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Abstract: Osseointegration of implants installed in conjunction with sinus floor elevation might be
affected by the presence of residual graft. The implant surface characteristics and the protection of
the access window using a collagen membrane might influence the osseointegration. To evaluate
these factors, sinus floor elevation was performed in patients using a natural bovine bone grafting
material. The access windows were either covered with a collagen membrane made of porcine
corium (Mb group) or left uncovered (No-Mb group) and, after six months, two mini-implants with
either a moderate rough or turned surfaces were installed. After 3 months, biopsies containing the
mini-implants were retrieved, processed histologically, and analyzed. Twenty patients, ten in each
group, were included in the study. The two mini-implants were retrieved from fourteen patients, six
belonging to the Mb group, and eight to the No-Mb group. No statistically significant differences
were found in osseointegration between groups. However, statistically significant differences were
found between the two surfaces. It was concluded that implants with a moderately rough surface
installed in a composite bone presented much higher osseointegration compared to those with a
turned surface. The present study failed to show an effect of the use of a collagen membrane on the
access window.

Keywords: maxillary sinus; biomaterial; sinus augmentation; collagen membrane; access window;
antrostomy; osteotomy

1. Introduction

Sinus floor elevation through a lateral access is a well-documented procedure used
to increase bone volume in the posterior segments of the maxilla [1]. This approach
includes the elevation of the sinus mucosa and the immediate placement of biomaterial [2,3],
devices [4–6], implants alone [7,8], or in conjunction with biomaterial [9], aiming to maintain
over time the elevated volume and allow bone growth within the subantral space [10–14].
The use of a membrane to cover the lateral bone window has been suggested to improve
implant success [1] and might decrease both the dislodgment of the biomaterial through
the access window [15,16] and the post-surgical morbidity [16]. Nevertheless, a systematic
review with meta-analysis [17] failed to find effects on bone formation placing a membrane
on the access window.

The implant surface instead might influence osseointegration. In an experimental
study in dogs in which the osseointegration of a moderately rough surface was compared
with a turned surface, better outcomes were observed at the former compared to the
latter surface [18]. Even though good long-term results can be achieved also with turned
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surfaces [19], in a systematic review it was concluded that the best survival rate of implants
installed in combination with sinus floor elevation was obtained by implants with a rough
surface [1].

Nevertheless, experimental studies showed a higher progression of peri-implantitis at
rough compared to turned surfaces [20]. However, systematic reviews concluded that the
surface did not seem to affect the incidence of peri-implantitis [21,22]. In a retrospective
study in patients with a history of periodontitis, a hybrid surface, i.e., presenting a turned
surface limited to the coronal part and the remaining portion of the implant with a rough
surface, showed less marginal bone loss compared to a conventional rough surface [23].
However, no clinical, radiographic, and microbiological differences were found between
hybrid and traditional implants in a randomized clinical trial (RCT) in patients with
history of periodontitis [24]. Even though a turned surface presented high clinical results
when installed in pristine alveolar bone [19], the conditions for osseointegration might be
compromised by the presence of regenerated composite bone, composed of newly formed
bone and residual graft particles. In a human study after sinus floor elevation, biopsies
taken from the elevated regions and from pristine zones were evaluated [25]. Both groups
presented ~46% of vital bone. It has to be considered that immediate and delayed implants
present different behaviors after installation in composite bone. In an experimental study in
dogs, circumferential marginal defects were immediately filled with deproteinized bovine
bone matrix [26]. Only few particles were found in contact to the implant surface after
4 months of healing. Instead, at implants installed after 6 months of healing after sinus floor
elevation, up to ~16% of the implant surface was found in contact to graft particles, reducing
the space available for osseointegration by up to 32% [27,28]. It should be considered that
human biopsies harvested from the distal segments of the maxilla after 6 weeks of healing
resulted in ~46–47% of osseointegration [29]. It might be argued that in a delayed mode
the graft particles are stuck into newly formed bone, so that osteotomy preparation and
implants might impact with the graft. Instead, when an immediate mode is applied, new
bone has the chance to be formed between the implant and graft surfaces separating the
particles from the implant.

Under such conditions, implant surface quality and osteoconductivity might acquire
great importance.

Hence, the aim of the present study was to evaluate the osseointegration of different
surfaces installed into composite bone. Moreover, the influence of the use of a collagen
membrane on the access window was also assessed.

2. Materials and Methods

2.1. Ethical Statement

The protocol of the present randomized controlled trial (RCT) was approved by the
Ethical Committee of the University Corporation Rafael Núñez, Cartagena de Indias,
Colombia (protocol #02-2015; 19 May 2015). The study was carried out at the same uni-
versity. The Declaration of Helsinki on medical protocols and ethics were adopted. All
participants signed informed consent after being thoroughly notified about procedures and
possible complications. The CONSORT checklist was followed to structure the article. The
present study reports the histological finding while, in a previous RCT article, tomographic
evaluations of the dimensional changes of the augmented space after sinus floor eleva-
tion were reported [30]. The RCT was registered at ClinicalTrials.gov with the following
identifier code: NCT03899688.

2.2. Study Population

The inclusion criteria were the following: (i) the presence of an edentulous zone in
the posterior segment of the maxilla presenting a height of the sinus floor ≤4 mm; (ii) re-
questing a fix prosthetic rehabilitation on implants in that region; (iii) ≥21 years of age;
(iv); and (V) not being pregnant. The following excluding criteria were adopted: (i) no
contraindications for oral surgical procedures; (ii) under chemotherapic or radiotherapeutic
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treatment; (iii) presence of an acute or a chronic sinusitis; and (iv) previous bone augmen-
tation procedures in the region. Smokers of >10 cigarettes per day and patients under
bisphosphonates treatment were also excluded.

2.3. Devices and Biomaterials

Two custom-made titanium screw-shaped mini-implants (Sweden & Martina, Due
Carrare, Padua, Italy), 2.4 mm in diameter and 8 mm long, with either a moderately rough
(ZirTi® surface, Sweden & Martina, Due Carrare, Padua, Italy) [31] or a turned surface,
were used (Figure 1).

 

Figure 1. (a) Osteotomy and sinus mucosa elevation; (b) graft within the elevated space; (c) collagen
membrane covering the access window; and (d) apical view of the biopsy: observe the eccentric
position of the implant.

Cerabone granulate 1.0–2.0 mm (Botiss Biomaterials GmbH, Zossen, Germany) was
used as filler material. It is composed of a ceramic made of hydroxyapatite (pentacalcium
hydroxide trisphosphate) obtained from bovine cancellous bone at a high-temperature
(>1200 ◦C). It has macroporosities with a range of 100–1500 μm in dimensions.

The collagen membrane used to protect the access window was a Collprotect mem-
brane (Botiss Biomaterials GmbH) obtained from porcine corium.

2.4. Sample Size

The sample size for the tomographic evaluations was reported in a previous article [30].
For the present article, the data from a previous study performed on dogs by the same
group were used [18], and in which a statistically significant difference was obtained using
6 animals. A sample of 9 subjects in each group was calculated to be sufficient in a one-tail
test to disclose differences between the two surfaces in bone-to-implant contact, with a
power 0.8, an α error of 0.05, and an effect size of 0.96.

2.5. Study Design and Allocation Concealment

This was a triple-blind study because the participants, the surgeon and the assessor
of the outcome were not informed about allocation treatment. The surgeon was informed
after the preparation of the two osteotomies of the recipient sites. Two mini-implants
were placed in the edentulous distal segment of the maxilla in the elevated region. The
position (distal or mesial) was randomly allocated. The implants were installed by an
expert surgeon (MF) while the randomization of the mini-implant position was performed
by another author (DB). The randomization was performed electronically by an author
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not involved in the mini-implant installation and biopsy retrieval (DB). The treatment
assignments were kept in opaque sealed envelopes that were opened after the preparation
of the two osteotomies of the recipient sites.

2.6. Clinical Procedures

Detailed descriptions of the surgical procedures were reported in a previous arti-
cle [30]. Briefly, lateral bone windows were prepared using a sonic-air surgical instrument
(Sonosurgery® TKD, Calenzano, FI, Italy), the sinus mucosa was elevated (Figure 1a), and
a graft was used to fill the subantral space (Figure 1b). A collagen membrane was placed to
cover the access window at the control sites (Figure 1c) while no membrane was used at the
test sites. After 6 months of healing, two mini-implants were installed and retrieved after
3 months of submerged healing. A trephine (GA33M, Bontempi Strumenti Chirurgici, San
Giovanni in Marignano, RN, Italy), 3.5 mm and 4 mm of internal and external diameter,
respectively, was used, adopting an eccentric method to retrieve biopsies containing the
mini-implants (Figure 1d) [32]. Standard implants were subsequently installed in the
same position.

2.7. Histological Preparation of the Biopsies

The biopsies were not removed from the trephines to avoid damages and were imme-
diately fixed in 10% buffered formalin, followed by dehydration in an ascending series of
alcohol, inclusion in resin (Technovit® 7200 VLC; Kulzer, Wehrheim, Germany), and poly-
merization. Histological slide of ~30 μm of width were prepared following the longitudinal
axis of the mini-implant and stained with acid fuchsine and toluidine blue.

2.8. Histomorphometric Evaluation

The histomorphometric evaluation were performed by a well-trained author (KAAA)
blinded about allocations of the two mini-implants and an intra-rate agreement K > 0.90
was achieved. High-definition scanned photomicrographs (×200) of each histological
slide were taken at an Eclipse Ci microscope (Nikon Corporation, Tokyo, Japan) equipped
with a motorized stage (EK14 Nikon Corporation, Tokyo, Japan). The software NIS-
Elements D 5.11.01 (Laboratory Imaging, Nikon Corporation, Tokyo, Japan) was used for
histomorphometric measurements.

All measurements were performed from the most coronal contact of the bone to the
implant surface to the apex. New bone, pre-existing bone (old bone and bone particles),
residual graft, interpenetrating bone network (IBN; new bone penetrating the biomaterial),
soft tissues (bone marrow, vessels) in contact to the implant surface (histometric linear
measurements) and within 400 μm from the implant surface (morphometric measurements)
were assessed.

For the morphometric measurements, a point counting method was applied [33], using
a lattice with squares of 50 microns.

2.9. Data Analysis

Mean values are reported within the text while mean values and standard deviations
as well as the 25th, 50th (median), and 75th percentiles are illustrated in the tables. The
primary variable was new bone for both linear and morphometric evaluations. The other
variables were considered as secondary variable.

Prism 9.1.1 (GraphPad Software, LLC, San Diego, CA, USA) was used for statistical
analyses. The Shapiro–Wilk test was used to verify the normal distribution and either
a paired t test or a Wilcoxon test was used to evaluate differences between rough and
turned surface groups while an unpaired t test or a Mann–Whitney test was used to
analyze differences between collagen membrane and no membrane groups. The level of
significance was set at α 0.05. Pooled data with relation to the surface characteristics were
also evaluated.

4
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3. Results

3.1. Clinical Outcomes

Twenty patients were initially included in the study. Two sinus mucosa perforations,
one in each group, occurred during the surgical procedures. Both were protected with a
collagen membrane. No complications were reported or observed during the healing period.
Further clinical and radiographic information were reported elsewhere [30]. After 6 months,
in one patient of the membrane group, insufficient hard tissue was found to install both
mini-implants so that the patient was excluded from the histological analysis. After a
further 3 months, at the time of biopsies removal, in five patients the mini-implants were
not integrated. Hence, both mini-implants were finally retrieved from fourteen patients, six
patients for the membrane group (n = 6) and eight patients for the no-membrane group
(Table 1; n = 8; Figure 2).

Table 1. Demographic data.

Number Age Smokers Mb No-Mb

Females 10 53.1 ± 9.3 10 No 5 5

Males 4 59.0 ± 12.8 4 No 3 1

Figure 2. Consort flow diagram.

3.2. Histometric Evaluations—Tissues in Contact with the Implant Surface

All biopsies were retrieved applying the eccentric method (Figure 3).

5



J. Funct. Biomater. 2022, 13, 22

 

Figure 3. Retrieved biopsy. Note the eccentric position on the mini-implant within the trephine.

The mini-implants presented new bone around and in contact to the surface (Figure 4a)
while, in other regions, large amounts of biomaterial were still present (Figure 4b).

 

Figure 4. (a), New bone anchored to the implant surface. (b) Large amounts of biomaterial were
still present.

In several instances, the biomaterial was found overlaying the new bone, taking
on a foggy appearance (Figure 5a–d). In such cases, that new bone was assuming a
different feature compared to new bone outside the biomaterials, as if the two tissues were
interpenetrating each other (interpenetrating bone network; IBN).
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Figure 5. (a–d) Images showing new bone formed around and within the graft residues (interpene-
trating bone network; IBN).

