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Abstract: The development of bone-filling biomaterials capable of delivering in situ bone growth
promoters or therapeutic agents is a key area of research. We previously developed a biomaterial
constituting biphasic calcium phosphate (BCP) microparticles embedded in an autologous blood or
plasma clot, which induced bone-like tissue formation in ectopic sites and mature bone formation in
orthotopic sites, in small and large animals. More recently, we showed that activated carbon (AC)
fiber cloth is a biocompatible material that can be used, due to its multiscale porosity, as therapeutic
drug delivery system. The present work aimed first to assess the feasibility of preparing calibrated
AC microparticles, and second to investigate the properties of a BCP/AC microparticle combination
embedded in a plasma clot. We show here, for the first time, after subcutaneous (SC) implantation
in mice, that the addition of AC microparticles to a BCP/plasma clot does not impair bone-like
tissue formation and has a beneficial effect on the vascularization of the newly formed tissue. Our
results also confirm, in this SC model, the ability of AC in particle form to adsorb and deliver large
molecules at an implantation site. Altogether, these results demonstrate the feasibility of using this
BCP/AC/plasma clot composite for bone reconstruction and drug delivery.

Keywords: activated carbon; biphasic calcium phosphate; plasma clot; tacrolimus adsorption/desorption;
drug delivery system; bone filling

1. Introduction

Bone defects are frequently associated with other pathological situations such as
infection or malignancy. In such cases, the ideal treatment should be to fill the defect
with a biomaterial that can induce bone reconstruction and control the associated pathol-
ogy [1,2]. Synthetic biomaterials appear to be the most suitable grafting materials for
combining these properties. Calcium phosphates (CaP), such as hydroxyapatite (HA),
alpha- or beta-tricalcium phosphate (α- or β-TCP), biphasic calcium phosphate (BCP), and
calcium-deficient apatites (CDA), are commonly used as bone-filling biomaterials in bone
reconstructive surgery. They are available in various forms such as granules, dense or
porous ceramic pieces, cements and coatings [3–8].

We have previously shown that calibrated BCP microparticles embedded in a blood
or plasma clot constitute a new, easy-to-handle bone substitute that can reconstruct bone
defects of various shapes and sizes [9,10]. This BCP/blood composite, named “BRB”, is
able to induce immature woven bone formation after subcutaneous (SC) implantation
in mice and to repair critical-sized femoral defects in rats [9]. Our experiments revealed
that particles sized between 80 and 200 µm were optimal for bone colonization and that
maximal particle density into the clot was crucial for bone repair. More recently, we have
shown that this biomaterial is able to induce the reconstruction of critical interruptive long
bone defects in dogs and that the newly formed bone has high regenerative potential [10].
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Activated carbons (ACs) have long been used for the adsorption/desorption of diverse
molecules, among them medical molecules, thanks to their physico-chemical characteristics
(e.g., surface area, level of microporosity, and surface active sites) [11–14]. Recently, carbon-
based nanomaterials have attracted particular attention in bone reconstruction [15–17].
The main limitation of these carbon nanomaterials is their size, which is generally less
than 200 nm, with the risk of being eliminated by the human immune system or the
target organ [18–20]. We and others have shown that ACs, under the form of carbon fibers,
are interesting materials for bone reconstruction [21–26]. In pilot studies performed in
a rat model of large bone cortical defects, we have shown that activated carbon fiber
cloth is highly biocompatible and fully osteointegrated after 6 months post-surgery [27].
Furthermore, we also demonstrated that AC cloth can be used as an efficient drug delivery
system [28].

The present study was performed to evaluate two critical points: firstly, the feasibility
to prepare calibrated AC microparticles and to incorporate them, alone or combined with
BCP microparticles, into a plasma clot; secondly, the feasibility to use the porosity of the
AC microparticles to release, in situ, a selected drug. To answer these questions, we used a
well-known SC implantation model in mice [29] described previously [30,31].

