks, as observed for a nonmineralized
collagen/NaCl hydrogel, indicating that fibrillar aggregates of
different sizes are formed after mixing”” regardless of their
mineral content. Such heterogeneities are therefore consistent

with the microscopy observations. Noticeably, changing the
solvent from NaCl to ultrapure water decreases endothermal
peak broadness (Figure 3d), meaning that fibrils with more
homogeneous thickness are formed, while the denaturation
temperatures remain similar (42~44 °C). Therefore, the
coassembly between collagen and hydroxyapatite in both
hydrogels appears to remain stable independently of the ionic
strength of the solvent of interest.

Due to their affinity for aqueous media, hydrogels usually
undergo swelling, which tends to increase their volume and
makes them more fragile. As a candidate for hard tissue repair,
both phenomena are not desirable since they may induce leaks
of the injectable mineralized hydrogel out of the defect or
mismatch in mechanical properties between the ECM and the
implanted material leading to poor repair performances.
Notably, collagen has hemostatic properties that promote
interactions with the host tissue environment, and implanta-
tions in bone sites using preformed mineralized dense collagen
matrices (“bulky”) have demonstrated good adhesion in
defects created in both murine and ovine models.”*?’
Nevertheless, in order to investigate the antiswelling properties
of both “patchy” formulations, samples were immersed in 0.9%
NaCl solution, the sample preservation medium, at 37 °C to
simulate a physiological environment over 2 weeks and
weighed at different time intervals. As shown in Figure 3e,
both composites exhibit fast deswelling during the first hours
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Figure 5. (a) Injection of the collagen/HA 50:50 hydrogel in a muscle pocket (rat model). (a’) About 150 mm® of material was injected in the
defect and showed good adhesion. (b) Micro-CT scans right after implantation and (b’) 28 days after implantation of the injected collagen/HA
50:50 hydrogel (insert: microCT scan of the implanted mineralized collagen hydrogel). Yellow arrowheads evidence the location of the mineralized
collagen hydrogels. (c) Histology section after 28 days of staining with hematoxylin/eosin. Higher magnification shows the presence of (d)
infiltrates of cells or cell colonies (black circles) within the fragmented injectable matrix (black stars) together with macrophages and
multinucleated giant cells evidencing inflammatory response (black arrows). The latter are also observed (d’) together with infiltrate of
lymphocytes and plasma cells (black triangles) and densification of fibro-conjonctive tissue (black “f”). () Polarized light microscopy of the stained
section evidencing bright birefringent (nematic) domains (e’) turning dark after rotation of the polarizers.

of immersion then stabilize at a swelling ratio of ~0.92 for the
collagen/CHA 50:50 hydrogel and a swelling ratio of ~0.85 for
the collagen/CHA 30:70 hydrogel. After stabilization, their
swelling ratio remains almost constant over the explored
timespan. After 1 week, the microstructure of the injectable
mineralized collagen hydrogels was observed by SEM (Figure
S6). Both mineralized collagen hydrogels display a dense
network of collagen fibrils. The collagen/CHA 50:50 hydrogel
exhibits alignment domains (Figure S6, left, yellow arrows),
while the microstructure of the collagen/CHA 30:70 hydrogel
appears overall less organized (Figure S6, right). In the
literature, low concentrated collagen matrices exhibited a
weight loss of more than 50 wt % when placed either in NaCl
at room temperature, or PBS (phosphate buffer saline) at 37
°C.>> This phenomenon can be explained by the high
macroporosity (i.e,, large interfibrillar space size) of such
material, which could account for why our injectable
mineralized hydrogel at the lowest collagen concentration
also exhibited slightly higher deswelling behavior. Interestingly,
synthetic hydrogels in the literature showing antiswelling
properties tend to try and mimick the fibrillar structure found
in biological tissues but rely on chemical cross-linking.”*>> In
our case, the limited deswelling of the injectable collagen/
CHA hydrogels supports a robust self-assembly both within
the collagen network and at the collagen/apatite interface,
consisting only of physical cross-links.

Both formulations resulted in mineralized hydrogels with
different microstructures, which may influence their final
mechanical properties.