High light intensity was provided to better identify this structure (Figure 6a–d).

 

Figure 6. (a–d) Photomicrographs representing new bone and interpenetrating bone network (IBN).
(a,c) Dark mode, at which a normal light exposure was adopted. (b,d) Overexposed images that
better revealed the structure of the IBN.
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Bone particles were sometimes identified (Figure 7a) as well granules of biomaterial
(Figure 7b).

 

Figure 7. (a) Some bone particles not yet resorbed or included in new bone. (b) Granules of Cerabone®

surrounded by newly formed bone.

In the coronal segment of the mini-implant, old bone was still visible and was in some
cases anchored to the implant surface (Figure 8).

 

Figure 8. Old pre-existing bone at the coronal margin of the implant.

The mean percentage of new bone in contact with the implant surface was higher at the
ZirTi compared to the turned surfaces in both membrane (28.9% and 11.0%, respectively;
p = 0.030; Table 2) and no-membrane groups (30.5% and 9.2%, respectively; p = 0.008;
Table 3).

The difference between the membrane and no-membrane groups was not statistically
significant for both ZirTi (p = 0.852) and turned (p = 0.636) surfaces.

The interpenetrating bone network (IBN) was in the membrane group 13.5% and 16.6%
at the ZirTi and turned surfaces, respectively. In the no-membrane group, the respective
fractions were 7.0% and 6.1%. In the membrane group, the sum between new bone and
IBN yielded 42.4% of total bone for the ZirTi surface and 27.6 % for the turned surface
(p = 0.258). In the no-membrane group, the respective percentages were 37.5% and 15.3 %
(p = 0.001).
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Table 2. Membrane group (n = 6). Tissues in contact to the implant surface expressed in percent-
ages (%). SD, standard deviation. IBN, interpenetrating bone network; 25%, first percentile; 75%,
third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

28.9 ± 14.5
25.2 (24.3; 34.1)

13.5 ± 8.0
14.6 (7.7; 20.1)

42.4 ± 17.7
35.5 (30.3; 48.1)

1.6 ± 3.8
0.0 (0.0; 0.0)

25.2 ± 15.2
24.0 (15.7; 29.7)

30.8 ± 17.3
37.3 (15.9; 43.3)

TURNED Mean ± SD
Median (25%; 75%)

11.0 ± 5.7
12.9 (8.0; 14.2)

16.6 ± 15.1
11.2 (5.7; 27.6)

27.6 ± 14.5
23.1 (17.0; 33.3)

1.2 ± 2.1
0.0 (0.0; 1.7)

27.2 ± 17.7
29.7 (15.7; 38.3)

43.9 ± 26.0
38.4 (34.2; 59.6)

p-value ZirTi vs. Turned 0.030 0.750 0.258 >0.999 0.828 0.305

p-value Mb vs. No-Mb ZirTi 0.852 0.108 0.612 0.469 0.579 0.507

p-value Mb vs. No-Mb Turned 0.636 0.308 0.103 0.618 0.755 0.282

Table 3. No-membrane group (n = 8). Tissues in contact to the implant surface expressed in percent-
ages (%). SD, standard deviation. IBN, interpenetrating bone network; 25%, first percentile; 75%,
third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

30.5 ± 14.9
27.1 (19.1; 34.7)

7.0 ± 8.1
3.8 (1.6; 9.0)

37.5 ± 17.3
32.4 (26.3; 43.5)

3.0 ± 3.6
1.3 (0.0; 5.5)

30.6 ± 20.6
35.6 (12.1; 46.0)

28.9 ± 12.6
27.9 (23.0; 30.1)

TURNED Mean ± SD
Median (25%; 75%)

9.2 ± 7.3
6.5 (5.1; 13.1)

6.1 ± 6.1
5.8 (0.5; 9.7)

15.3 ± 8.1
13.9 (8.7; 21.7)

2.4 ± 4.2
0.3 (0.0; 3.1)

23.4 ± 24.3
14.4 (10.6; 28.2)

58.9 ± 23.4
70.6 (47.9; 75.4)

p-value ZirTi vs. Turned 0.008 0.672 0.001 0.625 0.461 0.016

Small amounts of old bone (mean ≤ 3%) were observed while large remnants of
non-resorbed graft were present in contact with the implant surface, the means ranging
between 23.4% and 30.6%. Soft tissues were present in high percentages, ranging from
28.9% to 58.9%. The highest values were observed at the turned compared to the ZirTi
surfaces. However, the difference was statistically significant only in the no-membrane
group (p = 0.016).

The pooled data (Table 4) revealed that ZirTi surface yielded a higher amount of
new bone (29.8%) and total bone (39.6%) compared to the turned surface (10% and 20.6%,
respectively). Similar amounts of IBN, old bone and graft percentages were found at the
two surfaces while statistically high percentages of soft tissues were detected at the turned
compared to the ZirTi surfaces.

Table 4. Pooled data of membrane and no-membrane groups (n = 14). Tissues in contact to the
implant surface expressed in percentages (%). SD, standard deviation. IBN, interpenetrating bone
network; 25%, first percentile; 75%, third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

29.8 ± 14.2
26.0 (20.9; 34.9)

9.8 ± 8.4
5.9 (2.4; 16.7)

39.6 ± 17.0
32.9 (28.9; 48.1)

2.4 ± 3.7
0.0 (0.0; 4.2)

28.3 ± 18.1
28.5 (13.4; 43.9)

29.7 ± 14.2
29.0 (19.4; 38.4)

TURNED Mean ± SD
Median (25%; 75%)

10.0 ± 6.5
9.2 (5.4; 14.2)

10.6 ± 11.7
9.3 (2.3; 11.5)

20.6 ± 12.5
17.1 (12.5; 27.0)

1.9 ± 3.4
0.0 (0.0; 2.7)

25.0 ± 21.0
17.5 (12.0; 38.3)

52.5 ± 24.8
58.7 (37.6; 74.5)

p-value ZirTi vs. Turned 0.000 0.594 0.003 0.813 0.580 0.004

3.3. Morphometric Evaluations

A similar density of new bone was found around both ZirTi and Turned surfaces in
both membrane and no-membrane groups, the means ranging between 19.9% and 23.7%
(Tables 5–7). IBN means ranged between 11.4% to 6.3% and the total bone from 28.9% and
31.3%. Graft remnants were still present in a high proportion, ranging between 28.9% and
46.2%. No statistically significant differences were found for all variables above mentioned
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between surfaces and between membrane and no-membrane groups. Small amounts of old
bone were detected while softs tissues ranged between 24.5% and 39.0%.

Table 5. Membrane group (n = 6). Tissues density around the implant surface expressed in percent-
ages (%). SD, standard deviation. IBN, interpenetrating bone network; 25%, first percentile; 75%,
third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

21.8 ± 4.8
22.9 (18.1; 23.7)

7.4 ± 4.0
6.6 (5.0; 8.5)

29.2 ± 7.0
27.3 (25.2; 28.2)

0.1 ± 0.2
0.0 (0.0; 0.0)

46.2 ± 4.6
45.3 (42.9; 50.1)

24.5 ± 7.5
26.9 (21.2; 30.4)

TURNED Mean ± SD
Median (25%; 75%)

19.9 ± 8.9
21.2 (18.5; 22.0)

11.4 ± 9.0
8.4 (6.6; 11.2)

31.3 ± 6.2
31.6 (28.9; 33.7)

3.2 ± 4.5
0.7 (0.0; 5.5)

36.6 ± 11.3
39.5 (34.5; 43.5)

28.9 ± 5.4
31.0 (24.8; 32.7)

p-value ZirTi vs. Turned 0.552 0.438 0.563 0.250 0.048 0.282

p-value Mb vs. No-Mb ZirTi 0.662 0.878 >0.9999 0.021 0.342 0.883

p-value Mb vs. No-Mb Turned 0.573 0.282 0.534 0.505 0.308 0.037

Table 6. No-membrane group (n = 8). Tissues density around the implant surface expressed in
percentages (%). SD, standard deviation. IBN, interpenetrating bone network; 25%, first percentile;
75%, third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

23.7 ± 10.3
20.3 (17.1; 29.3)

7.1 ± 3.9
6.7 (3.4; 11.0)

30.7 ± 10.0
28.1 (22.7; 37.5)

4.9 ± 6.3
2.7 (0.4; 6.7)

39.1 ± 19.4
44.3 (25.7; 51.4)

25.4 ± 13.6
27.5 (12.5; 31.4)

TURNED Mean ± SD
Median (25%; 75%)

22.6 ± 8.2
22.1 (19.3; 25.9)

6.3 ± 3.2
6.2 (5.4; 7.4)

28.9 ± 7.6
31.3 (25.3; 33.6)

3.2 ± 3.7
2.2 (0.7; 3.9)

28.9 ± 15.7
26.2 (19.7; 32.7)

39.0 ± 10.3
41.1 (36.3; 44.9)

p-value ZirTi vs. Turned 0.771 0.558 0.550 0.375 0.318 0.121

Table 7. Pooled data of membrane and no-membrane groups (n = 14). Tissues density around the
implant surface expressed in percentages (%). SD, standard deviation. IBN, interpenetrating bone
network; 25%, first percentile; 75%, third percentile.

New Bone IBN Total Bone Old Bone Graft Soft Tissues

ZIRTI Mean ± SD
Median (25%; 75%)

22.9 ± 8.1
22.5 (17.0; 27.4)

7.2 ± 3.8
6.7 (3.9; 10.4)

30.1 ± 8.6
27.6 (24.4; 34.1)

2.8 ± 5.2
0.2 (0.0; 3.4)

42.1 ± 15.0
45.3 (41.2; 51.2)

25.0 ±11.0
27.5 (14.8; 30.6)

TURNED Mean ± SD
Median (25%; 75%)

21.5 ± 8.3
21.3 (18.5; 23.9)

8.5 ± 6.6
6.5 (5.8; 9.6)

29.9 ± 6.9
31.3 (27.8; 33.7)

3.2 ± 3.9
1.4 (0.1; 4.9)

32.2 ± 14.1
32.2 (21.1; 39.6)

34.7 ± 9.8
33.6 (27.1; 41.6)

p-value ZirTi vs. Turned 0.547 0.726 0.987 0.846 0.092 0.061

4. Discussion

The mini-implants retrieved were osseointegrated into newly formed bone. The
different characteristics of the implant surface played an important role in osseointegration,
generating a statistically significant higher amount of newly formed bone at the moderately
rough compared to the turned surface. However, no differences could be detected between
the membrane and no-membrane groups.

A total of ten mini-implants were found not integrated, independently from the surface
characteristics. This is not in agreement with other RCTs that included a similar design
with mini-implant installed after 6 months from sinus floor elevation and retrieved after a
further 3 months [27,28]. In those studies, different dimensions and positions of the access
window were included as variables, and a collagenated cortico-cancellous porcine bone
was used as filler. Only implants with a moderate surface were used. Four mini-implants
were lost in one study [27] while none in the other study [28].

Nevertheless, the xenogeneic graft used in the present study has been used in several
studies that reported optimal results both in clinical [34–38] and animal [39–42] studies.
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Even though in the present study the loss of implants was similar for both surfaces,
the grade of osseointegration was statistically significantly higher at the moderately rough
compared to the turned surface. It should be considered that, when an implant is installed
in a standard alveolar crest, new bone can be formed from multiple sources, both in the
cortical and marrow regions. A strong cellular reaction can be observed after 5 days of
healing within the marrow compartment around the body of the implant [43]. New bone
is subsequently formed, creating a bone barrier around the implant and on its surface
showing an attempt to isolate the implant body from the marrow compartment. In the
cortical region, the old pre-existing marginal bone around the implant is resorbed over
time and substituted by newly formed bone, mainly through basic multicellular units
(BMUs) [43]. Under such conditions of multiple bone sources, also a turned surface might
work properly. Indeed, in an experiment in dogs, both surfaces were integrated 4 months
after the installation in a healed alveolar bone [18] presenting osseointegration fractions of
56.3% and 50.6% at the moderately rough and turned surfaces, respectively. However, the
presence of residual graft particles in composite bone limits the number of multiple bone
sources [27,28], and in such a case, the degree of osteoconductivity of the implant surface
might play an important role.

The importance of osteoconductivity properties has been elucidated in an experiment
in dogs [44]. In that study, circumferential marginal defects with a depth of 5 mm and a
horizontal gap of 1.25 were created around implants presenting either a moderately rough
or a turned surface. Collagen membranes were used to protect the defects. Both submerged
and not submerged healing were studied. After 4 months of healing, the marginal gain
at the moderately rough surface was >4 mm while, at the turned surface, residual defects
of about 3.4–3.6 mm in depth were still present at both submerged and not submerged
implants. Residual defects were also observed in another study in which commercial
turned implants were used [45]. Marginal defects, 5 mm in depth but with horizontal gaps
of different dimensions, were tested. It was shown that the larger the marginal defect at
installation, the deeper the residual defect after 12 weeks of healing. Moreover, it was
shown that, due to the small horizontal dimensions, the residual marginal defects were not
detectable at a clinical evaluation.