2. Materials and Methods
2.1. Biphasic Calcium Phosphate (BCP) Particles

Biphasic calcium phosphate (BCP) particles, constituting 60% hydroxyapatite [HA,
Ca10(PO4)6(OH)2] and 40% β-tricalcium phosphate [β-TCP, β-Ca3(PO4)2], were provided
by Graftys SA (Aix-en-Provence, France). This CaP ceramic was obtained by sintering
(1050 ◦C for 5 h) calcium-deficient apatite presenting a Ca/P ratio of 1.6 and prepared via
an aqueous alkaline hydrolysis method. BCP microparticles measuring 80–200 µm were
prepared via crushing and wet sieving, then dried and made endotoxin-free via heating
at 250 ◦C for 1 h. Microparticles were dried and sterilized via heating at 180 ◦C for 2 h
before use.

2.2. Activated Carbon (AC) Particles

The activated carbon (AC) particles, named L27, were provided by Jacobi Carbons®

(Vierzon, France). They were sieved to obtain 80–160 µm or 160–250 µm microparticles,
dried at 80 ◦C for 24 h, and then sterilized via heating at 180 ◦C for 2 h before use.

2.3. Drug Adsorption into AC Particles

Adsorption was carried out in a 1 mL syringe by immersing particles for 24 h at
room temperature in 625 µL of the following solutions: either ethanol (EtOH 96%, used as
vehicle), NaCl 0.9% (used as control), or Tacrolimus (TA, FK-506 monohydrate, Merk, Lyon,
France) solution in 96% EtOH. Two different concentrations of TA were tested, namely
TA1 = 800 ppm and TA2 = 160 ppm. The particles constituted either AC alone (10 mg of
80-160 µm-sized) or BCP/AC (25 mg/5 mg respectively). After 24 h, the supernatant was
aspirated and titrated via UV spectrophotometry (Agilent technologies, Cary 60 UV-Vis,
Santa Clara, CA, USA) at 294 nm (absorption maximum). Optical densities were reported
on a calibration curve established between 0 and 800 ppm of TA (correlation coefficient
0.9998). Drug adsorption was calculated as the difference between the initial and final
concentrations of the TA solutions. The microparticles were conserved in the syringe until
implant preparation.

2.4. Preparation of Particles/Plasma Composites and Subcutaneous Implantation

All animal procedures obtained the approval of the local animal health care committee
(authorization reference numbers APAFIS#31398-2021042714514829 v3). The experimental
design of the study is described in Figure 1. Whole blood was withdrawn on sodium citrate
anticoagulant from anesthetized 10-week-old mice C57BL/6 mice (Janvier, Le Genest
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St. Isle, France) via intracardiac puncture. Plasma was obtained after blood centrifugation
for 15 min at 3000× g at room temperature.
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Figure 1. Experimental design of the study.

The different composite biomaterials were prepared in 1 mL syringes by adding 100 µL
of plasma to the following preparations of calibrated particles, corresponding to a 50 µL
final volume: (1) 50 mg of BCP (80–200 µm); (2) a mixture of 25 mg of BCP (80–200 µm) and
5 mg of AC (80–160 µm); (3) 10 mg of AC (80–160 µm); (4) 10 mg of AC250 (160–250 µm).
When indicated, the drug (tacrolimus) was first adsorbed into the particles as described
above. Plasma coagulation was triggered by adding 10 µL of a 2% CaCl2·2H2O solution.
The syringes were left in an upright position to let the particles sediment and put at room
temperature for 20 min to allow plasma clotting.

Subcutaneous implantation was performed on 10-week-old C57BL/6 mice anes-
thetized via the intraperitoneal injection of ketamine (90 mg/kg; Virbac, Carros, France)
and xylasine (4.5 mg/kg; Ceva, Libourne, France). After cutting the syringe tip, the im-
plants were pushed out in subcutaneous pockets beneath the dorsal skin. Each mouse
received two implants. After 7 weeks, the animals were sacrificed with carbon dioxide and
the implants were retrieved for histological analysis. For each condition (column 1) the
exact number of mice implanted (column 2) and the exact number of implants analyzed
(column 3) are shown in Table 1. In order to have sufficient data to apply statistics (see
below) to our conditions, at least 7 implants were analyzed, corresponding to a minimum
of 4 different animals.

