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Abstract: Functionalizing biomaterials with conditioned media (CM) from mesenchymal stromal cells
(MSC) is a promising strategy for enhancing the outcomes of guided bone regeneration (GBR). This
study aimed to evaluate the bone regenerative potential of collagen membranes (MEM) functionalized
with CM from human bone marrow MSC (MEM-CM) in critical size rat calvarial defects. MEM-CM
prepared via soaking (CM-SOAK) or soaking followed by lyophilization (CM-LYO) were applied to
critical size rat calvarial defects. Control treatments included native MEM, MEM with rat MSC (CEL)
and no treatment. New bone formation was analyzed via micro-CT (2 and 4 weeks) and histology
(4 weeks). Greater radiographic new bone formation occurred at 2 weeks in the CM-LYO group vs.
all other groups. After 4 weeks, only the CM-LYO group was superior to the untreated control group,
whereas the CM-SOAK, CEL and native MEM groups were similar. Histologically, the regenerated
tissues showed a combination of regular new bone and hybrid new bone, which formed within the
membrane compartment and was characterized by the incorporation of mineralized MEM fibers.
Areas of new bone formation and MEM mineralization were greatest in the CM-LYO group. Proteomic
analysis of lyophilized CM revealed the enrichment of several proteins and biological processes
related to bone formation. In summary, lyophilized MEM-CM enhanced new bone formation in rat
calvarial defects, thus representing a novel ‘off-the-shelf’ strategy for GBR.

Keywords: mesenchymal stromal cells; conditioned media; guided bone regeneration; bone tissue
engineering; regenerative medicine

1. Introduction

The reconstruction of complex bone defects, where tissue deficiency occurs
tri-dimensionally, is a clinical challenge [1]. In the alveolar bone, the recommended treat-
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ment approaches for such defects have been either guided bone regeneration (GBR) using
autologous bone grafts in combination with a bone substitute material and a barrier mem-
brane or autogenous or allogeneic bone blocks [2,3]. Although GBR has demonstrated a
high degree of clinical success and predictability [4,5], in the presence of large defects, the
need for extensive autologous bone harvesting may result in additional patient morbidity
and risks of clinical complications [6].

Bone tissue engineering is increasingly being used to overcome these limitations [7]
by combining autologous transplantation of ex vivo expanded adult mesenchymal stro-
mal cells (MSC), usually from the bone marrow (BMSC), with biomaterial scaffolds [8,9].
However, this approach has important logistic and regulatory complications that limit its
efficiency and predictability. In fact, in a recent meta-analysis, our group reported that
the clinical evidence for effectiveness of cell therapy was limited, i.e., there were relatively
small effect sizes vs. traditional GBR/grafting procedures, and these were mainly limited
to studies of maxillary sinus augmentation [7]. Moreover, the large-scale translation of this
strategy is limited by the need for expensive Good Manufacturing Practice (GMP)-grade
laboratories for ex vivo cell expansion and stringent regulation of MSC as Advanced Ther-
apeutic Medicinal Products (ATMP) by health authorities. Furthermore, the traditional
hypothesis that MSC act via engraftment, differentiation and replacement at the injury site
has, in recent years, been challenged by evidence of a predominantly paracrine mechanism
of action [10,11].

It is widely accepted that MSC may exert their beneficial effects by secreting a
wide range of bioactive factors, including soluble proteins (growth factors, cytokines
and chemokines), lipids, nucleic acids and extracellular vesicles at or near the site of in-
jury [11–13]. These factors, in turn, stimulate tissue-resident progenitor (osteogenesis),
endothelial (angiogenesis) and immune cells (immune modulation) to drive the subse-
quent regeneration processes [14]. These findings have provided the biological basis for
developing ‘cell-free’ strategies, which use the secretome contained in MSC-conditioned
media (CM) to stimulate tissue regeneration. An additional advantage of this strategy is
the possibility of storing and using MSC-CM as ‘off-the-shelf’ products [15]. Although the
preclinical efficacy of MSC-CM for bone regeneration has previously been reported [16,17],
data for the optimal dose(s) and mode(s) of CM delivery are lacking.

GBR techniques are based on the use of barrier membranes that act as occlusive barriers
to the rapidly proliferating cells of epithelial and connective tissues, while promoting
repopulation with slower-growing osteoprogenitor cells [18,19]. Bioabsorbable collagen
membranes (MEM) are the most frequently used membranes in GBR, and are either applied
alone or combined with bone substitute materials [20]. In addition to functioning as
occlusive barriers, MEM have also shown an inherent biological activity via their ability
to adsorb and release signaling molecules, e.g., growth factors [21,22]. This property has
been exploited in several preclinical studies where MEM have been functionalized with
bioactive molecules, e.g., bone-derived proteins [23,24] and recombinant growth factors
(see review [4]). We have previously demonstrated that MEM can adsorb the growth factor-
activity from human biological products ex vivo [25]. Thus, it is reasonable to hypothesize
that MEM can also adsorb bioactive factors from CM and serve as carriers or ‘scaffolds’
in GBR settings [14,25]. To test this hypothesis, we propose using the calvarial critical
size defect model in rodents, since this model is extensively used for testing other GBR
strategies [26]. Thus, the objective of the present study was to investigate the efficacy of
CM-functionalized MEM (MEM-CM) for promoting GBR in vivo in rat calvarial defects. A
secondary objective was to compare two different methods, i.e., soaking vs. lyophilization
of CM, for MEM functionalization.
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2. Methods
2.1. Cell Culture

The use of human cells and tissues was approved by the Regional Committees for
Medical Research Ethics in Norway (2013-1248/REK-sør-øst and 2016-1266/REK-nord).
Bone marrow specimens were obtained following parental consent from five independent
donors (2 females and 3 males; 8–10 years) undergoing reconstructive surgery at the
Department of Plastic Surgery, Haukeland University Hospital. BMSC were isolated and
expanded following previous protocols [27]. Briefly, the cells were cultured in T75 or T175
flasks (Thermo Fisher Scientific, Carlsbad, CA, USA) using sterile filtered growth media
(GM) comprising of Dulbecco’s Modified Eagle’s medium (DMEM, Invitrogen, Carlsbad,
CA, USA) supplemented with 5% (v/v) pooled human platelet lysate (HPL; Bergenlys,
Bergen, Norway), 1% (v/v) penicillin/streptomycin (GE Healthcare, South Logan, UT,
USA) and 1 IU/mL heparin (Leo Pharma AS, Lysaker, Norway) [27]. The cells were sub-
cultured and expanded under standard incubation conditions, i.e., 37 ◦C and 5% CO2,
following a validated protocol with a seeding density of 4000 cells/cm2 [28]. Passage 1
(p1) and 2 (p2) BMSC were characterized based on immunophenotype and multi-lineage
differentiation potential, as previously reported [27]. For all the cell cultures, growth and
morphology were monitored regularly under an inverted light microscope (Nikon Eclipse
TS100, Tokyo, Japan).