In other experimental studies, only moderately rough surfaces were adopted, and
marginal defects were prepared. It was shown that, in the presence of marginal defects, the
new bone was formed from the lateral bone walls during the first month of healing and
the lateral growth stopped at ~0.4 mm from the implant surface [46,47]. During the same
period, osseointegration started from the base of the defect and proceeded coronally to gain
the closure of the defect in few months [46,48]. This period of healing is longer compared
to that needed for the healing of artificial defects and extraction sockets [49–52]. Similar
marginal defects, but larger in dimensions compared to those artificial described above,
are obtained at implants installed simultaneously to sinus floor elevation performed by
lateral or transcrestal accesses. In that case, new bone apposition on the implant surface
starts from the sinus floor proceeding towards the apex [12,53], and reaches the implant
apex, but only if the conditions for the growth are maintained over time [54].

However, in the present study, the mini-implants were inserted 6 months after sinus
floor elevation. It might be argued that bone regeneration in that area should have already
created similar conditions to that of a pristine alveolar bone. However, high amounts of
residual grafts were still present after 9 months from the first surgery, providing different
characteristics to the regenerated grafted bone (composite bone) compared to the pristine
alveolar bone. Like in the present study, other similar RCTs showed a contact of the
graft to the surface at implants installed after 6 months from sinus floor elevation and
retrieved after 3 more months [27,28]. The histological analyses revealed 0.6–15.9% of graft
in contact to the implant surface. This contact of the biomaterial to the surface reduced
the available space for bone apposition as well as the number of bone sources compared
to a pristine alveolar bone. In addition, it has to be considered that bone density was
similar around both moderately rough and turned surfaces so that bone sources availability
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should be considered similar for the two different surfaces. Under such conditions, the
osteoconductivity of the surfaces acquires an important role and the turned surface might
be at a disadvantage compared to the moderately rough surface. This condition resulted in a
much lower BIC% at the former compared to the latter surface than it was expected [18]. In
fact, in the present study, the difference in pooled BIC% between the two groups of surfaces
was ~19% while the difference found in another study between two similar surfaces at
implants installed in pristine bone was 5.7% [18].

In the present study, the term “interpenetrating bone network (IBN)” was used. This
term was first used in an experimental study in which a biphasic biomaterial, composed
of 60% hydroxyapatite (HA) and 40% of beta-tricalcium phosphate (β-TCP), was used as
filler material for sinus augmentation in rabbits [55]. Providing a higher light intensity
at the optical microscope, it was possible to identify new bone overlapping or within the
graft residues (Figure 6a–d). This was shown also in another previously published article
on sinus floor elevation in sheep in which a biphasic biomaterial was also used as filler,
again composed of HA 60% and β-TCP 40% [56]. The structure of the IBN recalled the
structure of an “interpenetrating polymer network” [57] and, for this reason, the term
“interpenetrating bone network” was adopted.

The foggy-like appearance of the biomaterial and the presence of old bone particles
might depose for damage of the newly formed composite bone within the elevated area
that occurred during the recipient site preparation for implant installation. Moreover, the
cellular reaction that follows this event [45] triggered new bone formation and further
degradation of the biomaterial.

No statistically significant differences were seen for osseointegration of mini-implants
and bone density between membrane and no-membrane groups for both surfaces evaluated.
Nevertheless, a systematic review concluded that better results might be obtained in
implant survival after 3 years using a rough surface and a membrane coverage of the access
window [1]. The results from the present study agree with the former but disagree with the
second assumption. It has to be considered that, even though histological studies reported
higher amounts of new bone density using membrane either in PTFE [58] or collagen [59–
61], in those studies the biopsies were taken through the access windows so that the data
does not represent correctly the region of interest. Data supporting this assumption were
reported in a histological study in humans in which biopsies were taken after 9 months after
sinus floor elevation [62]. Statistically higher fractions of mineralized bone were found at
the biopsies taken from the alveolar crest (40.1%) compared to those taken from the lateral
window (26.0%), even though the osteotomy was protected with a collagen membrane at
the time of sinus floor elevation. Moreover, in a systematic review with meta-analysis [17],
it was concluded that a membrane placed on the access window does not influence the
proportion of bone formed within the elevated space. This outcome was also supported by
the data from another experimental study on sinus floor augmentation in rabbits in which
the percentages of new bone within the grafted sinuses after 8 weeks of healing were 24.9%
and 24.5% for membrane and no-membrane groups, respectively [63].

The main limitation of the present study is related to the low numbers of patients
included and of the biopsies retrieved. Nevertheless, the importance of the implant surface
osteoconductivity has been clearly shown. Another limitation is the biomaterial used that
might have influenced bone formation within the sinus cavity so that the results should
not be inferred with other fillers. Studies comparing the present with biomaterial devoid of
a similar property of interpenetration should be performed. RCTs using moderate rough
and turned surfaces should be performed to compare the healing at implants installed in
the pristine or composite alveolar bone. The results from the present study suggest that
the osteoconductivity properties of the surface should be considered when the implant
is installed in the composite bone because the residual graft might interfere with the
osseointegration processes. In the present study, a bovine cancellous bone and a porcine
corium collagen membrane were used as biomaterial. Other biomaterials that proved their
capacity of supporting tissue regeneration should be used and evaluated [64–67].
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The presence of graft material in contact with the implant surface suggests that com-
posite bone might result in critical regions in which no integration of the implant surface
occurs. This condition suggests the need of further investigations to identify the best
biomaterials able to reduce this phenomenon and the capacity of the implant surface to
favorite bone apposition also in the presence of composite bone.

5. Conclusions

It might be concluded that implants with a moderately rough surface installed in a
composite bone presented much higher osseointegration compared to those with a turned
surface. The present study failed to show the effect of the use of a collagen membrane on
the access window.
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Abstract: Titanium implants are frequently applied to the bone in orthopedic and trauma surgery.
Although these biomaterials are characterized by excellent implant survivorship and clinical out-
comes, there are almost no data available on the initial protein layer binding to the implant surface
in situ. This study aims to investigate the composition of the initial protein layer on endoprosthetic
surfaces as a key initiating step in osseointegration. In patients qualified for total hip arthroplasty,
the implants are inserted into the femoral canal, fixed and subsequently explanted after 2 and 5 min.
The proteins adsorbed to the surface (the implant proteome) are analyzed by liquid chromatography–
tandem mass spectrometry (LC-MS/MS). A statistical analysis of the proteins’ alteration with longer
incubation times reveals a slight change in their abundance according to the Vroman effect. The
pathways involved in the extracellular matrix organization of bone, sterile inflammation and the
beginning of an immunogenic response governed by neutrophils are significantly enriched based
on the analysis of the implant proteome. Those are generally not changed with longer incubation
times. In summary, proteins relevant for osseointegration are already adsorbed within 2 min in situ.
A deeper understanding of the in situ protein–implant interactions in patients may contribute to
optimizing implant surfaces in orthopedic and trauma surgery.

Keywords: total hip arthroplasty; protein adsorption; proteomics; osseointegration; titanium; bone
regeneration; biocompatibility; host-implant response

1. Introduction

Cementless total hip replacement of titanium (Ti) alloys is a worldwide standardized
surgical procedure that improves mobility and quality of life, predominantly in the elderly
population. In addition, plates, nails, screws and wires made of Ti belong to the daily
standard repertoire of orthopedic and trauma surgeons. Compared to other biomaterials,
Ti alloys have shown excellent clinical results in most patients [1].

In contrast to an ample number of in vitro and in vivo studies investigating Ti osseoin-
tegration, along with numerous clinical studies, the local humoral and cellular interactions
governing processes in the human situs remain unclear. In particular, initial protein adsorp-
tion is currently the subject of research. In this context, the in situ implant proteome was
described in a pilot study for the first time in 2019 [2]. As a major result, not only extra-
cellular but also intracellular proteins were detected on the implant’s surface (Ti-6Al-4V,
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cpTi). Predominantly, high amounts of cell-free hemoglobin were documented. Moreover,
the implant proteome did not reflect a substantial contribution from the plasma proteome,
as hypothesized by other investigators [2,3]. Other studies have demonstrated that not
only osteoblastic precursors but also immunocompetent cells, such as macrophages and
granulocytes, migrate early to the implantation site [4,5]. However, it is unclear if proteins
adhered to the implant will have chemotactic effects on immune cells or if proteins from
the immune system will adhere to the implant’s surface itself. According to the Vroman
effect, the most mobile proteins generally adsorb first to the biomaterial, and those are
subsequently replaced with less mobile proteins with a higher surface affinity [6,7]. The
adsorption of proteins to the implant’s surface in situ has not been fully explored. Thus, it
is still unclear which proteins adhere to the implant’s surface and how their abundance
changes over time and on different surface structures. Therefore, in this study, we aimed
to characterize the protein adsorption onto the Ti implant’s surface towards answering
the following two emerging questions: (1) is there a difference in the protein adsorption
on the implant’s surface over time (from 2 to 5 min), and (2) if adsorption varies between
differently structured Ti surfaces (rough and smooth). Our data provide a deeper insight
into the understanding of local bone/bone-marrow-implant interactions in the human
situs, allow a better description of the osseointegration process at the molecular level, and
may lead to further improvement and design of orthopedic implants in the future.

2. Materials and Methods

2.1. Implants

A commercial Ti-6Al-4V femoral stem (BiCONTACT™ stem, Braun Aesculap, Tuttlin-
gen, Germany) was used. This meta- and diaphyseal press-fit implant has been successfully
applied for more than 20 years and has shown excellent clinical long-term results [8,9]. The
implant contains two different surface structures [10]. Briefly, the proximal part is rough
as it is covered with a 0.35 mm thick plasma-sprayed layer of commercial pure Ti (cpTi)
(Plasmapore™, porosity 35%, pore size 50–200 μm), while the distal part of the implant is
smooth as it was treated with glass bead blasting.

2.2. Probands, Surgical Technique and Implant Retrieval

Probands: Twelve adult patients in advanced stages of osteoarthritis scheduled for to-
tal hip replacement were included. All patients had given their informed consent. Exclusion
criteria were septic conditions, active neoplasm or other consuming diseases (autoimmune
diseases) or coagulopathy. The study has been approved by the Ethical Commission of the
University Duisburg-Essen (AZ 17-7844-BO).

Surgical technique and implant retrieval: An antero-lateral approach to the right hip
joint was performed (Harding–Bauer approach) [11,12] by one surgeon (M.J.). Following
femoral neck resection, the femoral canal was prepared by two different rasps following
the manufacturer’s manual (A-/B-Osteoprofiler). Here, instead of removing the spongy
bone, local bone was preserved and compressed by controlled mallet stokes, allowing a
maximum of stability. Afterwards, an original BiCONTACT™ stem was implanted and
controlled by fluoroscopy image intensifier. After an in situ time of either 2 or 5 min the
stems were explanted via no touch technique. The stems were washed twice for 1 min with
saline, packed in a sterile plastic bag and quick-frozen in liquid nitrogen for transport and
subsequent storage at −80 ◦C. In total, 13 implants were analyzed.

Removal and Collection of the Adsorbed Protein Layer from Implants: Protein removal
from both implant surfaces (rough and smooth) followed a standard protocol using the
following three different elution buffer solutions at room temperature: (i) buffer A (4% SDS,
1 M DTT, 0.1 M Tris-HCl pH 7.6), (ii) buffer B (4% SDS, 1 M DTT, 1 M NaCl, 0.1 M Tris-HCl
pH 7.6) and (iii) buffer C (4% SDS, 0.1 M DTT, 1 M NaCl, 0.1 M Tris-HCl pH 7.6), as
described in detail in [2].
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2.3. Protein Quantification

Before protein quantification, the eluted protein samples of the hip implant were
concentrated by TCA precipitation, as described previously [2]. For eluates of the smooth
surface, the protein content was concentrated three-fold, while the eluates of the rough
surface remained unconcentrated. Protein quantification was performed using the Lowry
method [13] for eluates of the rough surface as described before [2]. For eluates of the
smooth surface, a modified micro BCA assay [14] (Thermo Fischer Scientific, Rockford, IL,
USA) was used. In brief, 50 μL of the protein sample was mixed with 250 μL of the BCA
reagent (4.8 mL solution B + 200 μL solution C + 5 mL solution A) and incubated at 60 ◦C
for 1 h. Afterward, the samples were measured at 570 nm in a plate reader (Multiskan
Ascent, Thermo-Fischer, Rockford, IL, USA). The protein concentrations were measured in
triplicates at three different dilutions (1:2, 1:3, 1:4).