Table 1. Composition and number of implants. For each condition (column 1), the exact number
of mice implanted (column 2) and the exact number of implants analyzed (column 3) are indicated.
Tacrolimus was used at 2 concentrations namely, TA1 and TA2.

Particle–[Drug–Solvent]
Associated with Plasma

n
(Mice)

n
(Implants Analyzed)

BCP 5 9/10
BCP/AC 6 12/12

AC 5 10/10
AC250 6 8/12

BCP-[NaCl] 5 10/10
BCP-[EtOH] 5 10/10
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Table 1. Cont.

Particle–[Drug–Solvent]
Associated with Plasma

n
(Mice)

n
(Implants Analyzed)

BCP/AC-[NaCl] 5 9/10
BCP/AC-[EtOH] 5 8/10

AC-[NaCl] 5 10/10
AC-[EtOH] 5 7/10

BCP/AC-[TA1-EtOH] 6 11/12
BCP/AC-[TA2-EtOH] 6 12/12

AC-[TA1-EtOH] 6 11/12
AC-[TA2-EtOH] 5 9/10

2.5. Morphological Characterization of the Composites

Scanning electron microscopy (SEM, IT800SHL-JEOL, Croissy-sur-Seine, France) oper-
ating at 5 kV was used to investigate the morphology and the organization of the composite
biomaterials before implantation. Particles embedded in a plasma clot were fixed overnight
at 4 ◦C with a buffered 1.6% glutaraldehyde/0.1 M phosphate solution, rinsed, dehydrated
in a graded ethanol series and dried at room temperature. They were then mounted on
aluminum stubs with carbon tabs and sputter-coated with carbon before observation.

2.6. Histological Analyses

Histological analyses were performed after 7 weeks of SC implantation. The implants
were fixed in 10% buffered formalin, then partially decalcified in 10% (w/v) EDTA solution
(ICN Biomedical, Costa Mesa, CA, USA) for 48 h at room temperature and embedded
in paraffin. Serial sections measuring 7 µm in thickness were prepared for hematoxylin
and erythrosine staining (HE, Harris Hematoxylin solution, Sigma-Aldrich, Saint Quentin
Fallavier, France; Eosin 0.5% alcoholic, Diapath, Voisins-le-Bretonneux, France).

Vectra Polaris (Akoya, Villebon-surYvette, France) was used at ×40 magnification to
digitize the colored slides. For digital image analysis (DIA), a random forest-supervised
classifier within the HALO platform (IndicaLab, Corrales, NM, USA) was applied as a
machine learning method. DIA platforms were employed to assess active tissue, microparti-
cles (BCP and/or AC), blood vessels and nucleated cells using various software tools, such
as color deconvolution and cell segmentation algorithms (e.g., Watershed cell detection),
along with supervised classifiers, as machine-learning methods. The initial step of analysis
involved meticulous manual training of the machine learning classification to identify
tissue patterns. Subsequently, tissue and cell segmentation were applied solely within the
annotations designated by the machine learning classification. The analyses’ resolution
was estimated to be below 1 µm.

The comparison between manual and automatic blood vessel counts is shown in the
Supplementary Materials (Figure S1).

2.7. Porosity Analysis of AC and BCP Particles

The porous property of AC microparticles was determined via N2 adsorption/desorption
isotherms at −196 ◦C in a volumetric analyzer (ASAP 2000, Micromeritics, Mérignac,
France) after outgassing under vacuum at 80 ◦C for 12 h. The specific surface area calculated
via the Brunauer–Emmett–Teller (BET) method, SBET, was obtained using the BET equation
in the appropriate range of relative pressures [32]. The gas adsorption isotherms were used
to evaluate the pore size distributions (PSDs) using the 2D-NLDFT-HS model for porous
carbons with corrugated and chemically heterogenous surfaces [33].