2.2. CM Preparation

Pooled CM were prepared from BMSC (n = 3 donors) as previously described [29].
Briefly, p1 and p2 BMSC were expanded in T175 flasks in GM until 70–80% confluency
under standard incubation. At this point, the cells were washed three times with phosphate-
buffered saline (PBS; Invitrogen), and then cultured in plain DMEM (without HPL or
antibiotics) for another 48 h to produce CM. After 48 h, the CM from p1 and p2 BMSC
from each of the three donors were collected, pooled, centrifuged at 4000× g for 10 min
to remove any debris, aliquoted and stored at −80 ◦C. The CM were further concentrated
using 3 kDa Amicon Ultra-15 centrifugal filter devices (Merck Millipore, Billerica, MA,
USA) using the manufacturers protocol. Briefly, following the equilibration of filter devices
with PBS, the CM were centrifuged at 4000× g for 30 min at 4 ◦C, followed by PBS buffer
exchange and another centrifugation cycle (4000× g for 30 min), resulting in concentrated
CM (~30-fold). Based on previous reports [15,30], mannitol (Sigma Aldrich, St. Louis, MO,
USA) was added as a cryo-preservative (0.5% v/v), and the concentrated CM were then
used for MEM functionalization.

2.3. MEM Functionalization and Bioassay

Bi-layered, non-cross-linked MEM (25 mm × 25 mm; Bio-Gide®, Geistlich Pharma,
Wolhusen, Switzerland) were used in this study. The MEM were cut using sterile scissors
into smaller pieces (7 mm × 6 mm) and incubated with 100 µL of serum-free DMEM
(control) or concentrated CM at 37 ◦C for 1 h based on previous experiments where the
incubation conditions for optimal adsorption of proteins were determined [22]. For equal
comparison, mannitol was also added to serum-free DMEM at a final concentration of 0.5%
(v/v). After 1 h, the supernatants were aspirated, and MEM soaked with serum-free DMEM
(native MEM, control group) and half of the MEM soaked with CM (CM-SOAK) were
stored at 4 ◦C. The remaining MEM soaked with CM were stored in a −80 ◦C freezer for
subsequent lyophilization. Lyophilization of the MEM-CM was performed in a FreeZone™
freeze dryer (Labconco, Kansas, MO, USA) at 0.014 mBar of pressure and at −51 ◦C. The
lyophilized MEM-CM (CM-LYO) were stored at 4 ◦C until their use in the experiments (up
to 24 h). As a bioassay, the effects of CM alone and MEM-CM (CM-SOAK and CM-LYO)
on BMSC were tested via a quantitative real-time polymerase chain reaction (qPCR) using
TaqMan® real-time PCR assays (Thermo Scientific) as previously described [31]. Primary
BMSC (different from those used for CM preparation) were exposed to GM and CM in a
monolayer culture, and to CM-SOAK, CM-LYO and native MEM in a three-dimensional
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(3D) culture for 48 h. Expressions of osteogenesis-related genes (Supplementary Table S1)
were assessed as previously described [31].

2.4. Cell Viability on MEM

To test the cytocompatibility of the functionalized MEM-CM (CM-SOAK and CM-
LYO), i.e., whether the resident cells could populate the MEM following in vivo implanta-
tion, the in vitro viability of rat MSC (rMSC) seeded on native and functionalized MEM
was determined after 1 and 3 days using the LIVE/DEAD cell viability assay (Invitrogen)
as previously described [32]. Briefly, previously isolated rMSC [33] were cultured in DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin;
p3-5 cells were used in experiments. Pooled rMSC (~105 cells) were seeded on MEM and
allowed to attach for 1 h before supplementing them with the corresponding growth me-
dia for 1–3 days. At each time point, MEM were stained and observed under a confocal
microscope (Andor Dragonfly 5050, Oxford Instruments, Abingdon, UK) coupled with
Imaris software ver. 9.5.1 (Oxford Instruments), and green (live) and red (dead) cells
were visualized qualitatively in each condition. For the animal experiment, pooled rMSC
(1.5 × 106 cells) were seeded on the MEM as described above and cultured in growth media
for 24 h before implantation. Cell viability was confirmed just prior to implantation using
the aforementioned viability assay.

2.5. Rat Calvaria Defect Model

The calvarial defect model in rats was performed following ethical approval (Nor-
wegian Animal Research Authority, FOTS-17443) and in accordance with the ARRIVE
guidelines, as previously described [32]. Briefly, 20 male Lewis rats (LEW/OrlRj, Janvier
Labs, Le Genest-Saint-Isle, France) that were 8 weeks old and weighing 200–350 g were
used. Following acclimatization, the animals were anesthetized (Sevoflurane, Abbott Lab-
oratories, Berkshire, UK), and two full-thickness defects were surgically created, one in
each parietal bone, using a trephine bur with an outer diameter of 5 mm (Meisinger GmbH,
Neuss, Germany) under saline irrigation. Three animals died during the surgery due to
anesthesia-related complications; therefore 17 animals were available for the experiment.
The following treatments were then randomly applied to the defects: CM-LYO (n = 8), CM-
SOAK (n = 8), MEM seeded with allogeneic pooled rMSC (CEL, 1.5 × 106 cells; n = 7), native
MEM soaked with serum-free DMEM (MEM; n = 6) and no treatment (‘empty’ defects;
n = 5). Membranes were fixed to the calvaria using 3–5 µL of tissue adhesive (Histoacryl®,
B. Braun, Tuttingen, Germany) at the defect edges [34,35]; the fixation of MEM is advised
to prevent micromovements and promote healing [36]. Randomization of defects/groups
was performed using the Research Randomizer online software [37], and the animals were
coded via ear clips. For all subsequent handling/analyses, the animals/specimens were
identified by numbers to facilitate blinding of the observers to the treatment groups. After
2 weeks, the animals were subjected to in vivo micro-computed tomography (µCT), and
after 4 weeks, they were euthanized with an overdose of CO2. The primary outcome was
new bone formation after 2 weeks via in vivo µCT and after 4 weeks via ex vivo µCT,
histology and histomorphometry. The secondary outcomes included the characterization of
new bone tissues via scanning electron microscopy (SEM), microhardness testing, relative
bone density and Raman spectroscopy.

2.6. µ CT

To track early in vivo bone regeneration, the live animals were scanned at 2 weeks
post-surgery under anesthesia using a small-animal CT scanner and Mediso workstation
(both from nanoScan Mediso, Budapest, Hungary) with a voxel size of 40 µm (resolution),
70 kV energy, an exposure time of 300 ms, 720 projections and 1:1 binning. After a period of
observation, the animals were returned to their original cages and housing locations until
euthanasia. After 4 weeks, the calvaria were harvested and fixed in 10% buffered formalin.
The specimens were scanned using a SCANCO 50 µCT scanner (SCANCO Medical AG,
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Bruttisellen, Switzerland) at 90 kV and 200 µA with an isotropic resolution of 20 µm.
Reconstruction and analysis were performed as previously described [32]. Briefly, scans
were reconstructed using Amira software (Thermo Scientific) by orienting the drill direction
along the Z-axis, with the defect in the approximate center of the image. Using ImageJ
software (NIH, Bethesda, MD, USA), a standardized volume of interest (VOI) including
the entire thickness of the calvaria and excluding 0.5 mm of marginal bone was defined
for each defect. Specific density thresholds were defined for in vivo and ex vivo µCT scans
(based on scanning resolutions) and percentages of new bone volume relative to total defect
volume (BV/TV%) and bone coverage (%) were calculated in ImageJ (NIH) using custom
defined rulesets.