2.4. Proteome Analysis

In total, 1 mL aliquots of the lyophilized samples were re-suspended in 10 mM
dithioerythritol (DTE) solution. After initial SDS-PAGE analysis, samples from the smooth
surface were further concentrated using Amicon filters (10 kDa cut-off) so that a similar
number of proteins could be loaded onto the second SDS-PAGE. Here, 20 μL of each sample
was loaded onto the gel and prepared according to the GeLC-MS method, as described
in [15]. LC-MS/MS analysis was performed as described previously [2,16]. Briefly, liquid
chromatography was performed with 5 μL protein digest loaded onto a 0.1 × 20 mm 5 μm
C18 nano trap column (Dionex Ultimate 3000 RSLS nanoflow) and subsequently separated
on an Acclaim PepMap C18 nano column 75 μm × 50 cm (Dionex, Sunnyvale, CA, USA)
using an 8 h gradient. The LC was connected to an Orbitrap Velos FTMS (Thermo Finnigan,
San Jose, CA, USA) via a Proxeon nanospray.

Evaluation of proteomics data: Protein identification was performed with Proteome
Discoverer 1.4 (Thermo Scientific) using the SEQUEST search engine, as described previ-
ously [2]. In brief, a protein search was performed against the Swiss-Prot human protein
database [17]. The following search parameters were applied: (i) precursor mass tolerance:
10 ppm and fragment mass tolerance: 0.05 Da; (ii) full tryptic digestion; (iii) maximum
missed cleavage sites: 2; (iv) static modifications: carbamidomethylation of cysteine;
(v) dynamic modifications: oxidation of methionine and proline. After completing the
analysis of individual RAW MS files, proteomics data were exported at the peptide level
using the following filters: (i) peptide rank up to 5; (ii) mass deviation (ΔM) ± 5 ppm;
(iii) peptide grouping was enabled, and protein grouping was disabled. Data were further
evaluated using the clustering approach, together with previously acquired RAW data [2],
as described before with some modifications [2]. Briefly, after the calibration of the retention
time against the one sample selected as reference, peptides from different proteomics runs
were grouped (“clustered”) based on the predefined window of mass (±5 ppm) and reten-
tion time (±5% of the peptides’ retention time). Each cluster contains a group of peptides
for which the sequence (belonging to the cluster) with the highest sum of Xcorr values was
reported as reference. When the same Xcorr sum was reported, the frequency of sequence
was considered as a second criterion. The sequences were selected among those with Xcorr
above 1.9 and without proline hydroxylation on the non-collagen proteins. Quantification
of proteomics data was based on the peak area that uses the precursor ions for estimation
of relative abundance. Individual peptide peak areas were normalized using the following
part per million (ppm) normalization: normalized peak area = (peptide peak area/total
peak area in a sample) × 1,000,000. Protein abundance in each sample was calculated as
the sum of all normalized peptide areas for a given protein, as described previously [2].

Statistical analysis: Statistical analysis of the proteomics data was performed using
the non-parametric Wilcoxon test, which was shown to be more appropriate for the pro-
teomics data [18]. In addition, data normality was assessed using Kolmogorov–Smirnov
test, supporting that in most cases data are not normally distributed. Paired statistics were
performed only when comparing proteins between the rough and smooth surfaces at differ-
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ent exposure times. The following comparisons were made: (1) 2 min and 5 min exposure
at the rough surface, (2) 2 min and 5 min exposure at the smooth surface, (3) smooth and
rough surface at 2 min exposure and (4) smooth and rough surface at 5 min exposure.
Differentially abundant proteins were defined separately in each comparison based on
the following criteria: proteins identified in at least 60% of samples in at least one group,
for which nominal significant difference in protein abundance between conditions was
observed (unadjusted p < 0.05). Linear regression was applied to assess the relationship
between protein abundance across different conditions.

2.5. Annotation of Proteomics Data and Bioinformatics Analysis

Identified proteins were extensively annotated using different resources and previ-
ously published data. Specifically, for information on the plasma proteome, data were
retrieved from Plasma Proteome Database [19] and literature. The latter included a list
of 945 proteins (≥10 peptide spectrum matches and ≥ 2 peptides) described by Far-
rah et al. [20], 1175 proteins described by Anderson et al. [21] and 713 protein groups
(≥2 peptides) identified by the report from Geyer et al. [22]. The implant proteome
was also compared with the red blood cell proteome comprised of 2309 protein groups
(≥2 peptides) [23]. The Human Protein Atlas [24] served as a source for information on the
subcellular locations (including also secretome locations), while information about human
extracellular matrix (ECM) proteins was retrieved from MatrisomeDB [25,26]. Information
regarding protein length, mass and function was retrieved from the Uniprot database [17].

Pathway enrichment analysis was conducted using the online tool ShinyGO v0.66 [27,28]
with a curated Reactome database used as an ontology source. Significantly enriched
pathways were defined based on the p-value cut-off (false discovery rate (FDR)) below 0.05.

3. Results

3.1. Patients Characteristic

Implants from 12 patients, mainly females, with advanced osteoarthritis, with an
average age of 73.5 were investigated. An overview of the demographic and clinical data
of the study cohort is displayed in Table 1. Among these 12 patients, 1 patient provided
2 implants, and each of the other 11 patients provided 1 implant. Thus, 13 implants in
total were included in the study and led to the generation of 26 implant eluates (13 from
rough and 13 from smooth implant surfaces), for which proteomics analysis was conducted.
Twenty-six proteomics datasets covered 20 newly acquired and 6 previously generated
datasets [2]. A graphical representation of the study design is presented in Figure 1.

Table 1. Baseline demographic and clinical data. Continuous data are shown as mean and standard
deviation and categorical data as number and percentage (%).

Variable Value

Number of patients 12
Age (years) 73.5 ± 7.34
Male 3 (25%)
BMI 27.6 ± 3.01
Surgery site left 5 (42%)

right 7 (58%)
Surgery time (min) 88.5 ± 7.56
Hospital time (days) 11.4 ± 3.18

Comorbidities
Hypertension 6 (50%)
ACVB (aorto-coronary-vein-bypass) 2 (16.6%)
Hypothyreosis 2 (16.6%)
Rheumatoid arthritis 2 (16.6%)
Adipositas 1 (8.3%)
Diabetes mellitus 1 (8.3%)
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Figure 1. Visualization of our study design with clarification of pairwise comparisons.

The time of surgery was comparable in all patients. The pre- and post-operative serum
and blood parameters were uneventful and comparable (Table 2).

Table 2. Patients’ pre- and post-operative serum parameters (n = 12). These parameters were assessed
one day before surgery (−1), on the day of surgery (0) and two days after surgery (2). Abbreviation:
pTT–partial thromboplastin time.

Variable Time Point Mean Standard Deviation Normal Values

Sodium (mmol/L)

−1 139.8 4.2
0 138.9 3.7 136–145
2 138.4 3.7

Potassium (mmol/L)

−1 4.6 0.3
0 4.2 0.3 3.5–5.1
2 4.0 0.3

Leucocytes (1/nL)
−1 7.2 1.7
0 11.8 2.8 4.0–11.0
2 9.6 2.9

Hemoglobin (g/dL)
−1 14.0 1.2
0 11.8 1.9 11.6–16.3
2 10.2 1.5

Thrombocytes (1/nL)
−1 255.8 63.3
0 213.7 38.2 140–320
2 195.2 40.5

Orotein (g/L)
−1 67.1 5.9
0 58.3 8.1 64–83
2 54.0 3.4

Quick (%)
−1 101.4 23.9
0 91.0 12.9 70–130
2 96.5 16.8

pTT (s)
−1 26.6 3.8
0 26.1 2.4 24–32.2
−1 28.2 1.9

Fibrinogen (mg/dL)
−1 324.3 66.2
0 312.8 63.8 180–350
2 584.6 196.4
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3.2. Characterization of the In Situ Implant Proteome

Proteomic profiles of 26 implant eluates were analyzed, including 14 (7 per surface)
obtained after 2 min and 12 eluates (6 per surface) obtained after 5 min in situ. To investigate
the proteomic changes between different exposure times and surfaces, the proteomic
profiles were separated into the following four groups (conditions): (1) rough surface at 2
min exposure (n = 7), (2) smooth surface at 2 min exposure (n = 7), (3) rough surface at 5
min exposure (n = 6) and (4) smooth surface at 5 min exposure (n = 6). An overview of the
analyzed samples is provided in Table 3.

Table 3. Mean elution volumes, protein concentrations and total protein content with standard
deviations of implant eluates from different surfaces and different time points.

Surface/Condition Sample Volume (ml)
Protein Concentration

(μg/mL)
Total Protein (μg)

Rough/2 min 3.5 ± 0.8 66.0 ± 30.0 231.2 ± 133.0
Rough/5 min 3.2 ± 0.3 69.2 ± 25.0 221.3 ± 93.5
Smooth/2 min 3.4 ± 0.5 13.3 ± 8.6 40.9 ± 18.6
Smooth/5 min 2.9 ± 0.6 5.1 ± 2.4 15.3 ± 8.6

Only proteins identified based on at least two peptides in the entire dataset of
26 eluates were considered for subsequent investigation. In total, 1367 proteins after 2
min and 1687 proteins after 5 min of exposure in situ were identified on average per eluate
from the rough surface. The average number of proteins identified per eluate from the
smooth surface was 847 after 2 min and 1476 after 5 min in situ (Figure 2A). In general,
more proteins were identified after a 5-min exposure as well as on the rough surface,
which is consistent with the protein concentrations of the sample (Table 3). There was a
strong relationship between the averages of the relative abundance of each of the identified
proteins after 2 and 5 min in situ (Figure 2B, p < 0.0001) and between the smooth and rough
surfaces (Figure 2C, p < 0.0001), indicating a good consistency of the results.

Figure 2. Overview of the implant proteomics data. The box plot shows the distribution of the number
of proteins identified (≥2 peptides) per sample across the analyzed conditions, with an average value
indicated with triangle (A). Scatter diagrams with regression lines showing the relationship between
averages of the relative abundance of each of the identified proteins for eluates collected after 2 and
5 min exposure in situ (B), as well as eluates from smooth and rough surfaces are presented (C). A
pie chart shows the subcellular localization of the identified proteins based on the data provided
in Human Protein Atlas (D). Abbreviations: Avg. Abund.–ppm normalized protein abundance, R–
coefficient of correlations, N–number of proteins included in the analysis (common proteins between
the investigated conditions).
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The proteomic analysis resulted in the identification of a total of 2310 proteins based
on at least two peptides (Supplementary Table S1). Among these 2310 proteins (Figure 2D),
69% (1593) were of intra-cellular origin, 18% (406) were assigned to the membrane fraction,
while 11% (257) were classified as secreted, with around 50% being secreted into the blood.
Moreover, 8% (183) of the implant proteomes belonged to the group of ECM proteins (core
ECM or ECM-associated proteins). Depending on the plasma reference set investigated,
between 4% and 18% of implant proteins were annotated as plasma proteins, while 25% of
all proteins belonged to the red blood cell proteome (Supplementary Table S1). A similar
distribution of proteins was observed for each analyzed condition. The 10 most abun-
dant proteins within this classification are listed in Supplementary File A and are among
the 200 proteins with the highest peptide counts. Table 4 lists the top 10 most abundant
proteins in the pooled analysis of 26 samples. Highly abundant intracellular/membrane
proteins, e.g., include different hemoglobin subunits, actin cytoplasmic 1, myosin-7, car-
bonic anhydrases, spectrin beta chain and peroxiredoxin 1. Proteins secreted into the blood
included serum albumin, alpha-1-antichymotrypsin, fibrinogen chains, alpha-1-antitrypsin,
serotransferrin, alpha-2-macroglobulin, apolipoproteins and complement C3, while ECM
proteins were represented by different types of collagen.

Table 4. Shortlist of the 10 most abundant proteins eluted from the implant surfaces based on the
compiled dataset (n = 26). These proteins were selected among the top 200 proteins identified with
the highest number of peptides (based on all datasets). For each localization (intracellular/membrane,
secreted to blood, ECM), proteins were ranked based on the average abundance in the respective
group. Abbreviations: Avg. Abund.–ppm normalized protein abundance, ECM–extracellular matrix,
#—number.

Localization Name # Peptides Avg. Abund.