2.8. Statistical Analysis

The statistical evaluation of data was performed using Student’s test. The experiment
was repeated between seven and twelve times (Table 1), and the results presented are the
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mean of the values. Data are reported as ± standard deviation at a significance level of at
* p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results
3.1. Comparison of Subcutaneous IMMATURE Bone Formation Induced by BCP, BCP/AC and
AC Composites

We first tested the three following composites, constituting plasma clotted around
(1) BCP particles (BCP/plasma), (2) AC particles (AC/plasma), or (3) a mixture of BCP
and AC particles (BCP/AC/plasma), as described above. In all cases, plasma clotting
around the microparticles resulted in the formation of a cohesive and malleable composite
that could be easily handled (Figure 2, inserts). The microscopic organization of these
biomaterials was analyzed using SEM as shown in Figure 2. This revealed the presence,
for the three biomaterials, of a fibrin network linking the microparticles together, which
confirmed that none of these materials prevented plasma coagulation.
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Figure 2. SEM images of (A) BCP particles 80–200 µm/plasma clot; (B) BCP/AC particles/plasma
clot; and (C) AC particles 80–160 µm/plasma clot. The fibrin network is indicated (F). Inserts in A, B
and C show a photograph of each biomaterial obtained after plasma coagulation.

Histological analysis performed after 7 weeks of SC implantation revealed (Figures 3–5)
significant differences between the three implant types. In all cases, we observed that
the biomaterials were centripetally colonized by an immature collagenous tissue (named
immature bone or woven bone, or bone-like tissue) constituted of a fibrillar bone matrix
associated with a polymorphic cellular reaction with fibroblastic proliferation, many mono-
cytes, granulocytes and macrophages. Multinucleated giant cells or osteoclast-like cells
were observed surrounding the BCP and AC particles. Numerous vessels were distributed
in all the implants. The limits of tissue colonization are highlighted by a red dotted line
(Figure 3). As shown in Figure 3, the amount of newly formed tissue was similar in BCP
implants and BCP/AC implants and much lower in AC implants. The quantification of
tissue area (Figure 5A) confirmed these results and indicated that the differences between
BCP and AC and between BCP/AC and AC were statistically significant.
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Figure 3. Light microscopy examination of the composite biomaterials: (A1,A2) BCP/plasma; (B1,B2)
BCP/AC/plasma; and (C1,C2) AC/plasma. The images selected are representative of the worst (left)
and best (right) results obtained for each type of biomaterial. In (B1,B2), the BCP microparticles
appear in grey (white arrow) and the AC particles appear in black (black arrow). The red dotted line
indicates the limit of tissue colonization.

Observation at a higher magnification further revealed that the number and size
of blood vessels were markedly higher in AC/plasma (Figure 4C) than in BCP/plasma
implants (Figure 4A) and that these parameters were intermediate in BCP/AC implants
(Figure 4B). This was confirmed after quantification (Figure 5B,C), whether the number
of vessels was expressed per implant (Figure 5B) or per surface area of tissue (Figure 5C).
Again, this number was intermediate in BCP/AC/plasma implants. Taken together, these
results demonstrate that the addition of AC particles to BCP/plasma implants did not
significantly modify the amount of tissue formation but was highly beneficial for tissue
vascularization. In parallel, the number of mononuclear cells calculated per implant was
reduced in the presence of AC particles (Figure 5D) but was similar in the three conditions
when related to the surface area of collagenous tissue (Figure 5E).

In the course of these experiments, we sometimes obtained BCP/AC/plasma implants
in which the particle distribution was not homogeneous. As a result, some parts of the
implants were more carbon-rich (Figure 6A, Area 1), while other parts were more BCP-rich
(Figure 6A, Area 2). The histological analysis of the different areas of these implants allowed
us to confirm the previous results. We observed that the areas concentrated with carbon
particles were less well colonized but richer in blood vessels (Figure 6D). In parallel, in
areas with a higher concentration of BCP particles, we observed better tissue colonization
but a lower number of blood vessels (Figure 6B). In small areas where particle distribution
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was homogeneous, we found the same results as those described for BCP/AC/plasma
implants; that is, similar colonization and an increase in the blood vessel number to those
that observed with BCP alone (Figure 6C).
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(A) tissue area; (B) blood vessels enumerated either per implant or (C) per mm2 of tissue; (D) mononu-
clear cells per implant or (E) per mm2 of tissue. Mean ± standard deviation, * p < 0.05, ** p < 0.01 and
*** p < 0.001.