3.3. Rheological and Mechanical Properties. The
mechanical properties of the injectable mineralized hydrogels
were first assessed by rheology experiments. A strain sweep at
fixed frequency (1 Hz) determined the linear deformation
range to lie between strain ~0.1% and strain ~1% (Figure
S7a). As shown in Figure 4a, within the linear deformation
regime, both injectable mineralized hydrogels exhibit a gel-like
behavior (the storage modulus G’ is several fold higher than
the loss modulus G'). The collagen/CHA 50:50 hydrogel
appears stiffer (G’ = 5.3 = 1.5 kPa) than the collagen/CHA
30:70 hydrogel (G’ = 2.9 + 0.2 kPa) (Figure S7b, Student’s t-
test p < 0.06), and their storage modulus remains several
orders of magnitude higher than that of low concentrated
collagen gels. ° Therefore, it appears that the mechanical
rigidity of the injectable collagen/CHA hydrogels is mostly
dependent on their collagen concentration, as previously
observed in concentrated collagen solutions.”” Thanks to the
coassembly process between collagen molecules and apatite
nanoplatelets, our materials exhibit better mechanical proper-
ties than mineralized low-concentrated collagen matrices found
in the literature, with the storage modulus remaining below 1
kPa.***” As plotted in Figure 4b, the frequency-dependent
behavior at fixed strain (0.4%, within the linear regime) of the
two injectable mineralized collagen hydrogels is viscoelastic:
both storage and loss moduli slightly decrease with decreasing

https://doi.org/10.1021/acsbiomaterials.4c02115
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02115/suppl_file/ab4c02115_si_002.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

589 frequencies, with G’ higher than G"’. Both mineralized collagen
590 hydrogels contain fibrillar and nonfibrillar domains and their
591 mechanical behavior is typical of low concentrated fibrillar
592 collagen gels*® and highly concentrated collagen solutions.®”
593 Moreover, G' and G” of both formulations exhibit a power-law
s94 behavior with the same exponent (~0.15) as that of highly
s9s concentrated collagen solutions (30 wt %) where spontaneous
596 fibrillogenesis may occur.”” It indicates that the presence of
597 CHA tends to promote solid-like elastic behavior even at low
s98 collagen concentrations. This probably emerges through
599 physical interactions between collagen and the thin mineral
600 platelets,” potentially easing the application of both injectable
601 mineralized collagen hydrogels in a defect in vivo. Besides,
602 calcium phosphate—collagen mixtures showed enhanced
603 adhesion properties with higher collagen contents.”’ Indeed,
604 (i) collagen has hemostatic properties, promoting hydrogel and
605 tissue—cell interactions by accelerating the coagulation process,
606 and (ii) collagen is naturally present in muscles, where a similar
607 interface could enhance adhesion. Notably, the preformed
608 collagen—apatite matrices were shown to immediately adhere
609 to bone and dura mater in rat calvarial sites.’’ Thus, the
610 collagen/CHA 50:50 hydrogel could exhibit better adhesion to
611 the defect than the collagen/CHA 30:70 hydrogel. Interest-
612 ingly, changing the solvent from NaCl to Milli-Q water does
613 not affect the rheological behavior of both formulations
614 (Figure 4c). It was reported that NaCl leads to the formation
615 of softer collagen—hydroxyapatite layers,”” i.e., they become
616 stickier, which suggests that our process promotes strong
617 hierarchical coassembly even in the presence of counterions
618 that could possibly induce screening effects.