Intracellular/Membrane

Hemoglobin subunit beta 25 139,291.93
Hemoglobin subunit alpha 25 42,991.18
Protein AHNAK2 10 5187.38
Keratin, type II cytoskeletal 1 21 4755.28
Hemoglobin subunit delta 12 4421.55
Actin, cytoplasmic 1 16 3895.84
Carbonic anhydrase 1 19 3776.61
Spectrin beta chain, erythrocytic 40 2911.55
Myosin-7 99 2564.4
Peroxiredoxin-2 16 2186.3

Secreted to blood

Serum albumin 99 70,046.62
Alpha-1-antichymotrypsin 12 7424.58
Fibrinogen beta chain 28 2523.37
Alpha-1-antitrypsin 27 2361.18
Fibrinogen gamma chain 26 2286.78
Serotransferrin 49 2063.98
Alpha-2-macroglobulin 56 1660.91
Apolipoprotein B-100 98 1433.53
Fibrinogen alpha chain 29 1398.07
Complement C3 85 1241.86

ECM

Collagen alpha-1(II) chain 67 6790.18
Collagen alpha-1(XXIV) chain 32 5961.83
Collagen alpha-2(I) chain 63 3161.86
Collagen alpha-1(XXII) chain 44 3020.04
Collagen alpha-6(IV) chain 24 2429.28
Collagen alpha-1(VII) chain 56 1996.28
Collagen alpha-2(XI) chain 52 1264.12
Collagen alpha-1(III) chain 73 1181.17
Collagen alpha-1(V) chain 34 1154.63
Collagen alpha-3(VI) chain 72 869.6
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The pathway enrichment analysis of the above-mentioned top 200 proteins was per-
formed to place proteomic findings in their biological context and indicate pathways
represented by the proteins that adsorb to the implant surface. The 25 most significantly
enriched pathways were related to ECM organization (e.g., pathways involved in collagen
formation, ECM proteoglycans, integrin cell surface and non-integrin membrane-ECM
interactions), and hemostasis (platelet activation, signaling and aggregation). In addi-
tion, the pathways related to signal transduction (signaling by receptor tyrosine kinases),
metabolism of proteins and the immune system (neutrophil degranulation) were identified
as listed in Table 5.

Table 5. List of the top 25 significantly enriched pathways derived from analysis of the implant
proteome. Based on their location in the pathway hierarchy, pathways belonging to the same “arental
pathway” were grouped, and those being highest in the hierarchy were highlighted in bold. Proteins
associated with these pathways are presented in Supplementary Table S2. Abbreviation: FDR–false
discovery rate.

Parental Pathway Enriched Pathway
Total Number
of Proteins in
the Pathway

No. of
Assigned
Proteins

FDR

Extracellular matrix
organization

Extracellular matrix organization 418 54 7.72 × 10−47

Collagen chain trimerization 44 40 6.68 × 10−78

Collagen biosynthesis and modifying enzymes 67 41 3.81 × 10−67

Collagen formation 90 43 3.34 × 10−64

Assembly of collagen fibrils and other
multimeric structures 61 33 3.09 × 10−51

Anchoring fibril formation 15 9 2.18 × 10−14

Collagen degradation 89 34 2.73 × 10−46

Degradation of the extracellular matrix 188 39 1.43 × 10−41

Integrin cell surface interactions 109 33 5.15 × 10−41

ECM proteoglycans 90 24 5.12 × 10−28

Non-integrin membrane-ECM interactions 73 18 2.42 × 10−20

Hemostasis

Hemostasis 738 39 6.04 × 10−19

Platelet degranulation 128 25 1.35 × 10−25

Response to elevated platelet cytosolic Ca2+ 133 25 3.44 × 10−25

Platelet activation signaling and aggregation 295 27 7.54 × 10−19

Developmental
Biology

NCAM signaling for neurite out-growth 74 20 1.59 × 10−23

NCAM1 interactions 43 18 3.84 × 10−25

Metabolism of
proteins

Regulation of Insulin-like Growth Factor IGF
transport and uptake by Insulin-like Growth
Factor Binding Proteins IGFBPs

124 17 1.15 × 10−14

Post-translational protein phosphorylation 107 16 1.90 × 10−14

Signal Transduction

Signaling by Receptor Tyrosine Kinases 555 29 7.95 × 10−14

Signaling by PDGF 58 20 7.84 × 10−26

MET activates PTK2 signaling 30 11 1.50 × 10−14

MET promotes cell motility 41 11 6.61 × 10−13

Immune System
Immune System 2610 60 1.97 × 10−12

Neutrophil degranulation 495 26 1.97 × 10−12

3.3. Changes in Protein Adsorption on Titanium Implants
3.3.1. Proteomic Differences between 2 and 5 Min In Situ

Pairwise statistical comparisons revealed 113 significantly different proteins when
comparing eluates from the rough implant side after 2 and 5 min in situ, whereas 315
proteins were significantly different on the smooth surface. For most of these proteins,
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the abundance increased after 5 min (Figure 3, left panel). Among the 200 proteins with
the highest peptide number, only a few proteins on the rough surface were significantly
changed, whereas the most striking changes were observed on the smooth surface (Table 6,
Supplementary Table S1). The proteins with increased abundance after 5 min in situ on the
smooth surface included some of the intracellular and ECM proteins with high abundance
(Table 4), including hemoglobin subunit beta, collagen alpha-1(XXII) chain and collagen
alpha-1(III) chain. Many of these differentially abundant proteins also showed statistical
significance when comparing surface properties (Table 6).

Figure 3. Number of differentially abundant proteins when comparing protein changes between two
exposure times on a defined surface (left panel) and between surface properties at a defined time
point (right panel). Discrimination for proteins with an increased (dark grey = up) and decreased
(light grey = down) abundance in the “case condition” per comparison is given.

Table 6. Selected proteins with significantly different abundance between 2 and 5 min exposure in
situ. Differentially abundant proteins among the top 200 proteins identified with the highest number
of peptides (based on all datasets) are presented. For these proteins, the respective results are also
provided for the comparison between the different implant surfaces. Significant changes (p < 0.05) in
the respective comparisons are highlighted in bold. The fold change was calculated by dividing the
average abundance of the respective proteins from the case versus the control group. Abbreviations:
#—number.

Name # Peptides

Fold Change

Rough
Surface:

5 Min vs. 2 Min

Smooth
Surface:

5 Min vs. 2 Min

2 Min
Exposure:
Rough vs.
Smooth

5 Min
Exposure:
Rough vs.
Smooth

Intracellular, Membrane

Probable E3 ubiquitin-protein ligase HECTD4 8 2.56 8.76 4.22 1.24
Aldehyde dehydrogenase, mitochondrial 10 0.37 8.33 26.44 1.16
Glutathione S-transferase omega-1 8 0.39 6.53 2.18 0.13
Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic 9 0.89 5.05 9.33 1.65
Heat shock protein HSP 90-beta 10 0.27 2.57 4.49 0.48
Hemoglobin subunit gamma-2 10 1.58 2.22 2.35 1.67
Ankyrin-1 33 2.08 2.17 1.19 1.15
Hemoglobin subunit beta 25 0.93 0.54 0.95 1.65
L-lactate dehydrogenase B chain 12 0.99 0.34 1.36 3.91
Myeloperoxidase 19 0.40 0.29 2.03 2.83
Rab GDP dissociation inhibitor beta 8 0.07 0.06 4.07 4.63
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Table 6. Cont.

Name # Peptides

Fold Change

Rough
Surface:

5 Min vs. 2 Min

Smooth
Surface:

5 Min vs. 2 Min

2 Min
Exposure:
Rough vs.
Smooth

5 Min
Exposure:
Rough vs.
Smooth

Secreted to blood

Complement C5 11 1.36 5.60 9.18 2.23
Plasminogen 15 1.34 4.83 4.17 1.15
Coagulation factor XIII A chain 10 1.06 3.56 0.76 0.23
Histidine-rich glycoprotein 9 0.80 3.32 0.67 0.16
Antithrombin-III 15 0.94 2.16 1.48 0.65
Leukocyte elastase inhibitor 10 0.71 2.42 2.52 0.74

ECM

Mucin-19 10 1.86 9.41 11.43 2.26
Filaggrin 8 1.81 7.15 8.80 2.22
Collagen alpha-1(III) chain 73 0.45 6.01 6.89 0.52
Collagen alpha-1(XXI) chain 11 1.91 3.41 1.37 0.77
Collagen alpha-1(XVIII) chain 17 2.40 3.30 1.10 0.80
Collagen alpha-2(IX) chain 15 3.80 3.26 1.56 1.82
Collagen alpha-1(XXII) chain 44 0.97 2.87 2.92 0.99
Collagen alpha-3(V) chain 35 1.70 2.32 1.88 1.37
Collagen alpha-1(XI) chain 41 1.20 2.27 0.99 0.52
Collagen alpha-6(VI) chain 20 0.80 0.69 1.18 1.37
Collagen alpha-4(IV) chain 45 1.95 1.42 0.97 1.33

The pathway enrichment analysis of all significantly different proteins (5 vs. 2 min in
situ) revealed seven enriched pathways on the smooth surface. The proteins belonging to
these significantly enriched pathways were mainly related to ECM organization, hemostasis
and NCAM signaling (Table 7). For the rough surface, no significantly enriched pathways
were found.

Table 7. List of the seven significantly enriched pathways derived from the analysis of differentially
abundant proteins between 5 and 2 min exposure in situ on the smooth surface. Based on the location
of the pathway in the pathway hierarchy, pathways belonging to the same “Parental pathway” were
grouped, and those being highest in the hierarchy were highlighted in bold. Proteins associated with
these pathways are presented in Supplementary Table S2. Abbreviation: FDR–false discovery rate.

Parental Pathway Enriched Pathway
Total Number
of Proteins in
the Pathway

No. of
Assigned Proteins

FDR

Extracellular matrix
organization

Collagen formation 90 9 1.14 × 10−3

Collagen chain trimerization 44 8 1.11 × 10−4

Collagen biosynthesis and modifying enzymes 67 9 1.37 × 10−4

Assembly of collagen fibrils and other
multimeric structures 61 6 2.94 × 10−2

Hemostasis Common pathway of fibrin clot formation 22 4 2.94 × 10−2

Developmental Biology NCAM signaling for neurite out-growth 74 7 1.47 × 10−2

NCAM1 interactions 43 5 3.56 × 10−2

3.3.2. Proteomic Differences between the Smooth and the Rough Surfaces

Pairwise statistic comparisons (rough vs. smooth) revealed 209 differentially abundant
proteins after 2 min and 352 proteins after 5 min in situ. In general, protein abundance
was higher on the rough surface (Figure 2). Several of these proteins, belonging to the top
200 proteins with the highest peptide number, were among the top 10 highly abundant in-
tracellular/membrane, secreted and ECM proteins (Table 8). After 2 min in situ, the proteins
with increased abundance on the rough surface were the following: hemoglobin subunit
delta, myosin-7 (intracellular/membrane), alpha-1-antitrypsin, alpha-2-macroglobulin,
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complement C3, apolipoprotein A-I (secreted to blood), collagen alpha-1(II) chain, colla-
gen alpha-1(XXII) chain, collagen alpha-6(IV) chain and collagen alpha-1(III) chain (ECM
proteins). After 5 min in situ, hemoglobin subunits (beta, alpha, delta), actin, carbonic
anhydrase 1 and 2, myosin-7, peroxiredoxin-2, vimentin (intracellular/membrane), alpha-1-
antitrypsin, fibrinogen gamma chain, apolipoprotein B-100 and A-I, haptoglobin (secreted
to blood) were increased on the rough surface. Furthermore, 16 of these differentially
abundant proteins (Table 8) experienced a significant change in abundance after 2 min and
5 min in situ, with most showing increased abundance on the rough surface. These proteins
included tropomyosin beta chain, myeloperoxidase, malate dehydrogenase, hemoglobin
subunit delta, histone H4 and myosin-7 (belonging to intracellular proteins), complement
factor B, alpha-1-antitrypsin, apolipoprotein A-I, angiotensinogen, complement C4-B (pro-
teins secreted into the blood), collagen alpha-1(XV) chain, collagen alpha-1(XIII) chain and
decorin (ECM proteins).

Table 8. Selected proteins with significantly changed abundance between rough and smooth surfaces
at two different exposure times in situ. Differentially abundant proteins among the top 200 proteins
identified with the highest number of peptides (based on all datasets) are presented. For these
proteins, the respective results are also given for the comparison between the different exposure
times. Significant changes (p < 0.05) in the respective comparisons are highlighted in bold. The fold
change was calculated by dividing the average abundance of the respective proteins from the case
versus the control group. Abbreviations: #—number.