In another experiment, we asked whether or not the size of the carbon particles could
have any effect on the parameters, that is, colonization and vascularization. We compared
implants made of 80–160 µm AC particles with implants made of 160–250 µm AC particles
(AC250). As shown by the quantification results in the Figure 7, similar tissue colonization
was observed regardless of the size of the AC particles (Figure 7A). On the contrary, in the
presence of the largest particles (AC250, 160–250 µm), the number of blood vessels, either
calculated per implant or per unit of area, dropped dramatically (Figure 7B,C), as did, to a
lower extent, the number of mononuclear cells (Figure 7D,E).
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Figure 6. Light microscopy examination of a representative inhomogeneous BCP/AC/plasma
implant. (A) Presentation of a whole implant with two areas: Area 1, carbon-rich area colored in grey,
and Area 2, BCP-rich area colored in brown; higher magnification of (B) BCP-rich area; (C) BCP/AC
area; and (D) AC-rich area. BCP microparticles are visible in grey, AC particles are visible in black
and blood vessels are visible in pink and indicated (red star).
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and *** p < 0.001.
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3.2. Influence of Biomaterial Impregnation with Solvents on Subcutaneous Immature Bone Formation

Before testing the effect of tacrolimus adsorption into the AC particles on ectopic
bone-like tissue formation, we investigated whether adsorption with aqueous or alcoholic
buffers could have an effect by itself on implant colonization and vascularization. AC and
BCP particles were immersed either in isotonic NaCl solution (NaCl) or in 96% alcohol
(EtOH), the latter being the solvent used to dissolve tacrolimus. After embedding in a
plasma clot, these particles were implanted subcutaneously for 7 weeks following the
same implantation protocol. The quantitative results (Figure 8, upper line) indicate that
when BCP was immerged in NaCl or EtOH, tissue colonization (colored in pink) was
similar in the three conditions, namely BCP (74.5%), BCP-[NaCl] (72.88%) and BCP-[EtOH]
(75.78%). On the contrary, blood vessel number per mm2 of tissue increased in the presence
of NaCl (41/mm2) and EtOH (28/mm2) compared with that in the presence of of dry
BCP (10/mm2), indicating a beneficial effect of solvent adsorption on vascularization.
When BCP/AC particles were immersed before implantation (Figure 8, second line), tissue
colonization was increased (70.45% vs. 80.56% vs. 78.84%) and the total amount of blood
vessels increased markedly in parallel, leading to an unchanged number of blood vessels
per area of tissue (59 vs. 56 vs. 54 blood vessels per mm2). When AC particles were
immersed before implantation (Figure 8, lower line), we observed a marked increase in
tissue colonization (37.20 vs. 64.46 vs. 60.65%) together with the total number of blood
vessels being unchanged, leading to a decrease in blood vessel density (94 vs. 49 vs.
78 vessels per mm2). Altogether, this experiment demonstrated that the NaCl or EtOH
immersion of the particles, either AC, BCP or both, had a beneficial effect on immature bone
tissue formation and vascularization after SC implantation (pictures taken from histological
sections are shown in Figure S2). These conditions were used as controls in the experiments
further conducted to test the effect of tacrolimus.

3.3. Particle Porosity and Tacrolimus (TA) Adsorption

As shown in the Table 2, BCP microparticles have a BET surface area close to 0 m2/g
and AC microparticles exhibit a high BET surface area above 1500 m2/g. In the first case,
the material is non-porous (BCP), and in the second, it is highly porous (AC) [34].