2.7. Histology and Histomorphometry

After µCT scanning, the calvaria specimens were processed for undecalcified histology
as previously described [32]. Briefly, the specimens were dehydrated in ascending grades
of alcohol and embedded in light-curing resin (Technovit 7200 + 1% benzoyl peroxide,
Kulzer & Co., Wehrheim, Germany). The blocks were further processed using EXAKT cut-
ting and grinding equipment (EXAKT Apparatebau, Norderstedt, Germany). Standardized
thin-ground sections (~100 µm) were prepared in the centre of each defect, parallel to the
sagittal suture and perpendicular to the parietal bone, and stained with Levai-Laczko dye
(Morphisto GmbH, Frankfurt, Germany). In this staining process, mature bone appears
light pink, woven bone is dark pink and soft tissues (including collagen) are dark blue.
The sections were scanned using an Olympus BX61VS digital virtual microscopy system
(DotSlide 2.4, Olympus, Tokyo, Japan) with a 20× objective, resulting in a resolution of
0.32 µm per pixel.

Histomorphometric analysis was performed to analyze the tissue components filling
the defects as previously described [38]. Briefly, the scanned images were manually seg-
mented using Photoshop CS 6 (Adobe Systems Inc., San Jose, CA, USA) and quantified
using a custom script in ImageJ (NIH). Two regions of interest (ROI) were defined for each
sample based on the position of the membrane in relation to the defect: the central defect
region, delimited superiorly by the MEM, inferiorly by the dura and laterally by the defect
edges, and the defect edge or ‘side’ region, which was the area adjacent to the central defect
on both sides (Supplementary Figure S1). In both ROIs, the respective areas of new bone
without embedded MEM fibers (hereafter termed ‘new bone’), new bone with embedded
MEM fibers (hereafter termed ‘hybrid bone’), total new bone (sum of new and hybrid bone),
mineralized MEM fibers, residual MEM (non-mineralized MEM fibers) and soft tissue were
measured, and corresponding percentages were calculated as a ratio of the ROI area.

2.8. Characterization of New Bone Tissues

The structural, mechanical and compositional properties of new bone tissues were
analyzed based on SEM, microhardness, relative bone density and Raman spectroscopy.
The objective herein was to compare the different tissue types, i.e., regular new bone and
hybrid new bone, and not the different treatment conditions. Representative sections from
each experimental group (MEM, CM-LYO, CM-SOAK and CEL) were used, and native
calvarial bone was analyzed as a control.

SEM: The ultrastructure of the new bone tissues, i.e., regular new bone and hybrid
bone, was further analyzed using SEM. Briefly, back-scattered electron imaging of carbon
coated resin-embedded calvaria sections was performed using a Zeiss Supra 55VP micro-
scope (Carl Zeiss, Oberkochen, Germany), with an acceleration voltage of 15 kV and an
8 mm working distance.
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Microhardness: Vickers microhardness testing was performed as previously de-
scribed [39]. Briefly, micro-indentations were created on the tissue surfaces using an
MHT-10 microhardness tester equipped with a Vickers diamond indenter tip and a video
measuring system (Anton Paar, Graz, Austria) attached to a light microscope with a 50×
objective (Leica DMR, Wetzlar, Germany). A load of 50 g was applied for 10 s to produce
each indentation; at least 10 separated indentations were made per tissue type, per section.
The length of the diagonals of each indentation was measured using the inbuilt software
(Anton Paar), and a Vickers hardness value (HV) was automatically calculated.

Relative bone density: The selected sections were scanned using a SkyScan 1172 µCT
scanner (Bruker, Kontich, Belgium) with an X-ray source of 60 kV/200 µA and 0.5 mm
aluminum filter for a resolution of 13.3 µm; beam hardening was adjusted to compensate
for the difference in density between the plastic microscope slides. A maximum intensity
projection of each slide was created, and using a custom ImageJ script, the average intensity
in each tissue type was measured. Details of the measurement protocol are presented in
the Supplementary Materials.

Raman spectroscopy: This technique was used to study bone composition via an
estimation of the crystallinity and mineral-to-matrix ratio. Raman spectra of each tissue
type were collected using a confocal Raman microscope (LabRam, Horiba Jobin Yvon,
Edison, NJ, USA) equipped with a 488 nm excitation laser and 50× objective coupled with
the LabSpec ver. 5 software (Horiba Jobin Yvon) with the following settings: a spatial
resolution of 0.5 cm−1, a spectral range of 400–1800 cm−1 and 10 accumulations with
1 s exposure time per measurement. The spectral measurements were calibrated using a
silicon standard, and at least five measurements were taken per tissue type per section. The
spectra were processed using a custom script in Matlab (Mathworks, Natick, MA, USA)
for the selected peaks of interest, i.e., v1 phosphate (v1 PO4

3) at ~960 cm−1, representing
the mineral/inorganic phase of bone, and CH2 wag at ~1448 cm−1, representing the
organic/matrix phase, i.e., collagens, lipids and non-collagenous proteins [40]. Background
fluorescence correction and smoothing using the Savitzky–Golay polynomial function
in the 2nd order were applied to the spectra in the appropriate wave number range
(±80 cm−1) using a custom MatLab script. The following parameters were determined
for the selected peaks of interest: peak height, peak area and the full peak width at
half maximum intensity (FWHM). To ensure the correct identification of the different
tissue types, stained histological sections were used, which resulted in an additional
background peak from the dye (pararosaniline); the dye-peak at 913 cm−1 [41] could be
clearly differentiated from the bone peaks and did not interfere with the analysis. The
following compositional parameters were then calculated: crystallinity, represented by the
inverse of the full peak width at half maximum intensity (FWHM−1) for v1 PO4

3, and
mineral/matrix ratio, represented by the peak height ratio of v1 PO4

3 to CH2 wag.