Name # Peptides

Fold Change

2 Min Exposure:
Rough versus

Smooth

5 Min Exposure:
Rough versus

Smooth

Rough Surface:
5 Min vs. 2 Min

Smooth Surface:
5 Min vs. 2 Min

Intracellular, Membrane

Nuclear receptor corepressor 2 8 3.31 2.40 0.99 1.36
14-3-3 protein epsilon 10 2.99 3.45 1.04 0.90
Endoplasmic reticulum chaperone BiP 10 4.97 1.42 0.34 1.18
Transitional endoplasmic reticulum ATPase 13 3.87 1.82 0.93 1.96
Eosinophil peroxidase 9 8.63 1.85 0.41 1.91
Four and a half LIM domains protein 1 8 5.03 4.08 0.63 0.78
Rab GDP dissociation inhibitor beta 8 4.07 4.63 0.07 0.06
Filamin-A 33 2.97 1.28 1.32 3.05
Protein piccolo 8 20.26 1.51 0.36 4.85
Glycerol-3-phosphate dehydrogenase
[NAD(+)], cytoplasmic 9 9.33 1.65 0.89 5.05

Alcohol dehydrogenase 1B 8 8.93 6.96 1.37 1.76
Aldehyde dehydrogenase, mitochondrial 10 26.44 1.16 0.37 8.33
Protein bassoon 9 2.82 1.44 0.58 1.14
Tropomyosin beta chain 17 3.20 6.02 0.37 0.20
Myeloperoxidase 19 2.03 2.83 0.40 0.29
Malate dehydrogenase, cytoplasmic 8 6.28 6.93 0.67 0.60
Hemoglobin subunit delta 12 2.84 2.58 0.86 0.95
Histone H4 10 2.43 2.52 1.38 1.33
Keratin, type II cytoskeletal 2 epidermal 25 0.12 0.09 0.80 1.00
Myosin-7 99 3.40 4.10 0.92 0.76
Tubulin alpha-1B chain 9 0.61 0.38 0.87 1.39
Isocitrate dehydrogenase [NADP],
mitochondrial 10 14.95 Only Rough 0.44 Only Rough

ADP/ATP translocase 1 8 5.88 22.48 0.72 0.19
Protein 4.1 10 13.95 15.43 1.98 1.79
Prelamin-A/C 17 3.98 13.29 1.62 0.49
ATP synthase subunit alpha, mitochondrial 12 2.52 10.00 0.50 0.13
Alpha-crystallin B chain 8 21.87 7.80 1.33 3.73
Myosin light chain 1/3, skeletal muscle
isoform 9 1.92 7.74 2.07 0.51

Myosin light chain 3 9 2.13 6.33 0.52 0.17
Coronin-1A 8 10.30 6.11 0.27 0.46
Triosephosphate isomerase 12 6.40 6.06 0.84 0.89
L-lactate dehydrogenase A chain 9 3.04 4.56 1.51 1.01
L-lactate dehydrogenase B chain 12 1.36 3.91 0.99 0.34
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Table 8. Cont.

Name # Peptides

Fold Change

2 Min Exposure:
Rough versus

Smooth

5 Min Exposure:
Rough versus

Smooth

Rough Surface:
5 Min vs. 2 Min

Smooth Surface:
5 Min vs. 2 Min

Glyceraldehyde-3-phosphate
dehydrogenase 12 0.95 3.79 0.89 0.22

Carbonic anhydrase 2 16 1.38 3.75 0.60 0.22
Transketolase 14 3.14 3.35 1.42 1.32
Vinculin 8 3.24 3.22 1.27 1.28
Erythrocyte membrane protein band 4.2 10 2.05 3.00 0.52 0.36
Pyruvate kinase PKM 10 2.06 2.85 1.57 1.13
Alpha-enolase 14 1.05 2.75 0.60 0.23
Vimentin 24 0.81 2.57 0.21 0.07
Fructose-bisphosphate aldolase A 13 2.17 2.50 0.99 0.86
Hemoglobin subunit alpha 25 1.11 2.46 0.87 0.40
Phosphoglycerate kinase 1 9 1.97 2.36 1.40 1.16
Peroxiredoxin-2 16 1.95 2.35 1.03 0.85
Plectin 11 0.05 2.11 2.05 0.05
Actin, cytoplasmic 1 16 1.52 2.05 0.97 0.72
Carbonic anhydrase 1 19 1.78 2.02 0.71 0.62
Catalase 25 1.66 1.98 0.98 0.82
Hemoglobin subunit beta 25 0.95 1.65 0.93 0.54
Alpha-actinin-2 31 1.06 1.52 0.98 0.68
Keratin, type I cytoskeletal 9 14 0.09 0.41 1.91 0.41
Glutathione S-transferase omega-1 8 2.18 0.13 0.39 6.53

Secreted to blood

Fibronectin 34 3.60 1.25 0.72 2.07
Annexin A2 15 3.15 7.27 1.63 0.71
Leukocyte elastase inhibitor 10 2.52 0.74 0.71 2.42
Plasminogen 15 4.17 1.15 1.34 4.83
Complement C5 11 9.18 2.23 1.36 5.60
Afamin 11 8.08 1.77 0.78 3.55
Alpha-2-macroglobulin 56 2.21 1.95 1.23 1.40
Complement C3 85 2.59 2.39 1.19 1.28
Complement factor B 17 3.61 4.34 0.68 0.57
Alpha-1-antitrypsin 27 2.49 3.18 1.27 1.00
Apolipoprotein A-I 26 2.54 1.98 0.99 1.28
Angiotensinogen 9 2.73 1.81 1.38 2.08
Complement C4-B 43 4.36 4.06 1.02 1.10
Antithrombin-III 15 1.48 0.65 0.94 2.16
Inter-alpha-trypsin inhibitor heavy chain H2 14 4.05 4.40 1.04 0.96
Plasma kallikrein 12 4.04 14.63 2.52 0.70
Neutrophil elastase 8 3.25 3.89 0.98 0.82
Haptoglobin 24 1.95 2.33 1.46 1.21
Histidine-rich glycoprotein 9 0.67 0.16 0.80 3.32
Inter-alpha-trypsin inhibitor heavy chain H1 9 2.55 2.55 0.54 0.54
Hemopexin 17 0.74 1.57 1.13 0.54
Coagulation factor XIII A chain 10 0.76 0.23 1.06 3.56
Apolipoprotein B-100 98 1.01 1.39 0.65 0.47
Fibrinogen gamma chain 26 0.73 0.49 0.86 1.28

ECM

Collagen alpha-1(II) chain 67 1.76 1.34 1.21 1.59
Collagen alpha-1(III) chain 73 6.89 0.52 0.45 6.01
Collagen alpha-3(IV) chain 13 7.07 0.27 0.45 11.56
Collagen alpha-1(XXVIII) chain 17 2.75 1.99 0.81 1.12
Filaggrin 8 8.80 2.22 1.81 7.15
Collagen alpha-6(IV) chain 24 0.66 0.51 0.90 1.18
Collagen alpha-1(XXII) chain 44 2.92 0.99 0.97 2.87
Collagen alpha-1(XV) chain 9 3.71 2.62 0.72 1.03
Decorin 9 10.76 10.38 1.39 1.44
Collagen alpha-1(XIII) chain 27 2.26 2.04 0.75 0.83
Collagen alpha-1(XIV) chain 20 1.94 2.60 2.00 1.50
Lumican 8 1.47 13.21 2.18 0.24
Collagen alpha-1(XI) chain 41 0.99 0.52 1.20 2.27
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The pathway enrichment analysis of all significantly different proteins (rough vs.
smooth) revealed multiple enriched pathways for both time points (Table 9). After a shorter
incubation time of 2 min, significantly enriched pathways mainly related to extracellular
matrix organization (mainly involving collagens), the immune system (neutrophil degran-
ulation, signaling by interleukins, complement cascade), hemostasis (platelet activation)
and muscle contraction. After a prolonged incubation time of 5 min, the most significantly
enriched pathways were related to metabolism (carbohydrate metabolism), the immune sys-
tem (neutrophil degranulation, signaling by interleukins), hemostasis (platelet activation)
and signaling (by MAPK family cascade).

Table 9. List of the top 25 significantly enriched pathways derived from the analysis of differentially
abundant proteins between smooth and rough surfaces. The analysis covers pathways enriched after
2 min and 5 min exposure in situ. For each comparison, the top 25 most significant pathways (based
on FDR values) were shortlisted. The table presents a compilation of the shortlisted pathways, with
FDR values for the pathways belonging to the top 25 highlighted in bold. Based on the location
of the pathway in the pathway hierarchy, pathways belonging to the same “Parental pathway”
were grouped, and those being the highest in the hierarchy were highlighted in bold. Proteins
associated with these pathways are presented in Supplementary Table S2. Abbreviation: FDR–false
discovery rate.

Parental
Pathway Enriched Pathway

Total Number of
Proteins in the

Pathway

After 2 Min Exposure After 5 Min Exposure

FDR
No. of

Assigned
Proteins

FDR
No. of

Assigned
Proteins

Extracellular
matrix

organization

Extracellular matrix organization 418 1.96 × 10−5 17 2.20 × 10−3 18
Collagen chain trimerization 44 2.40 × 10−6 8 3.34 × 10−2 4
Collagen biosynthesis and
modifying enzymes 67 1.87 × 10−5 8 - -

Collagen formation 90 1.87 × 10−5 9 - -
Degradation of the extracellular matrix 188 1.87 × 10−5 12 3.78 × 10−3 11
Non-integrin membrane-ECM
interactions 73 2.37 × 10−4 7 - -

Collagen degradation 89 7.86 × 10−4 7 2.15 × 10−2 6
ECM proteoglycans 90 7.86 × 10−4 7 - -
Assembly of collagen fibrils and other
multimeric structures 61 7.89 × 10−4 6 - -

Integrin cell surface interactions 109 9.73 × 10−3 6 - -

Hemostasis

Hemostasis 738 7.10 × 10−3 17 3.16 × 10−6 33
Platelet degranulation 128 1.65 × 10−4 9 1.16 × 10−6 14
Response to elevated platelet
cytosolic Ca2+ 133 1.99 × 10−4 9 1.72 × 10−6 14

Platelet activation signaling and
aggregation 295 7.10 × 10−3 10 1.50 × 10−4 17

Metabolism of
proteins

Regulation of Insulin-like Growth
Factor IGF transport and uptake by
Insulin-like Growth Factor Binding
Proteins IGFBPs

124 4.27 × 10−3 7 7.15 × 10−4 10

Signal
Transduction

MET activates PTK2 signaling 30 4.29 × 10−3 4 - -
MAPK family signaling cascades 299 - - 1.72 × 10−4 17
RAF/MAP kinase cascade 248 - - 1.88 × 10−5 17
MAPK1/MAPK3 signaling 254 - - 2.49 × 10−5 17

Immune System

Immune System 2610 4.27 × 10−3 41 1.22 × 10−5 73
Neutrophil degranulation 495 3.63 × 10−5 18 9.16 × 10−11 34
Gene and protein expression by
JAK-STAT signaling after
Interleukin-12 stimulation

39 1.05 × 10−3 5 2.41 × 10−2 4

Interleukin-12 signaling 56 4.29 × 10−3 5 - -
Activation of C3 and C5 12 4.33 × 10−3 3 - -
Innate Immune System 1313 2.15 × 10−2 23 4.18 × 10−8 52
Signaling by Interleukins 706 4.41 × 10−2 14 3.32 × 10−6 32
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Table 9. Cont.

Parental
Pathway Enriched Pathway

Total Number of
Proteins in the

Pathway

After 2 Min Exposure After 5 Min Exposure

FDR
No. of

Assigned
Proteins

FDR
No. of

Assigned
Proteins

Cytokine Signaling in Immune system 983 - - 6.30 × 10−5 36
FLT3 Signaling 275 - - 6.37 × 10−5 17
Other interleukin signaling 298 - - 3.16 × 10−6 20

Muscle
contraction

Muscle contraction 216 4.29 × 10−3 9 3.16 × 10−6 17
Smooth Muscle Contraction 42 1.41 × 10−3 5 7.50 × 10−3 5
Striated Muscle Contraction 36 7.10 × 10−3 4 6.01 × 10−11 12

Transport of
small molecules

Erythrocytes take up oxygen and
release carbon dioxide

9 - - 2.71 × 10−4 4

Vesicle-mediated
transport

Binding and Uptake of Ligands by
Scavenger Receptors

112 4.15 × 10−2 5 3.50 × 10−4 10

Metabolism

Metabolism 2262 - - 6.39 × 10−8 73
Metabolism of carbohydrates 312 - - 8.30 × 10−12 29
Glucose metabolism 93 - - 2.81 × 10−9 15
Gluconeogenesis 34 4.26 × 10−2 3 1.16 × 10−8 10
Glycolysis 73 - - 1.33 × 10−7 12

Programmed Cell
Death

Programmed Cell Death 193 - - 8.29 × 10−5 14
Apoptosis 186 - - 6.23 × 10−5 14
Activation of BH3-only proteins 32 5.02 × 10−3 4 - -

4. Discussion

The local humoral and cellular mechanisms in situ after the first intraoperative bone
contact of an implant until load-stable osseointegration are complex and have not yet been
fully elucidated in detail. They follow a strict sequence of protein adsorption, cellular mi-
gration, proliferation, biomineralization and subsequent bone remodeling processes [29,30].
In our previously published study, we were able to disprove the generally accepted hy-
pothesis of immediate adsorption of plasma proteins to the implant surface in situ [2]. We
reproduced these data with a significant correlation between the average protein abun-
dance (p < 0.0001). However, in this study, we were interested in the kinetic changes of
the initial protein layer and its function in osseointegration. According to the Vroman’s
effect, in which smaller proteins with higher concentrations adsorb to the surface first
and are later replaced by larger proteins with higher binding affinities [31], we expected
differences in the protein composition of eluates from a specific surface with increasing
incubation time. Investigating the proteome of the implant eluates at two different time
points revealed that both surfaces assimilated their protein portfolio over time, with the
protein abundance being higher on the rough implant surface (Figure 2). To better un-
derstand the molecular mechanisms underlying osseointegration, proteomic results were
placed in the context of biology, discovering pathways belonging to ECM organization,
hemostasis, signal transduction, metabolism of proteins and the immune system. Most of
these pathways were also detected when analyzing changes between smooth and rough
surfaces, while only a few pathways (mainly those involved in ECM organization) were
significantly enriched on the smooth surface when comparing the 2 and 5 min exposures
in situ (Supplementary Table S2). These findings suggest a higher relevance of surface
structure to the osseointegration process rather than that of time. The evaluation of the
findings in the biological context is discussed in detail in the following sections.