Table 2. BET surface area value quantified for both types of particles.

SBET (m2/g)

BCP 2
AC 1 1562

1 AC sieved to 80–160 µm.

Secondly, as shown in the Figure 9, our experiments reveal that AC particles exhibit a
narrow pore size distribution with a large volume of micropores (0.7 nm < pore size < 2 nm)
and also some mesopores (2 nm < pore size < 50 nm). In parallel, the 3D representation
of the tacrolimus (TA, C44H69NO12) molecule, visualized using the Molview software
(https://molview.org/, Figure 9, insert), shows that TA is a very large molecule with a
maximum length of 1.8 nm (as shown in the pore size distribution by a red vertical line).
These representations demonstrate that the pore distribution of AC particles perfectly
matches the adsorption of very large molecules such as tacrolimus or even larger molecules.
Two concentrations of TA were tested, namely [TA1-EtOH] (800 ppm) and [TA2-EtOH]
(160 ppm) solutions. TA adsorption by AC and BCP/AC particles was quantified by com-
paring these two initial concentrations (800 and 160 ppm) with their final concentrations,
which were measured after particle immersion for 24 h. The results in Table 3 show the
capacity and efficiency of AC particles to adsorb TA.

https://molview.org/
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Table 3. Quantification of TA adsorbed into BCP (25 mg)/AC (5 mg) and AC (10 mg) microparticles
after immersion for 24 h in TA1 (800 ppm) or TA2 (160 ppm) solution at room temperature. Adsorption
is presented either as the total mass of TA adsorbed (µgTA) or the mass of TA adsorbed per g of
particles (mgTA/gAC).

BCP/AC—[TA1-EtOH]
(800 ppm)

BCP/AC—[TA2-EtOH]
(160 ppm)

AC—[TA1-EtOH]
(800 ppm)

AC—[TA2-EtOH]
(160 ppm)

mTA (µg) Mean ± SD 95 ± 10 30 ± 4 120 ± 10 45 ± 8

QTA (mg/g) Mean ± SD 19 ± 2 6 ± 1 24 ± 2 9 ± 2
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Figure 9. Gas adsorption data: pore size distribution of AC microparticles calculated via the ap-
plication of the 2D-NLDFT model for carbon materials with corrugated surfaces. In the insert, the
tridimensional representation of the tacrolimus (TA) molecule (C44H69NO12) using the Molview
software is shown.

3.4. Effect of Tacrolimus (TA) on Subcutaneous Bone-like Tissue Formation

After immersion for 24 h either in the tacrolimus solutions (800 ppm or 160 ppm) or
in EtOH solution alone (vehicle), the particles (see Table 3) were embedded in a plasma
clot and implanted subcutaneously in mice as before. Histological analysis showed no
effect of TA on the amount of immature bone tissue formed in the implants compared with
that in the controls. On the contrary, TA adsorption into AC particles induced a dramatic
and statistically significant decrease in the number of blood vessels, whether expressed
per implant (Figure 10A) or per unit area of tissue area (Figure 10B). More precisely, for
both types of implant, that is, BCP/AC-[TA-EtOH] or AC-[TA-EtOH], the number of blood
vessels was divided by three in the presence of TA1 and divided by four in the presence
of TA2.
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4. Discussion

We have already described the bone-reconstructive properties of BRB, a biomaterial
constituting calibrated BCP particles embedded in a plasma clot [9,31]. In recent experi-
ments, we used activated carbon in the form of cloth and demonstrated that these tissues,
when applied to bone defects in a rat femur, accelerated bone cortical repair and could
be integrated in the newly formed bone [25,27]. Moreover, we also showed that AC cloth
could be used as a drug delivery system [28].

We show here that AC can also be prepared in calibrated particle form, and the present
study was conducted to investigate whether or not addition of AC to BCP microparticles
could extend the properties of the BRB by allowing the in situ delivery of therapeutic
agents. We thus tested, for the first time, the efficacy of AC particles and that of AC/BCP
particles in combination, embedded in a plasma clot, in mice, in a model of SC bone-like
tissue formation. This highly reproducible model has been used for several decades by our
group and others to test the osteogenic potential of biomaterials [9,29–31].