2.9. Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) of Lyophilized CM

The proteomic composition of the pooled CM were analyzed using LC-MS/MS as
previously described [42]. Briefly, the total protein concentration was measured using
a bicinchoninic acid assay (Pierce BCA Kit, Thermo Fisher), and 10 µg of lyophilized
protein was processed to obtain tryptic peptides. About 0.5 µg protein as tryptic peptides
dissolved in 2% acetonitrile and 0.5% formic acid was injected into an Ultimate 3000 RSLC
system connected online to a Exploris 480 mass spectrometer equipped with EASY-spray
nano-electrospray ion source (all from Thermo Scientific, Sunnyvale, CA, USA). Additional
details of LC-MS/MS are reported in the Supplementary Materials.
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2.10. Bioinformatic Analysis

The LC-MS/MS raw files were searched using Proteome Discoverer software (version
2.5.0.400; Thermo Scientific). Perseus software (version 2.3.0.1; Max Planck Institute for
Biochemistry, Martinsread, Germany) was used to process and filter the results. An over-
representation analysis of the exclusive proteins in each CM group was performed using
the WebGestalt tool (wGSEA) [43,44]. Gene ontology (GO) slim subsets were retrieved
based on the human genome (Homo sapiens) as a reference. Relevant GO terms (Homo
sapiens) for bone-related biological processes were retrieved from the QuickGO database
(https://www.ebi.ac.uk/QuickGO/, accessed on 14 November 2022), and the correspond-
ing gene names were compared to the proteins identified in CM [42]. A list of identified
bone-related proteins is presented in Supplementary Table S2.

2.11. Multiplex Immunoassay

The Quantibody Human Bone Metabolism Array Q1 (RayBiotech Inc., Norcross, GA,
USA) was used to analyze 31 bone related cytokines (Supplementary Table S3) according
to the manufacturer’s protocol. This array is based on the sandwich enzyme-linked im-
munosorbent assay (ELISA) technology, and each antibody is spotted in quadruplicate.
Array hybridization was performed using concentrated CM (0.1–0.2 mg/mL of total pro-
tein) and standard cytokines. Array scanning was performed using a laser scanner (GenePix
4000B, Axon Instruments, San Jose, CA, USA) at different photomultiplier tube gains. Data
extraction was performed using the GenePix Pro software ver. 5.0 (Axon Instruments).
Concentrations of candidate proteins were calculated based on linear standard curves and
normalized to the corresponding total protein concentration.

2.12. Statistical Analysis

Statistical analysis was performed using the Prism 9 software (GraphPad, San Diego,
CA, USA). Data are presented as means (± SD and/or range), unless they are specified.
Analyses of the gene expression data are based on delta-CT values, and the results are
presented as relative (log/non-linear) fold changes using scatter plots. All other linear
data are presented as scatter or bar graphs. Normality testing was performed via the
Shapiro–Wilk test. The one-way analysis of variance (ANOVA), followed by a post hoc
Tukey’s test, was applied, and statistical significance was set at p < 0.05.

3. Results
3.1. Functionalized MEM Supported Cell Growth and Function

The live/dead assay revealed the high viability of rMSC on the MEM-CM, i.e., CM-
LYO and CM-SOAK (Figure 1A), both of which were similar to that on the native MEM.
The stacking of z-sections revealed the 3D migration of cells between the fibrillar network
(pores) of the MEM (Figure 1B). The viability of rMSC on native MEM was also confirmed
just prior to in vivo implantation (Supplementary Figure S2). With regard to cell function,
the qPCR bioassay showed a significant upregulation of osteogenic gene markers in the
BMSC exposed to CM vs. those in GM in monolayer cultures (Supplementary Figure S3).
In the 3D cultures, i.e., BMSC seeded on native or functionalized MEM, a remarkable
upregulation of all osteogenic genes was observed compared to cells in monolayer cultures,
regardless of MEM functionalization. Thus, in 3D cultures, the effect of the MEM itself on
the BMSC confounded the effects of MEM-CM. Although it was not statistically significant,
a trend for enhanced gene expression was observed in the CM-LYO vs. CM-SOAK MEM-
CM (Supplementary Figure S3).

https://www.ebi.ac.uk/QuickGO/
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Figure 1. Evaluation of cell viability on MEM-CM. Representative 2D (A) and 3D (B) confocal
images of rMSC viability (live/dead assay) on CM functionalized MEM either soaked (CM-SOAK) or
lyophilized (CM-LYO) after 3 days. Scale bars: 100 µm (A) and 200 µm (B).

3.2. CM-LYO Enhanced In Vivo New Bone Formation More than Other Treatments Did

All animals included in the experiment recovered from the surgery, and no adverse
events were observed. After 2 weeks, µCT revealed a significantly greater coverage of bone
defects in the CM-LYO (85.5 ± 15.49%) vs. that in the CM-SOAK group (21.67 ± 21.13%;
p < 0.001), suggesting a clear benefit of lyophilization (Figure 2A,B). Moreover, the bone
coverage was also greater in CM-LYO vs. that in the CEL (18.81 ± 20.03%; p < 0.001),
native MEM (18.57 ± 20.83%; p < 0.001) and empty groups (11.67 ± 12.02%; p < 0.001). A
similar trend was observed with regard to BV/TV in CM-LYO (4.48 ± 1.4%) vs. CM-SOAK
(0.72 ± 0.74; p < 0.001), CEL (0.98 ± 1.17; p < 0.001), native MEM (0.69 ± 0.77; p < 0.001)
and empty groups (0.56 ± 0.83; p < 0.001) (Figure 2B). Early mineralization within the
membrane compartment occurred more frequently in CM-LYO (8/8) vs. in the CM-SOAK
(0/8), CEL (1/7) and MEM (2/6) groups (Figure 3).
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(ex vivo) showing maximum, average and minimum bone formation in the different groups. Quan-
tification of bone coverage (B) and bone volume per tissue volume (BV/TV) (C) in the different
groups. MEM, native membrane; LYO, lyophilized membrane with conditioned media; SOAK,
soaked membrane with conditioned media; CEL, membrane with rMSC; EMP, empty defects. Data
represent means (n ≥ 5). * p < 0.05, **** p < 0.001.
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Figure 3. µCT analysis (continued). Representative µCT images of central slices at 4 weeks showing
maximum, average and minimum bone formation in the different groups. Mineralization within
the membrane component is indicated by yellow arrows in the LYO group representing hybrid
bone and/or mineralized MEM fibers. MEM, native membrane; LYO, lyophilized membrane with
conditioned media; SOAK, soaked membrane with conditioned media; CEL, membrane with rMSC;
EMP, empty defects.

After 4 weeks, only CM-LYO (78.9 ± 13.08%) showed significantly greater bone
coverage than the untreated control group did (28.99 ± 18.64%; p = 0.027); those of the
CM-SOAK (46.97 ± 37.12%), CEL (56.07 ± 29.22%) and native MEM groups (57.89 ± 30.9%)
were similar. No differences in BV/TV were observed in CM-LYO (8.41 ± 1.87%) vs. that
in the CM-SOAK (6.64 ± 7.01%; p = 0.947), CEL (7.72 ± 5.78%; p = 0.99), native MEM
(5.7 ± 4.21%; p = 0.83) and empty groups (2.68 ± 2.24%; p = 0.25). Notably, the smallest
intra-group variation was observed in the CM-LYO group (Figures 2A,B and 3).