4.1. Proteins of the Bone ECM and Their Distribution within the Implant Proteome

ECM is a basic component of tissues and organs and provides both structural and non-
structural support that leads to osseointegration. This is supported by our findings showing
a significant enrichment in the pathways involved in ECM organization, represented by
collagenous and non-collagenous proteins. Since collagen accounts for 90% of the organic
ECM of bone, collagen biosynthesis and collagen biochemistry may be key determinants
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of osseointegration [32]. Among bone ECM proteins, collagen type I, typically organized
into collagen fibrils consisting of triple helices of polypeptides, is the most abundant. The
collagen fibrils interact with other collagenous and non-collagenous proteins to assemble
higher-order fibril bundles and fibers. The fiber diameter and fibrillogenesis are regulated
by collagen type III and V, which are present in smaller amounts in the bone ECM [33].
Within the implant proteome, various collagen types were found to adsorb to the implant
surface, with the abundance significantly affected by either incubation time (Table 6)
or surface properties (Table 8). While the abundance of collagen type I was similar on
both surfaces after a 2 min exposure in situ and did not change substantially with longer
incubation time, the abundance of collagen type III was increased on the rough surface,
followed by further enrichment on the smooth surface with longer incubation time (5 min).
Collagen type V also accumulated on the smooth surface during prolonged exposure
(Table 6). The non-collagenous proteins of bone ECM constitute a large group of diverse
proteins that are non-stoichiometric with type I collagen but of great importance for bone
physiology. Mutations in a number of these proteins result in bone abnormalities [34].
Within the implant proteome, some of the most common members of these proteins have
been identified as having a higher sensitivity to surface properties than to incubation
times. In the group of small leucine-rich proteoglycans, which are extracellular secreted
proteins involved in all phases of bone formation, including cell proliferation, osteogenesis,
mineral deposition, and bone remodeling [33], biglycan, asporin, decorin and lumican
were found, with the latter two proteins being among the 200 most frequently identified
proteins (Table 8). While biglycan showed strong binding to both surfaces, which was not
significantly affected by the exposure time, the abundance of both asporin and lumican
was increased on the rough surface compared to the smooth surface after prolonged
incubation in situ. Along these lines, the decorin level was increased on the rough surface
in comparison to the smooth surface, and its abundance was not affected by incubation
time. Glycoproteins such as thrombospondins, fibronectin and vitronectin were also part of
the implant proteome, with fibronectin belonging to the top 200 proteins identified with the
highest number of peptides (Table 8). Thrombospondins are expressed by osteoblasts and
are present at different stages of bone maturation and development [34]. The abundance
of thrombospondin 1 and 2 was stable on both implant surfaces and did not increase
with time, while thrombospondin 4 showed an increase after 5 min on the rough surface
in comparison to the smooth surface. Fibronectin and vitronectin are plasma proteins
that interact with other ECM proteins and are crucial for collagen-matrix assembly [35].
In the implant proteome, fibronectin that is produced during the early stages of bone
formation and upregulated in osteoblasts [34] is increased after 2 min of incubation on
the rough surface, but it does not significantly increase with time (Table 6). Whereas after
a 5 min exposure in situ, the abundance of vitronectin, which is found at low levels in a
mineralized matrix [34], is significantly reduced on the rough in comparison to the smooth
surface. The enzymes involved in the posttranslational modification of collagen, or its
enzymatic degradation may be of further importance when considering the organization of
bone ECM. The formation of inter- and intra-molecular crosslinks of collagen is regulated
by posttranslational hydroxylation and oxidation of specific lysine residues catalyzed by
lysyl-hydroxylases and oxidases [32]. Some of these proteins, such as prolyl 4-hydroxylase
subunit alpha-, lysyl-oxidase 1 and 2, were among the proteins adsorbing to the implant
surface. Their abundance (although low) was stable and not affected by incubation time or
surfaces. Another important class of proteins concerning the degradation of extracellular
matrix components are the zinc-dependent matrix metalloproteases (MMPs) that are also
involved in bone resorption by osteoclasts [36]. In our dataset, MMP21 does not show a
significant increase over time, and its abundance was stable independent of the surface.
MMP9 is increased on the rough surface, albeit only at the 2 min time point.
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4.2. Hemostasis and Inflammation

Hemostasis and inflammation are interconnected physiological processes, with in-
flammation leading to hemostasis activation that, in turn, influences the inflammation. A
pathway enrichment analysis revealed that the top 200 proteins that adsorb to the implant’s
surface (Table 5) are involved in hemostasis, the complement cascade and neutrophil de-
granulation. Those pathways were also found to be significantly enriched based on the
analysis of differentially abundant proteins between the two implant surfaces (Table 9) but
were not significantly different when comparing the two incubation times (Table 7). As
defined by Alberktsson et al., osseointegration is a mild inflammatory response leading
to an integrated implant with a bone-implant interface that remains in a state of equilib-
rium, susceptible to changes in the environment [37]. Disturbance in this foreign body
equilibrium may lead to peri-implant bone loss through reactivation of inflammation, the
formation of foreign body giant cells and the activation of osteoclastogenesis [38].

4.2.1. Proteins Potentially Involved in Hemostasis and Neutrophil Activity

Enhanced hemostasis is a natural reaction to prevent excessive blood loss and maintain
blood flow to the rest of the body as an answer to the damage of blood vessels in the perios-
teum, endosteum and surrounding soft tissues during surgery [39]. Activated platelets are
the first cells to respond to wound healing through the processes of adherence, aggregation
and degranulation [40]. In vivo, the disruption of the continuity of the endothelial layer
and the exposure of the underlying subendothelial matrix leads to the activation of platelets
through the interactions between collagen, fibronectin, von Willebrand factor and various
glycoprotein receptors on the platelets [41]. Interestingly, most of these proteins were of
higher abundance on the rough surface after a 2 min exposure in situ, with collagen and
fibronectin being among the top abundant 200 proteins (Table 8). The abundance of von
Willebrand factor was reduced on the rough surface in comparison to the smooth surface
after 2 and 5 min in situ, and its abundance was further increased on the rough surface
with longer incubation (5 min). Besides their role in hemostasis, platelets were also found
to be involved in the activation of the immune system through their surface receptors and
their granules, which contain a plethora of biologically active products [42]. The physical
interactions between neutrophils and platelets are triggered by the expression of p-selectin
on activated platelets that can bind to p-selectin glycoprotein ligand-1 on the surface of
neutrophils. Additionally, the secretion of CD40 ligand by platelets has been shown to
upregulate integrin expression on neutrophils, and the secretion of serotonin and platelet
factor 4 leads to neutrophil recruitment and adhesion [41,42]. We could not detect adhesion
of p-selectin to the Ti implant but found platelet factor 4 adsorbed to the implant surface in
situ, albeit at a low abundance with no significant changes concerning surface properties
and exposure times.

As aforementioned, the pathway analysis also suggested the activation of neutrophils
and their degranulation. Along these lines, the leucocyte concentration was found to
increase after surgery in the blood levels of all patients (Table 2). Neutrophils, together with
basophils and eosinophils, belong to polymorphonuclear leukocytes, constitute 40–65% of
the white blood cell population and are hallmarks of acute inflammation [43,44]. Imme-
diately following tissue injury, these cells are recruited and exert anti-microbial activity
via degranulation, enzymatic release, phagocytosis of foreign substances and debris and
the production of large DNA-based fiber networks called neutrophil extracellular traps [5].
Upon activation, neutrophils release toxic mediators including elastase, myeloperoxidase,
cathepsins and defensins from their primary granules [45]. These proteins were also
present in the implant proteome, with myeloperoxidase and elastase among the most
striking differences when comparing surfaces (Table 8). Myeloperoxidase and cathepsin G
were found significantly enriched on the rough surface (both after 2 and 5 min). Myeloper-
oxidase catalyzes the formation of reactive oxygen species, such as hypochlorous acid
(HOCl) [46], while cathepsin G stimulates the production of cytokines and chemokines
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responsible for the activation and mobilization of immune cells to the site of pathogen or
tissue damage [47].

4.2.2. Possible Neutrophil Recruitment through DAMPs and the Complement System

The proteomic analysis also indicated another possible mechanism for neutrophil
recruitment. Because of surgery-induced tissue damage, necrotic cells release self-derived
molecules that are either altered or relocated from their normal cellular compartment [48].
Those damage-associated molecular patterns (DAMPs) are known to activate neutrophils
and trigger a sterile inflammatory response [49]. The DAMPs include extracellular ATP,
formylated peptides and DNA of mitochondrial origin, nucleic acids, heat shock proteins,
S100 proteins, high mobility group protein B1 and altered extracellular matrix components,
such as hyaluronan [48,49]. The members of these protein families were also found in the
implant proteome. Hyaluronan, high mobility group protein B1, numerous heat shock
proteins and S100A8 and S100A11 were identified on the implant surface, with their
abundance on the implant surface not being affected by the surface type or time. However,
the 10 kDa heat shock protein was found to be significantly increased on the rough surface
after 5 min in situ, and its abundance was also accumulated on the smooth surface with a
longer incubation time. Heat shock protein HSP 90-beta was only increased with a longer
incubation time on the smooth surface. In addition, the protein S100A9, known to induce
neutrophil chemotaxis and adhesion [50], was found to be consistently elevated on the
rough in comparison to the smooth surface after both 2 min and 5 min of exposure in situ.

Another immunologic recruitment mechanism for neutrophils is the activation of
the complement system. Biomaterials, including Ti implants, are known to activate the
complement cascade through the classical pathway, with further amplification through
the alternative pathway [51]. Several complement factors are also detected in the implant
proteome. Among them, complement factor B (CFB), C3, C4 and C5 were found signif-
icantly enriched on the rough and smooth surfaces after an exposure time of 2 min in
situ (Table 8). In addition, the abundance of CFB and C4 was also increased on the rough
surface after 5 min exposure, while C5 showed an increase in abundance on the smooth
surface after 5 min in comparison to 2 min. Furthermore, the abundance of complement
C1q subcomponent subunit B was also significantly increased with prolonged incubation
on the smooth surface, while C8 showed an increase in the abundance on the rough surface
after 5 min in situ. Interestingly, the CFB and C4 proteins are involved in the classical (C4)
and alternative (CFB) complement activation pathways. However, the question of whether
the complement system is activated cannot be answered with confidence based on the
proteomics data.

Moreover, bone cells can produce complement factors and are in turn targets of
activated complement [51]. Osteoblasts can produce C3 and C5, while osteoclasts can
release activated C5a. The anaphylatoxins C3a and C5a are not only chemotactic for
neutrophils but also for osteoblasts and their mesenchymal stem cell precursors [52,53].
In osteoblasts, they stimulate the release of inflammatory cytokines, including IL-6 and
IL-8. Additionally, C5a can stimulate the secretion of osteoclastogenic factors [51,52]. This
suggests that the activation of the complement system might also directly influence bone
healing through its interaction with bone cells. Enhancing osteoclastogenesis might increase
bone resorption while recruitment of osteoblasts and their precursor cells might favor bone
formation [52].