Owing to our previous experiments with BRB (BCP/blood or plasma), which demon-
strated that 80–200 µm calibrated BCP particles were optimal for bone reconstruction, AC
particles were sieved to obtain a similar size range. Two batches of AC microparticles were
thus prepared, and calibrated between 80 and 160 µm and between 160 and 250 µm.

We then tested the feasibility of combining AC and BCP particles in the same biomate-
rial and the effect of this combination on SC immature bone formation. Our preliminary
experiments revealed that the density of AC particles was five times lower than that of
BCP, i.e., 50 mg of BCP and 10 mg of AC occupy the same 50 µL volume. Consequently, in
order to have implants of an identical size, 50 µL, AC/plasma implants were formed with
10 mg of AC particles, BCP/AC/plasma implants constituted a combination of 25 mg of
BCP and 5 mg of AC, and BCP/plasma were composed of 50 mg of BCP microparticles.
First, we showed that AC particles alone in a plasma clot induce weak formation of ec-
topic bone compared with that observed with BCP particles. Unexpectedly, we observed
that the number of blood vessels in these AC/plasma implants was very significantly
greater than that in BCP/plasma implants. Moreover, not only was the number of vessels
higher, but so was their average size. We observed the same proangiogenic effect of AC
particles in BCP/AC/plasma to that of AC particles in BCP/plasma implants. In paral-
lel, the number of nucleated cells remained high and stable in the newly formed tissue,
suggesting a positive evolution of tissue formation. So far, the positive effect of AC on
the number and the size of blood vessels is not understood. One possible explanation is
that activated carbon, because of its adsorption capacity [35,36], captures molecules from
the inner environment, such as growth factors or angiogenic molecules [37], which can
be released in situ and stimulate angiogenesis. Further experiments will be necessary to
deepen our understanding of this point. Nevertheless, this unexpected positive action
of AC particles on implant vascularization, in the absence of any drug adsorption, is an
extremely interesting beneficial effect since it is well known that the long-term survival of
any type of graft is dependent on its neovascularization. It is likely that this potentiation of
vascularization, which we observed here in an ectopic site by adding AC to BCP particles,
will have an even greater positive impact on bone reconstruction following the implanta-
tion of this new BCP/AC/plasma biomaterial in bone defects. Future experiments will be
necessary to assess this beneficial effect in bony sites as well as to assess the optimal ratio
of BCP/AC microparticles. Nevertheless, our results demonstrate that a small amount
of AC microparticles is sufficient to significantly increase the neovascularization of the
ectopic tissues.