3.3. CM-LYO Promoted Histological New Bone Formation Better than Other Treatments Did

After 4 weeks, all the groups revealed a heterogeneous histological pattern combining
the following tissue components: regular new bone (without incorporated MEM fibers),
hybrid new bone (with incorporated MEM fibers), mineralized MEM fibers, residual MEM
and soft tissues (Figures 4 and 5). New bone was typically seen at the base of the defect
towards the dura, i.e., outside the MEM compartment, characterized by well-structured
woven bone (dark pink) and enclosed by layers of parallel-fibered bone (light pink) and
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osteoid matrix (grey). Adjacent to this newly formed bone, areas with a hybrid pattern
characterized by the presence of immature woven bone and incorporated collagen fibers
from the MEM (pink) were evident, indicating that some new bone formation occurred
within the MEM compartment. In some cases, the MEM fibers appeared to be mineralized
and formed bridges to the woven bone, while in other instances we observed mineralized
‘free-standing’ fibers (without surrounding woven bone) or remnant collagen fibers (un-
mineralized). Hybrid bone also appeared to vary based on the degree of mineralization
of the embedded MEM fibers; the orientation of fibers followed the structure of the MEM.
These different tissue types were observed in all the experimental groups, albeit in different
proportions, as revealed in the histomorphometric analysis (Figures 5 and 6).

The quantification of tissues in the central defect area revealed significantly greater
amount of new bone in CM-LYO (34.35 ± 17.27%) vs. that in the CM-SOAK (9.66 ± 11.36%;
p = 0.005), native MEM (8.63 ± 9.09%; p = 0.007) and CEL groups (13.46 ± 12.76%;
p = 0.025) (Figure 6). Conversely, CM-LYO revealed the least amount of hybrid bone
(5.42 ± 3.77%) vs. that in the CM-SOAK (11.67 ± 11.89%), MEM (18.5 ± 20.74%) and
CEL groups (13.7 ± 19.23%), although this was not statistically significant (p = 0.43). The
quantification of total new bone (new bone + hybrid bone) revealed a non-significant
trend (p = 0.45) in CM-LYO (39.77 ± 19.85%) vs. that in the CM-SOAK (21.33 ± 22.25%),
MEM (27.14 ± 28.02%) and CEL groups (27.16 ± 23.24%). CM-LYO also revealed the
greatest area of mineralized MEM fibers (12.88 ± 16.01%) and the least area of residual
MEM (5.5 ± 10.79%) vs. that of the other groups; the latter comparison was statistically
significant (p < 0.001) (Figure 6). The intra-group variations, particularly for new bone,
total new bone and residual MEM areas were relatively large. The quantification of tissue
fractions in the defect edge areas revealed similar trends for the total new bone, mineralized
MEM fibers and residual MEM between the groups (Supplementary Figure S4).
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Figure 4. Histological analysis. Representative histological images after 4 weeks showing maximum,
average and minimum bone regeneration in the different groups. Arrows indicate the defect edges.
MEM, native membrane; LYO, lyophilized membrane with conditioned media; SOAK, soaked
membrane with conditioned media; CEL, membrane with rMSC. Scale bar: 1 mm.
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Figure 5. Histological analysis (continued). Representative histological images at higher magnifica-
tion showing the different analyzed tissues in the experimental groups. The left panel shows a region
of interest in each group with outlined sub-regions, which are enlarged in the right panel (scale bars:
left panel 200 µm; right panel 100 µm). Each sub-region shows a specific tissue type indicated by
letters (a–d). Numbers in the far right panel indicate relative percentages of tissue area in each group
(for the whole group) based on color coding. Letters and colors indicate each tissue type: new bone
(a, red), hybrid bone (b, cyan), residual membrane (c, yellow) and mineralized fibers (d, pink). White
color in the far right panel indicates soft tissue areas.
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Figure 6. Histomorphometry of central defect regions. Quantification of histomorphometric param-
eters: T.Ar., Total Area; nB.Ar., New Bone Area; hB.Ar., Hybrid Bone Area; Tt.B.Ar., Total New Bone
Area (New Bone + Hybrid Bone Area); mMb.Ar., Mineralized Membrane Area; rMb.Ar., Residual
Membrane Area; Vd.Ar., Void Area; MEM, native membrane; LYO, lyophilized membrane with
conditioned media; SOAK, soaked membrane with conditioned media; CEL, membrane with rMSC.
Data represent means (n ≥ 5). * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Structural, Mechanical and Compositional Differences Were Observed between Regular New
Bone and Hybrid New Bone

The SEM analysis of the ultrastructure of new bone tissues confirmed that new bone
(without incorporated MEM fibers) was most similar to the native calvaria bone, while
hybrid bone (with incorporated MEM fibers) was more heterogenous. Detailed SEM
analysis of hybrid bone revealed clear differences based on the degree of mineralization of
the incorporated MEM fibers. Accordingly, the hybrid bone was further categorized as stage
1 (early stage, less mature and moderately mineralized) or stage 2 hybrid bone (later stage,
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more mature and highly mineralized) (Figure 7A). In the corresponding histology and SEM,
stage 2 hybrid bone revealed evidence of resorption (cement lines) and remodeling, with
the associated new bone deposition enveloping the hybrid bone (Figure 7A).
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scanning electron microscopy (SEM) images of native calvarial bone, new bone, hybrid stage 1 and
hybrid stage 2 bones. Hybrid stage 1 and stage 2 bones are differentiated by degree of mineralization
reflected by brightness in SEM images (a brighter area = more mineralized bone). Yellow arrows
indicate cement lines characteristic of bone remodeling. Scale bars: 20 µm. (B) Quantification
of microhardness (Vickers test), relative bone density (µCT), and mineral/matrix ratio (Raman
spectroscopy) in native calvarial bone (Native), new bone (New), hybrid bone at stage 1 (Hybrid
1) and hybrid bone at stage 2 (Hybrid 2) in representative histological sections from each group
(n ≥ 3 per group). Hv, Vickers hardness value; v1 PO4

3, v1 phosphate peak; FWHM−1, full peak
width at half maximum intensity for v1 PO4

3 peak. Data represent means. * p < 0.05, ** p < 0.01,
*** p = 0.001, **** p < 0.001.

The quantitative analysis of the regular and hybrid new bone tissues was also per-
formed based on their microhardness (Vickers test) and composition (µCT and Raman
spectroscopy), in comparison to the native calvaria bone. Mechanical loading by Vickers
indentation revealed significantly greater hardness in stage 2 vs. that in stage 1 hybrid
bone and new bone (p = 0.002; Figure 7B). The bone density analysis demonstrated similar
densities in the stage 2 hybrid bone and new bone, but a significantly lower density in
stage 1 hybrid bone (p < 0.001; Figure 7B). No significant differences were observed in the
mineral/matrix ratio (v1 PO4

3/CH2 wag) (Figure 7B) or crystallinity (v1 PO4
3 FWHM−1)

between the new bone and stage 1 and 2 hybrid bones. A trend for lower mineral/matrix
ratio was observed in stage 1 vs. stage 2 hybrid bone and new bone (p = 0.07). However,
mineral/matrix ratios of all three tissues were significantly lower than that of native bone
(Figure 7B). Representative Raman spectra are presented in Supplementary Figure S5.