619 In order to evaluate the mechanical behavior of the
620 injectable mineralized collagen hydrogels at (de)swelling
621 equilibrium, we performed compressive tests on disk-shaped
622 samples after equilibrating 1 week in 0.9% NaCl at 37 °C.
623 Figure 4d shows the stress—strain behavior of the collagen/
624 CHA 50:50 and 30:70 hydrogels. After the initial elastic
625 deformation at small strains, the stress increases sharply due to
626 densification of the matrices, as typically observed in fibrillar
627 collagen gels.”> The collagen/CHA 50:50 hydrogel (maximum
628 strain &~ 0.7) exhibits a higher extensibility than for the
629 collagen/CHA 30:70 hydrogel (maximum strain =~ 0.55)
630 owing to its higher collagen concentration. As plotted in Figure
631 4e, the collagen/CHA 50:50 hydrogel is also 2-fold stiffer than
632 the collagen/CHA 30:70 hydrogel. Therefore, it appears that
633 through the self-assembly process, the collagen concentration,
634 rather than the apatite concentration, plays a predominant role
635 in the mechanical properties of our system. It is worth
636 mentioning that even without chemical cross-linking, our
637 injectable mineralized collagen hydrogels remain stiffer than
638 those of other mineralized colla§en matrices with or without
639 cross-linker at the wet state®® or containing inorganic
640 moieties.”” Thus, after injection in a defect in vivo, we expect
641 that the injectable mineralized collagen hydrogels will exhibit
642 slight deswelling and maintain good mechanical properties.
643  Given that a preformed mineralized dense collagen matrix
644 was successfully integrated without’® or with mineral,>’ we
645 continued the study by testing the biocompatibility of the
646 injectable form compared to the preformed one (Figure SS5)
647 with the aim being to assess whether its structural
648 heterogeneity (ie, patchy versus bulky for the preformed
649 one) would lead to differences in tissue repair performance.
650 3.4. In Vivo Biocompatibility: Rat Model. Given its
651 promising rheological properties and its locally bone-mimetic
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microstructure, the collagen/CHA 50:50 hydrogel was chosen 652
to assess in vivo biocompatibility. The biocompatibility reflects 653
the biomaterial’s integration (i.e., host cells colonisation, 654
reduced inflammatory reaction, and vasculogenesis), which 6ss
depends on the scaffold’s composition and organization.”® As 656
depicted in Figure Sa (left), about 150 mm?® of the collagen/ 657 fs
CHA 50:50 hydrogel was easily injected between two muscles 658
in the posterior leg. The paste exhibited good cohesion (no 6s9
leakage) during injection and could not be removed from the 660
defect by using pliers, a positive feature when it comes to 661
practical use by surgeons (Figure Sa’, and SI video). As 662
observed by microcomputed tomography (microCT), the 663
injectable mineralized collagen hydrogel appears opaque right 664
after implantation (Figure Sb, yellow arrowhead). After 28 ¢6s
days, the injectable mineralized hydrogels seem to exhibit 666
enhanced microCT opacification (Figure Sb’, yellow arrow- 667
head), suggesting further in situ mineralization. Similarly, in e6s
situ calcification was observed within 21 days in rat 669
demineralized bone matrices implanted subcutaneously.”” 670
The injectable mineralized collagen hydrogel actually contains 671
both opaque and transparent zones (Figure Sb’, inset) which 672
possibly reveal that a resorption process started within the 28 673
days. Such a phenomenon appears less pronounced in the 674
preformed mineralized dense collagen matrix (Figure S8b). To 675
confirm these observations, quantitative microCT analyses, 676
specifically, the determination of the bone volume (BV) of 677
radiopaque structures and of bone mineral density (BMD) 67s
value, were performed (Figure S8e). The average BV in 679
explants from the group implanted with the injectable 680
mineralized collagen hydrogel was higher compared to the 6s1
groups implanted with the preformed mineralized dense 6s2
collagen matrices (4.17 + 1.14 versus 2.68 + 0.62 mm®; 6s3
Mann—Whitney, p < 0.06). The mean BMD value of explants 6s4
in the injectable mineralized collagen hydrogel group was 6ss
significantly lower than in explants from the groups implanted 686
with preformed mineralized dense collagen matrices (2.78 + 6s7
0.01 versus 0.36 + 0.02 g/cm® Mann—Whitney, p < 0.001). 6ss
Hematoxylin and eosin (H&E) staining, a widely used 689
histological staining agent, was then applied to visualize tissue 690
morphology and general structure, effectively distinguishing 691
nuclear and cytoplasmic areas within cells. Observations by 692
optical microscopy of stained histological sections of the 693
injectable and preformed materials after 28 days confirm the 694
presence of heterogeneously distributed collagen-rich (pink) 695
and possibly apatite-rich (purple blue) domains (Figure Sc and 696
Figure S8c). This is suggested by the granular appearance and 697
darker coloration, along with the comparisons to the less 698
mineralized preformed collagen—apatite matrices. Higher 699
magnifications (Figures Sd and 5d’ and Figure S8c) show 700
that cell colonization (black circles in Figure 5d) has occurred 701
and starts to infiltrate the material (black stars). The patchy 702
structure of the injectable mineralized hydrogel seems to favor 703
cell colonization compared to the preformed mineralized dense 704
collagen matrix. The presence of lymphocytes and plasma cells 70s
(black triangles) together with multinucleated giant cells and 706
macrophages (black arrows) indicates a moderate inflamma- 707
tory response in the periphery of each fragment of the material. 708
Such response is rather favorable in terms of resorption 709
velocity and potential osseous formation.”® Domains with 710
higher tissue density and embedded cells are observed, 711
evidencing the presence of fibroblasts which have started 712
collagen secretion (black “f”). Finally, newly formed capillaries 713
and small blood vessels are also observed in these denser areas, 714
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as confirmed by the presence of CD31 positive cells within
these structures (Figure S9). The presence of circulating
erythrocytes within the lumen of the neovessels confirms the
successful vascularization of the biomaterials. We note that
neither osteoblast colonization nor bone tissue formation are
detected in our injectable mineralized collagen hydrogels,
which tends to confirm that the enhanced microCT
opacification is due to nonspecific in situ mineralization as
reported in the literature.’*” Besides the difference in
structure between the two implanted materials (patchy/
bulky), the differences in the extent of cell colonization may
arise from the higher collagen concentration of the preformed
mineralized dense collagen matrix (i.e., 250 mg/mL) since in
contrast it contains a lower amount of mineral (i.e, S—10 wt
%).”® Consequently, the injectable mineralized collagen
hydrogels only display nematic and precholesteric domains
(Figures Se and Se’) while cholesteric domains are also found
in preformed matrices (Figure S8d) as shown by PLM. A
similar sequence of events (i.e., formation of fibrous tissue, cell
aggregation at the material interface, and formation of small
capillaries (neovessels) before day 30) was reported in the case
of HA-TCP (tricalcium phosphate) ceramics implanted in dog
muscles,”® which, at later stages, led to osseous formation and
osteoblast colonization. Therefore, new bone tissue formation
together with osteoblast recruitment might occur in our
materials after 28 days of implantation, which will be the
subject of a next study.