One experiment that we carried out demonstrated that the implants made from the
largest particles embedded in coagulated plasma, that is, particles measuring 160–250 µm,
produced very loose collagenous tissue and a significantly lower number of blood ves-
sels than those in implants made from the smallest particles. This explains why all the
other experiments were designed with AC particles measuring 80–160 µm, BCP particles
measuring 80–200 µm, or a combination of the two.
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Our study further aimed to determine the feasibility of using the adsorption capacity
of AC to deliver a drug into implants. Tacrolimus (TA) was an interesting drug with
which to test the adsorption capacity of the AC microparticles because of its relatively
large size (803.5 Da) and low solubility (4–12 µg/mL in water) [38]. We demonstrate here
that the porosity of AC particles, which combines micropores and mesopores, enables the
adsorption of this large molecule. TA was also chosen since it is an immunosuppressive
agent that others groups have used in previous studies for its ability to influence bone
formation in various models [39]. Among these studies, some authors describe that TA
treatment increased bone formation markers in patients with rheumatoid arthritis [40].
Others have shown that, in rats, TA increases bone resorption without affecting bone
formation, leading to bone loss [41]. Nabavi et al. described a model where TA (10 µg/mL,
100 µg/mL, and 1000 µg/mL) was loaded into collagen type I hydrogel, which was then
surrounded by film made of gelatin and polycaprolactone and placed in the calvarias defect
of Wistar rats. They demonstrated that this hydrogel could promote the repair of cranial
bone defects in rats [42]. In line with a piece of previous work, we chose TA because we
found that the adaptive immune response inhibits ectopic mature bone formation induced
by bone marrow stromal cells/BCP/plasma implants in immune-competent mice [31]. We
thus hypothesized that immune suppression brought about in situ by TA via AC particles
could have a beneficial effect on SC bone-like tissue formation. Since TA is soluble in
ethanol, EtOH and NaCl adsorbed on AC were used as controls. The results obtained in
these control conditions demonstrate that the adsorption of EtOH or NaCl into AC particles
not only has no deleterious effect but exerts a slightly positive effect through an increase
in blood vessel number when compared with dry particles. Hypotheses can be made to
explain this unexpected positive impact of using an implant made of “wet” instead of
“dried” particles. The immersion of BCP particles in ethanol or NaCl for 24 h may induce
surface modifications such as the partial dissolution of the surface layer. This modified
surface could then exhibit enhanced biocompatibility/osteointegration properties, favoring
new vessel formation, for example. In the case of AC particles, the presence of solvent
trapped in their micropores could modify the kinetics of exchange with the inner medium,
which may promote biological processes including immature bone matrix formation. It
is therefore conceivable that the immersion of BCP/AC particles in a solvent prior to
implantation, carried out by modulating the adsorption of the inner medium and creating
surface modifications, promotes biological processes including immature bone matrix
formation and the growth of new vessels. Further studies will be necessary to understand
the mechanisms involved in the effects of solvents on BCP and AC particles and their
influence on immature bone tissue formation and vascularization.

The adsorption of TA-[EtOH] into AC particles after immersion for 24 h in two different
concentrations resulted in a two-load range. Our results revealed that BCP/AC-[TA-EtOH]
and AC-[TA-EtOH] particles embedded in plasma induced the formation of immature
bone tissue with a dramatic drop in blood vessel numbers when compared with those in
their respective controls. This effect was similar for AC and BCP/AC implants and for the
two loads of TA, with a reduction in the number of blood vessels by a factor of 3 or 4. Note
that the deleterious effect of TA is probably limited by the beneficial effect of ethanol on the
number of blood vessels. Further experiments are needed to explain this negative effect of
TA on angiogenesis, but this deleterious effect of TA on implant vascularization allowed
us to demonstrate that TA adsorbed into AC particles was indeed released in situ into the
implants. This result provides the proof of concept that AC particles can carry molecules of
interest to implanted sites.

Taken together, our results indicate that the addition of AC to BCP particles in this
model not only results in better-vascularized ectopic bone tissue, but also allows the
delivery of therapeutic molecules to the implant site, including large ones such as TA
molecules. This strongly suggests that different types of molecules could be delivered by
these particles and, consequently, that different therapeutic effects could therefore possibly
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be obtained. This important property of AC is complementary to the osteogenic effect of
BCP, which has no adsorption properties, as confirmed here.

In clinical practice, the reconstruction of a bone defect may be associated with co-
morbidities such as infection or neoplastic disease. The use of biomaterials that are not only
effective for bone reconstruction, but that can also deliver drugs such as an anti-infectious
or anti-neoplastic drugs in situ, is a major step forward. Our first results provide a proof
of concept that activated carbon particles can be used to adsorb drugs, including large
ones, which are released in situ into the site to be reconstructed. This feasibility study
should be extended to implantation in bony sites and larger animals, using anti-infectious
or anti-neoplastic drugs in adapted models.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma17081749/s1: Figure S1: Quantification of blood vessel number
from histological sections either via manual counting (grey histogram) or via automatic counting
(white histogram) for the three biomaterials; Figure S2: Light microscopy pictures of (A) BCP/AC-
[NaCl]; (B) BCP/AC-[EtOH]; (C) AC-[NaCl] and (D) AC-[EtOH] composites.
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