3.5. Qualitative Proteomic Analysis of Lyophilized CM Revealed Enrichment of Biological
Processes Related to Bone Formation

The proteomic analysis revealed 2684 proteins in the lyophilized pooled CM, of
which 255 proteins were involved in selected biological processes related to bone formation
(Table 1, Supplementary Table S2). Among the classical growth factors, transforming growth
factor beta-1 (TGFβ1), TGFβ2, BMP1, platelet derived growth factor subunit-A (PDGFA),
vascular endothelial growth factor-C (VEGFC), insulin-like growth factor-2 (IGF2), c-type
lectin domain containing 11A or stem cell growth factor (CLEC11A/SCGF) and colony
stimulating factor-1 (CSF1) were identified. Several proteins related to angiogenesis (VEGF-
C, von Willebrand factor (VWF), vascular cell adhesion molecule-1 (VCAM1) and platelet
endothelial cell adhesion molecule-1 (PECAM1), etc.) and ECM (collagens, laminins,
fibronectin, etc.) were also identified in the CM.

Table 1. Summary of proteins in lyophilized pooled CM representing selected biological processes
related to bone formation.

Bone-Related Process (GO Term) and Associated Proteins Identified in CM (Gene Name)

GO:0030198 Extracellular matrix organization
63 proteins: MMP2, COL1A1, EMILIN1, COL18A1, PXDN, TNXB, PRDX4, COL5A2, ADAMTSL4,
MMP1, COL4A2, MMP3, MMP8, POSTN, COL4A1, COL11A1, COL8A2, ADAMTSL1, CYR61,

COL1A2, NID1, MMP13, COL15A1, TNFRSF11B, B4GALT1, FBLN1, VTN, ABI3BP, ADAMTSL2,
PTX3, COL3A1, ECM2, CCDC80, COL14A1, RECK, OLFML2B, MATN2, COL5A1, TGFBI, APP,

MMP9, COL4A5, ADAMTS2, NDNF, MMP20, OLFML2A, COL8A1, ADAMTS12, COL5A3,
MMP14, COL16A1, PDGFRA, COL24A1, ADAMTS7, COL4A3, ELN, ADAMTS4, MATN3,

ADAMTS1, COL2A1, SMOC1, COL10A1, ADAMTS5

GO:0030509 BMP signaling pathway
15 proteins: PDCD4, TGFB1, TWSG1, EXT1, USP15, COMP, TGFB2, MEGF8, SMAD4, ENG, FST,

WNT5A, NOTCH2, RGMB, TGFB3

GO:0030513 Positive Regulation of BMP signaling pathway
10 proteins: TWSG1, UBE2O, ILK, SMAD4, ENG, NUMA1, CDH5, SCUBE3, NOTCH2, SULF1
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Table 1. Cont.

Bone-Related Process (GO Term) and Associated Proteins Identified in CM (Gene Name)

GO:0045667/9 Regulation of osteoblast differentiation (positive regulation)
19 proteins: PPP3CA, PTK2, CTNNB1, CLIC1, PRKACA, PDLIM7, FBN2, JAG1, ILK, FERMT2,

LTF, IL6ST, YAP1, SCUBE3, FAM20C, IL6, SMOC1, TMEM119, CTHRC1

GO:0060349 Bone morphogenesis
8 proteins: GLG1, EXT1, COMP, MMP13, PAPPA2, LTF, LTBP3, SFRP4

GO:0046849 Bone remodeling
4 proteins: RAB7A, NOTCH2, LTBP3, GJA1

GO:0046850/GO:0045780 Regulation of bone remodeling (positive and negative regulation)
9 proteins: TF, SPP1, SRC, TFRC, SYK, ITGB3, LTBP3, GREM1, MDK

GO:0030282 Bone mineralization
12 proteins: CLEC3B, MINPP1, COMP, SBDS, COL1A2, MMP13, ENPP1, LOX, LTBP3, ALPL,

PTN, ALOX15

GO:0030500/1 Regulation of bone mineralization (positive regulation)
13 proteins: OMD, TGFB1, COMP, AHSG, FBN2, ECM1, ISG15, ENPP1, FAM20C, PTN, TGFB3,

TMEM119, ATP2B1

GO:0001503 Ossification
34 proteins: COL1A1, CLEC3B, COL5A2, SPP1, CDH11, TWSG1, EXT1, EGFR, MINPP1, COMP,

BMP1, AHSG, CLEC11A, COL11A1, EXT2, PDLIM7, OSTF1, CSF1, ECM1, CBFB, IGF2, LTF,
FSTL3, GPLD1, MMP9, ADAMTS12, MMP14, ADAMTS7, PTN, LRRC17, ALOX15, STC1,

COL2A1, TMEM119

GO:0030278/GO:0045778 Regulation of ossification (positive regulation)
7 proteins: MAPK1, TGFB2, PTPN11, CSF1, MAPK14, WNT5A, PTN

GO:0016055 Wnt signaling pathway
20 proteins: DDB1, SLC9A3R1, CTNNB1, CUL3, TAX1BP3, CPE, TGFB1I1, PTK7, DAB2, PLCG2,

RECK, TMEM198, STRN, WNT5A, NXN, CTNND1, ROR1, SFRP4, WNT5B, DDX3X

GO:0030111 Regulation of Wnt signaling pathway
4 proteins: PPP2CA, PPP2R1A, APP, SNX3

GO:0007219 Notch signaling pathway
16 proteins: FAT4, GOT1, TGFB1, ADAM17, CFD, JAG1, ADAM10, POFUT1, ANXA4, APP,

WDR12, SORBS2, NOTCH2, EPN1, IFT74, TGFBR2

GO:0008593 Regulation of Notch signaling pathway
6 proteins: POSTN, ADAM10, CD46, IL6ST, POFUT1, LFNG

GO:0001525 Angiogenesis
86 proteins: MMP2, ITGA5, PDCL3, CSPG4, HRG, SHC1, PTK2, COL18A1, PXDN, FN1, YWHAZ,
THY1, EPHB3, BSG, ANXA2, PDCD6, COL4A2, HMOX1, ANGPTL4, MFGE8, CLIC4, PDGFA,
APOD, MYDGF, NCL, COL4A1, CALD1, COL8A2, ACTG1, TYMP, UNC5B, NRP1, COL15A1,
MYH9, NRP2, ERAP1, JAG1, CXCL8, ECM1, MAPK14, VEGFC, ITGAV, VWF, MCAM, ANG,

VAV2, CCL2, PDCD10, ANGPT1, ENG, PECAM1, FAP, ITGA2B, PIK3CA, SYK, GLUL, AIMP1,
ANPEP, SERPINE1, VCAM1, POFUT1, ADAM15, TGFBI, HSPG2, FLNA, WASF2, EPGN, NDNF,

PDGFRB, VEGFA, COL8A1, PLXND1, MMP14, SRPX2, CCBE1, EPHB2, FLT4, ESM1, PARVA,
EGFL7, NPR3, GREM1, TNFRSF12A, AAMP, EFNB2, CAV1

GO, gene ontology. A complete list of gene names is provided in Supplementary Table S2.