After confirmation of the biocompatibility of the injectable
mineralized hydrogel, its efficiency as a scaffold for
biomineralized tissue regeneration was further investigated,
more specifically for dentin repair.

3.5. In Vitro Injectable Dentin: Tooth Model. The
relevance of the injectable mineralized collagen hydrogels for
the biomimetic dentin micromorphology was tested in a tooth
cavity model. Following a common preparation procedure for a
class I tooth cavity, simulation of the biological situation of a
vital tooth was performed by intratubular fluid flow with a
solution of phosphate buffer (PBS) and horse serum.”' The
injectable collagen/CHA hydrogel was then applied to
demineralized dentin in a thin layer (1 mm) (Figure 6a).
SEM observations (Figure 6b) reveal that the collagen/CHA
layer is well integrated on the surface for both mineralized
collagen hydrogels (Figure 6b, left and middle), in contrast
with a sharper interface in the case of the glass ionomer control
(Figure 6b, right). In addition, energy-dispersive X-ray
spectroscopy (EDX) analysis confirms the colocalization of
calcium (Ca) and phosphorus (P) as seen for dentin, in
agreement with the presence of apatite evidenced by *'P
ssNMR (Figure 1b). The observed mineralized collagen
hydrogel integration is of importance, since dentin remineral-
ization still remains a challenge in terms of recovering its
original microstructure after demineralization.”” The use of
biomimetic materials differs from common strategies used
nowadays in the field, where commonly used resin composites
are inert materials that lack of a bioactive interaction with
dentin, especially when an adhesive layer is interposed between
both resin and dentin substrates.'” Consequently, our results
unveil the importance of mimicking the composition and
microstructure of the mineralized tissue in cases in which pulp
preservation is necessary.

I —

1) Etching with 37% H,PO,
aqueous solution

2) Filling with:

+ 50:50 formulation
+ 30:70 formulation
* Glass ionomer control

C
50:50 (%) 30:70 (%) Glass '&':;’:e' () Dentin (D)
Element | Mean composition | Mean composition e Mean composition
(Wt%) (Wt%) °°TVF;:’°Z')"°” (Wt%)
Ca 15.7+1.2 20.6+1.5 21421 25.1£3.2
P 7.9+0.5 7118 3+1.4 12.3+1.2
C 31.4+0.7 42.2414.9 16.243.5 226415

Figure 6. (a) Images of the tooth cavity after etching with a 37%
H;PO, aqueous solution (left) filled with an injectable mineralized
collagen hydrogel (right). (b) Scanning electron micrographs of the
demineralized dentin coated with the 50:50 collagen/CHA hydrogel
(left), the 30:70 collagen/CHA hydrogel (middle), and a glass
ionomer as the control (right). The dash-and-double dot yellow line
highlights the material (yellow star)/dentin (yellow D) interface as a
guide to the eye. (c) Average elemental composition in Ca, P, and C
obtained from EDX spectra of the material layer after application
(yellow star) and dentin (yellow D).

4. CONCLUSION

Co-self-assembled injectable collagen hydrogels with mineral-
ized tissue-like features were obtained by mixing highly
concentrated collagen microparticles and biomimetic carbo-

778
776
777

nated hydroxyapatite with an aqueous solvent. The synthesis of 778

such cell-free tissue analogues is quick and can be performed
on-demand by adapting the collagen/CHA ratio, the solvent,
and possibly adding adjuvants. After 28 days in vivo in a rat
model, in situ mineralization, resorption, vascularization, and
remodeling of the injectable mineralized collagen hydrogels
were observed. One step further, the mineralized collagen
hydrogels were tested in a tooth cavity model for dentin repair
where preliminary results showed a similar mineral composi-
tion at the tooth/material interface. Such promising results
open solid perspectives for various mineralized tissue repair
with minimally invasive techniques. Finally, the fact that the
injection process does not require high pressure or temper-
ature offers the possibility to use it as a biomimetic mineralized
hydrogel-based ink for 3D bioprinting applications.
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frequency and storage moduli of injectable mineralized
collagen hydrogels, details of in vivo implantation
procedure and characterizations for the preformed
mineralized collagen matrices, and analysis of vasculari-
zation by H&E staining and immunohistochemistry of
the implanted injectable mineralized collagen hydrogels
(PDF)

Video of the paste exhibiting good cohesion during
injection (MOV)
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