The concentrations of selected bone-related cytokines in the lyophilized CM were
further determined using a multiplex immunoassay; of the 31 array cytokines, 7 were
present at detectable concentrations (Figure 8). Consistent with the proteomic analysis,
matrix metalloproteinases-2 (MMP2) and -13 (MMP13), interleukins-6 (IL6) and -11 (IL11)
and VCAM1 were detected in the pooled CM.
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Figure 8. Multiplex immunoassay. Normalized concentrations of cytokines (pg cytokine/µg total
protein) detected in CM using a human bone metabolism array (Supplementary Table S3). Data
represent means of 4 technical replicates of a single sample of pooled CM (3 MSC donors).

4. Discussion

Cell-free strategies using MSC-CM are emerging as cost-effective, ‘off-the-shelf’ al-
ternatives to MSC transplantation for the regeneration of bone defects [17]. In the present
study, we tested the efficacy of CM-functionalized MEM (CM-LYO, CM-SOAK) vs. that
of native MEM or MEM seeded with allogeneic rMSC (CEL) for GBR in critical size rat
calvaria defects. The main finding was that a trend for enhanced bone regeneration was
observed in the CM-LYO group compared to the CM-SOAK, native MEM and CEL groups
based on µCT and histological analysis.

The secretome/CM of MSC contains a plethora of different proteins, including growth
factors, cytokines, chemokines and cell adhesion molecules, as well as lipids, nucleic acids
and extracellular vesicles, which promote tissue healing and regeneration [45–48]. Consis-
tent with previous reports [16], the data from the present study show that the exposure of
BMSC to CM resulted in a significant upregulation of osteogenic gene markers. Addition-
ally, we have recently reported that CM contain several antiapoptotic and antioxidative
factors, which may inhibit apoptosis and/or promote cell survival [49]. From a clinical
perspective, CM delivery presents clear advantages compared to implementing autolo-
gous cell therapies, since it is easier, cheaper and enables large-scale production [50,51].
Moreover, its application may be under less stringent regulation compared to that of cell
therapies, which may facilitate faster clinical translation.

In the present study, MSC cultured in ‘xeno-free’ HPL-supplemented media were used
for CM preparation. Most studies thus far have investigated CM from MSC cultured in
‘xenogeneic’, i.e., FBS-supplemented media, both in vitro [16] and in vivo (Supplementary
Table S4). However, the exclusion of animal-derived supplements in MSC cultures is
important for clinical translation and is in fact recommended by regulatory authorities [52].
Pooled HPL has been identified as the optimal xeno-free supplement for clinical grade MSC
cultures [53], with particular benefits for osteogenic differentiation [27,54]. Indeed, the type
of supplement can influence the composition and efficacy of the CM [55,56]. A few studies
have investigated the composition of CM from HPL- vs. FBS-cultured MSC [47,57,58].
Recent evidence suggests that CM from HPL-cultured MSC are more ‘enriched’ in certain
growth factors related to wound healing, angiogenesis and extra-cellular matrix (ECM)
production [58], which may further promote their in vivo regenerative potential.

The in vivo applications of MSC-CM for bone regeneration have recently been re-
viewed [17] and are summarized in Supplementary Table S4. All the studies reported
superior outcomes in bone defects treated with CM vs. those of control treatments in exper-
imental in vivo investigations (mainly in rodent or rabbit models), although one study in
a canine model also reported superior periodontal regeneration when comparing CM vs.
PBS [59]. While a majority of the studies applied CM to bone defects using biomaterials,
interestingly, CM also promoted regeneration when injected locally [60,61] and systemi-
cally [62] in challenging rodent models. Overall, while the current literature supports the
use of CM for bone regeneration, certain aspects of this strategy remain unclear, such as,
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the optimal method/biomaterial for CM delivery and the optimal method of biomaterial
functionalization for the best in vivo efficacy.

CM have been delivered using different biomaterials including collagen
sponges, hydrogels, bone substitutes, barrier membranes and other scaffolds
(Supplementary Table S4). Specifically, barrier membranes such as poly(lactic-co-glycolic
acid) [63] and collagen [64,65] have been used, given their ability to absorb and release
biomolecules at regeneration sites [19,21]. These biomolecules have included bone-derived
proteins [23,24], BMP2 [66–68], fibroblast growth factor-2 [69] and dexamethasone [70],
as recently summarized [4]. With regard to the collagen membranes used in the present
study (MEM), we have previously demonstrated their ability to adsorb growth factor,
specifically TGFβ, activity from human biological material [25]. Furthermore, Qiu et al. [19]
recently reported the application of MEM soaked with CM from human periodontal- or
gingiva-derived MSC in rat periodontal defects; significantly greater bone formation was
observed in the defects treated with MEM-CM vs. those treated with native MEM [65].
Together, these data suggest that MEM are efficient carriers of bioactive factors, including
CM, for GBR applications.

To identify the optimal method of functionalization herein, MEM were treated with
concentrated CM (~30-fold) by either soaking only (CM-SOAK) or soaking followed by
lyophilization (CM-LYO). The application of concentrated CM is reported to enhance
tissue regeneration as compared that of unconcentrated CM [71]. Moreover, lyophilization
or ‘freeze drying’ is reported to preserve the biological activity of proteins, e.g., growth
factors, and other biological components for long-term storage [72]. Following MEM
functionalization, both CM-LYO and CM-SOAK showed high cell viability, suggesting
that they could be rapidly populated by resident cells following in vivo implantation. In
the context of growth factors, the lyophilization of BMP2 on scaffolds, as compared to
soaking, has been shown to enhance in vivo release and bone regeneration [73]. Indeed,
CM-LYO showed superior bone regeneration compared to CM-SOAK in the present study.
The lyophilization process may have resulted in superior concentration/immobilization
and the subsequent in vivo release of proteins on/from the MEM, thus enhancing bone
formation [74,75]. To exclude any effect of lyophilization on the MEM properties, we later
studied the effects of lyophilized MEM (with serum-free DMEM) in the same calvaria defect
model; a similar histological pattern was seen for the lyophilized MEM group as in the
present study, suggesting no significant effect of the lyophilization process (unpublished
data). Since lyophilization is a well-established and GMP-compliant process, this strategy
could offer new possibilities for ‘off-the-shelf’ CM-based therapies for GBR.

Allogeneic MSC transplantation has been proposed as an easier, more cost-effective,
and equally safe and efficacious alternative to autologous cell therapy [76]. This is based on
the unique ability of MSC to modulate immune responses and avoid detection/rejection
in dissimilar hosts [77]. Comparable or superior outcomes have been reported in in vivo
models of bone regeneration when the researchers were using allogeneic vs. autologous
cells [78–82]. In the present study, MEM seeded with pooled non-autologous rMSC (CEL)
from syngeneic donor rats were also transplanted into calvarial defects. Trends of greater
bone regeneration were observed in CM-LYO vs. that of the CEL-treated defects, which
is consistent with previous reports of using CM and the corresponding cells, i.e., human
BMSC [83], stem cells from human exfoliated deciduous teeth (SHED) [84] or rat adipose
MSC [85]. Indeed, the present study used an inbred/syngeneic strain of rats, where the
genetic diversity between the individuals, i.e., donor and recipient rats, was limited, and
therefore, the cell source may not be strictly allogeneic. Moreover, immunological reactions
to allogeneic/xenogeneic cells may not be accurately reflected in simple rodent models [86].
Thus, the true efficacy of CM vs. that of allogeneic MSC should be verified in large animal
models of bone regeneration.

Inherent clinical limitations of resorbable MEM are their poor dimensional stability
and sub-optimal mechanical strength and stiffness, which may result in their collapse into
the bony defect unless they are supported by a biomaterial scaffold [20]. To enhance their
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long-term rigidity and stability, the concept of in vivo “self-mineralizing” membranes has
been reported [87,88]. In the present study, in vivo MEM mineralization was observed,
especially in the CM-LYO-treated MEM. This phenomenon of in vivo mineralization of
collagen MEM was previously described by Feher et al. and is attributed to a potentially
cell-independent mechanism [38]. It is reported that the hydrophobic nature of collagen
MEM can facilitate calcium binding and mineralization by enhanced protein adsorption [89].
In the present study, the CM-LYO group exhibited the greatest histological area fraction
of mineralized MEM fibers and new bone (without MEM fibers). The presence of stage
2 hybrid bone around the mineralized MEM fibers clearly indicates that MEM mineral-
ization proceeded to new bone formation within the MEM compartment. Therefore, it is
reasonable to hypothesize that MEM mineralization may have contributed to the overall
bone regeneration, especially in the CM-LYO group.

An interesting finding in the present study was the heterogeneous pattern of new bone
formation based on whether MEM collagen fibers were incorporated or not into the newly
formed bone, i.e., new bone formation within and outside the membrane compartment. In-
deed, the new bone outside the membrane compartment was histologically most similar to
the native calvarial bone. In contrast, the hybrid bone (within the membrane compartment)
was notably different from the native bone. A further analysis revealed distinct stages of
hybrid bone formation based on the degree of mineralization of the MEM fibers, i.e., stage
1 (less mineralized) and stage 2 (more mineralized). This most likely reflects the stage of
maturation, since an increasing degree of mineralization is a known age-related change
in mineralized tissue [90]. Consequently, stage 2 hybrid bone demonstrated significantly
greater hardness—an important indicator of bone strength mainly determined by the de-
gree of mineralization [91]—than the new bone and even the native calvarial bone did.
However, both the hybrid bone (stage 1 and 2) and new bone revealed significantly lower
mineral/matrix ratios vs. that of the native calvaria bone. These data are similar to previous
comparisons between new and native bone in rat calvaria [92,93] and to recent studies of
bone regeneration following cell [94] and/or scaffold implantation [95]. With regard to its
‘fate’, the hybrid bone, particularly stage 2, showed signs of remodeling and replacement
by new bone. This could potentially explain the relatively lower area of hybrid bone and
the greater area of new bone (without MEM fibers) in the CM-LYO group. Taken together,
the current data suggest that the use of MEM in rat calvaria results in a combination of
regular new bone and hybrid new bone characterized by the incorporation of MEM in the
newly formed bone. While further time course studies are needed to determine the exact
sequence of events (with regard to MEM mineralization and hybrid bone formation), it
appears that the hybrid bone is ultimately remodeled and replaced by regular new bone,
and this process may be accelerated in CM-LYO-treated MEM.

The proteomic composition of lyophilized pooled CM was analyzed as the potential
basis for its in vivo effects. Indeed, previous studies have comprehensively described the
general proteomic profile of MSC [47,96], therefore, in the present study, we focused only
on bone-related processes. Several key growth factors (TGFβ1, TGFβ2, PDGFA, VEGFC,
etc.) involved in biological processes relevant to bone regeneration (Table 1) were identified
in MSC-CM. Correspondingly, the expressions of several osteogenesis-related genes were
enhanced in human BMSC upon exposure to CM for 48 h (Supplementary Figure S3),
suggesting a pro-osteogenic effect. Moreover, several proteins related to Wnt/β-catenin
signaling, a key signaling pathway during osteoblastogenesis [97], and angiogenesis were
enriched in CM. In the context of MEM, Wnt-related [98] and angiogenesis-related pro-
teins [4], in addition to TGFβ [25], have been shown to adsorb to collagen, revealing the
potential mechanisms of MEM-CM activity. Correspondingly, areas of active in vivo bone
formation (Supplementary Figure S6) and angiogenesis were observed in the present study.
However, no remarkable differences in these events could be detected between the groups,
which could be due to the relatively late time point of the histological analysis (4 weeks).
Therefore, no reliable correlations between the in vitro and in vivo data could be drawn.
The inclusion of earlier time points (1–2 weeks) and immunohistochemical methods in
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future studies to detect specific cells/processes may reveal such associations and their
effects on in vivo bone regeneration. Nevertheless, the present study supports the current
evidence for the efficacy of MSC-CM for in vivo bone regeneration [59–65,99–108].

Some limitations of the present study must be acknowledged. Firstly, the proteomic
analysis was performed using only pooled CM (3 MSC donors) and not CM from indepen-
dent donor-MSC, thus precluding the assessment of donor related variations. Secondly,
human-derived MSC-CM were compared to rat-derived MSC (from syngeneic rats) in vivo,
which may have cofounded the findings. However, the use of human-derived MSC would
necessitate the use of immunocompromised animals, while the use of rat-derived MSC-CM
would limit the clinical relevance of the therapy. The intra-group variations in the in vivo
data were relatively large, reflecting biological differences in the healing response between
the animals. Nevertheless, the measures of central tendency were reliable enough to allow
the detection of statistically significant differences between the groups. Finally, in vitro as-
sessments of protein adsorption and ‘release’ from the different functionalized membranes
(CM-LYO and CM-SOAK) in future studies could shed light on potential differences in
their mechanisms of action and their in vivo effects on bone regeneration.

5. Conclusions

Application of CM-LYO-functionalized MEM revealed a trend for enhanced GBR in
rat calvaria defects compared to that of conventional GBR (MEM alone) and cell therapy
(MEM with rMSC). The regenerated tissues presented a combination of regular new bone
and hybrid new bone characterized by bone formation within the membrane compartment
and incorporation of MEM in the newly formed bone. Further research is needed to
determine the functional properties of these new bone tissues in terms of supporting
implant osseointegration and prosthetic loading in more clinically relevant animal models.
Moreover, future refinements of the study design and methodology may reveal correlations
between the proteome of CM and in vivo processes. In summary, functionalizing MEM
with MSC-CM represents a clinically relevant, ‘off-the-shelf’ strategy to promote GBR.
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studies of CM for bone regeneration..
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