4.3. Limitations of Our Study

The sample size for each group was low and did not allow adjustment for multiple
testing. Similarly, an evaluation of differences in the protein adsorption between male
and female patients could not be performed. Since females are more likely to have bone-
related diseases (e.g., osteoporosis and osteoarthritis), the influence of gender on protein
adsorption at the implant surface will be investigated in a follow-up study. Furthermore,
we are aware that incorrect sequence assignment may occur on occasion, especially in
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the case of low abundant peptides where the spectral quality is lower. However, the risk
of false protein identification is reduced by excluding proteins identified based on one
peptide only. For the assignment of proteins to the plasma proteome, we used the Plasma
Proteome Database downloaded in June 2018, for which the download option in the online
database has been temporarily unavailable, so newer additions to the database were not
considered. Although we examined the implant proteome at two different time points,
our study documents only a snapshot of protein adsorption after a short period. However,
longer incubation times in situ during implant surgery are not possible for ethical reasons.
Since some animal studies indicate that low protein intake might affect the osseointegration
of Ti implants [54], the dietary habits of our patients, which were not considered, might
have impacted the results of our study.

5. Conclusions

Our study indicates that the proteins adsorbed to orthopedic implants may allow
insights into the molecular mechanisms directly taking place in humans after biomaterial
insertion. We were able to match the proteins identified in the eluates from the implant’s
surface to pathways implicated in osseointegration. Despite the short exposure time of
2 to 5 min in situ, we were able to comprehend remodeling of the bone extracellular matrix
and the onset of an inflammatory response as key steps of osseointegration. The proteins
adsorbed to the implant’s surface may show a chemotactic effect on immune cells and
other immune cell-derived proteins adhered to the implant’s surface. The composition of
the adsorbed proteins indicates that bone healing immediately begins at a molecular level
after implantation.
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Abstract: The efficacy of a three-dimensional printed polycaprolactone–biphasic-calcium-phosphate
scaffold (PCL–BCP TDP scaffold) seeded with adipose-derived stem cells (ADSCs), which were
cultured in xenogeneic serum-free media (XSFM) to enhance bone formation, was assessed in vitro
and in animal models. The ADSCs were isolated from the buccal fat tissue of six patients using
enzymatic digestion and the plastic adherence method. The proliferation and osteogenic differentia-
tion of the cells cultured in XSFM when seeded on the scaffolds were assessed and compared with
those of cells cultured in a medium containing fetal bovine serum (FBS). The cell–scaffold constructs
were cultured in XSFM and were implanted into calvarial defects in thirty-six Wistar rats to assess
new bone regeneration. The proliferation and osteogenic differentiation of the cells in the XSFM
medium were notably better than that of the cells in the FBS medium. However, the efficacy of
the constructs in enhancing new bone formation in the calvarial defects of rats was not statistically
different to that achieved using the scaffolds alone. In conclusion, the PCL–BCP TDP scaffolds were
biocompatible and suitable for use as an osteoconductive framework. The XSFM medium could
support the proliferation and differentiation of ADSCs in vitro. However, the cell–scaffold constructs
had no benefit in the enhancement of new bone formation in animal models.

Keywords: polycaprolactone; biphasic calcium phosphate; scaffold; adipose; stem cells

1. Introduction

Over the last decade, the concept of tissue engineering has been applied to bone
grafting procedures. Combining bone substitute scaffolds with osteoprogenitor cells or stem
cells and some osteo-inductive growth factors is an effective strategy for the enhancement
of new bone formation. To our knowledge, the scaffold is still the most important factor.
Our techniques of melt stretching and multilayer deposition (MSMD) and melt stretching
and compression molding (MSCM) have been successfully used for the fabrication of the
polycaprolactone (PCL)–ceramic bone substitute scaffolds [1–6]. Both techniques involve
filament-based processing that uses PCL–ceramic filaments to fabricate three-dimensional
(3D) scaffolds. PCL is a synthetic polyester that was approved by the Food and Drug
Administration (FDA) as a medical and drug delivery device. Its biocompatibility has
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been widely demonstrated in several in vivo and clinical studies [7–10]. Quantities of the
ceramic materials, including biphasic calcium phosphate (BCP) and hydroxyapatite (HA),
of up to 30% by weight have been used as fillers in the PCL matrix. Based on our previous
studies [1–6], scaffolds fabricated using both these techniques are biocompatible and can
act as effective osteoconductive frameworks for new bone regeneration in animal models.
The PCL–HA scaffold was proved to be a good carrier of bone morphogenetic protein-2
(BMP) [6]. The BMP-soaked scaffolds could be applied to guided bone regeneration models
without using conventional xenogeneic bone graft particles. BCP consists of the stable
phase of HA and the more soluble phase of β-tricalcium phosphate (β-TCP) [11,12]. The
bioactivity of the PCL–BCP scaffolds is achieved because of their ability to release calcium
and phosphate ions, which are essential substrates for the bone formation process [1,2].
However, the machines used in both techniques are prototypes with a low productive
capacity and possible batch-to-batch variations. For marketing for wider clinical use, the
consistency of the scaffold product lines can be improved using 3D printing technology. A
major advantage of biomedical 3D printing is that clinical data from computed tomography
can be transferred to the computer-printing software, enabling scaffolds to be designed in
precise sizes and shapes to fit into the defects. In this study, PCL–BCP filaments were used
in a filament-based 3D printing process for the fabrication of PCL–BCP scaffolds.

Several studies [4,5,13–19] reported promising results in the enhancement of new
bone formation when PCL-based scaffolds were combined with osteogenic cells, including
primary osteoblasts, mesenchymal stem cells (MSCs) from bone marrow, and dental pulp
tissue. Fat tissue is another source of MSCs. Buccal fat pads are a suitable intra-oral source
of ADSCs and provide a large amount of fat tissue. The tissue can be easily harvested
during routine intra-oral surgical operations of maxillary third molar removal and orthog-
nathic surgeries. The volumes of the fat available for isolating the stem cells are greater,
compared with dental pulp and periodontal tissue. Several studies [20–24] demonstrated
that adipose-derived stem cells (ADSCs) expressed immunophenotyping markers similar
to bone marrow MSCs. Moreover, they could differentiate toward the lineages of differ-
ent cell types, including osteoprogenitor cells. Broccaioli et al. [25] and Niada et al. [26]
demonstrated that there was no difference in immunophenotype, proliferation, and multi-
differentiation between ADSCs isolated from buccal fat pads and those from subcutaneous
adipose tissue. In a clinical trial, Khojasteh et al. assessed the efficacy of ADSCs from buccal
fat pads as an adjunct to autogenous iliac bone block grafting for the treatment of extensive
alveolar ridge defects in eight patients and compared the results with those of the control
group, which had no cells [27]. The results demonstrated greater new bone formation in
the test group when compared with the control group (65.32% and 49.21%, respectively).

Currently, although the use of MSCs in cell-based therapy is accepted for several
tissue engineering models and clinical trials, large amounts of the cells are required for
each application. Therefore, the small numbers of stem cells isolated from the tissue need
to be increased using culture procedures. In general, culturing MSCs in a fetal bovine
serum (FBS)-containing medium is a standard protocol for increasing the cells. FBS is
suitable for supporting proliferation and differentiation of the cells because it contains many
essential nutrients, hormones, and growth factors. However, concerns remain regarding
the risks of disease transmission from contamination by animal-originated pathogens and
of immunologic reactions from unidentified bovine proteins. The xenogeneic proteins in
FBS could be infused into cells because a wash step prior to cell infusion cannot remove
their internalized xenogeneic antigens [28]. Moreover, undefined ingredients and batch-to-
batch variations can affect the accuracy of research results and therapeutic outcomes [29].
Currently, xenogeneic serum-free media (XSFM) are considered likely to replace the use
of FBS for clinical applications. Several studies [30–36] demonstrated that XSFM have the
capacity to maintain the morphologies, the expression of phenotypic surface markers, and
multipotent differentiation of MSCs. Therefore, culturing stem cells in XSFM is expected to
become a standard protocol in the large-scale expansion of this technique for clinical use.
In our study, the growth and osteogenic differentiation of ADSCs isolated from buccal fat
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pads when seeded on the PCL–BCP 3D printed (PCL–BCP TDP) scaffolds and cultured in
XSFM were evaluated in vitro. In addition, the efficacy of the cell–scaffold constructs for
the enhancement of new bone regeneration was assessed in rat models.

2. Materials and Methods

PCL pellets (Purasorb PC12, Mn 79,760, Viscometry 1.0–1.3 dL/g) were purchased
from Corbion, the Netherlands. BCP particles (HA/β-TCP = 30/70%, particle size < 75 μm)
were supplied by the National Metal and Materials Technology Center (MTEC), Pathumthani,
Thailand.

2.1. Scaffold Fabrication

The PCL pellets and BCP particles were mixed in a ratio of PCL: BCP at 70:30 by weight
in the chamber of a melting–extruding machine [1]. A homogenous PCL–BCP blend was
obtained by heating and stirring at 120 ◦C, and then the blend was extruded through the
nozzle tip of the machine to form the filament. The architectures of the PCL–30%BCP TDP
scaffold were designed in a grid pattern with 500 μm2 between the filament rows and at 0◦,
45◦, and 90◦ to each lay-down layer using 3D Slicer Software (ideaMaker version 4.1.0.4990,
Raise-3D Technologies Inc., Irvine, CA, USA) (Figure 1). The printing parameters included
layer height 0.25 mm, infill density 40%, and infill angle 0◦/45◦/90◦. To fabricate the
scaffold, the filament was loaded into the 3D printer (RAISE3D-E2, Raise-3D Technologies
Inc., Irvine, CA, USA) and extruded through the 0.4 mm nozzle tip of the machine using an
extruder temperature at 180 ◦C and printing speed at 30 mm/s. The scaffolds were placed
in sterilization pouches and sterilized using ethylene oxide gas (ethylene oxide 100%, 37 ◦C,
humidity 76%, 2 h) 2 weeks prior to the subsequent experiments.

Figure 1. The preview architectures of the scaffold prior to the printing process; (A) top view and
(B) perspective view.

2.2. Scaffold Morphologies and Structural Analysis

The microscopic architectures of the scaffold were evaluated using a stereomicroscope
(Nikon, Tokyo, Japan) and a scanning electron microscope (SEM, JOEL Ltd., Tokyo, Japan).
The scaffolds were stained with Alizarin Red S (AR, Sigma-Aldrich Inc., St. Louis, MO,
USA) for detecting the areas where the BCP particles had deposited using a fluorescent
microscope (ZEISS Axio Observer 7, Carl Zeiss, Oberkochen, Germany). The dispersion
of the BCP particles in the PCL matrix of the scaffold filaments was assessed using field
emission SEM (FE-SEM, Apreo, Thermo Fisher Scientific, Waltham, MA, USA) and energy-
dispersive X-ray spectroscopy (EDX, Apero, Thermo Fisher Scientific, Waltham, MA, USA).
Functional groups and the chemical interaction between the BCP particles and the PCL
matrix were analyzed using Fourier transform infrared spectroscopy (FTIR, Bruker Vertex70,
Billerica, MA, USA).
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2.3. Mechanical Testing

The 10 × 10 × 5 mm3 scaffold specimens were immersed in phosphate buffer saline
(PBS) and incubated at 37 ◦C for 24 h before the experiments. Compression tests were
applied to the superior and lateral aspects of the specimens in the wet stage using a univer-
sal testing machine (Lloyd Instruments Ltd., West Sussex, UK) (n = 5/aspect) (Figure 2).
For the superior aspect, each specimen was placed on the flat testing platform against the
compressing probe (15.77 mm diameter; 5 kN load cell). Then, compression force was
applied to its superior aspect from 0 to 300 N at a crosshead speed of 10 mm/min. For
the lateral aspect, the lateral aspect of each specimen was placed against the compressing
probe (15.77 mm diameter; 250 N load cell) and secured using a vice grip. Compression
force was applied to its lateral aspect at a crosshead speed of 10 mm/min until the strain
level reached 30%. The compressive strength of the scaffolds was analyzed using analysis
software (NEXYGEN, Lloyd Instruments Ltd., Hampshire, UK).

Figure 2. The compression forces (indicated by arrows) were applied to the superior aspect (A,B) and
the lateral aspect (C,D) of the scaffolds.

2.4. Subject Enrollment

The experimental protocol was approved by the human research ethics committee,
Faculty of Dentistry, Prince of Songkla University (EC6012-37-P-LR). The six volunteers
were patients undergoing either surgical removal of impacted maxillary third molars or
orthognathic surgeries for correction of skeletal discrepancies, in the Oral & Maxillofacial
Surgery clinic, Dental Hospital, Faculty of Dentistry, Prince of Songkla University. The
inclusion criteria for the surgical removal of the third molars were healthy men or women
from 20 to 40 years old, weighing more than 50 kg. The inclusion criteria for the orthog-
nathic surgeries were healthy men or women (ASA class I) from 20 to 40 years old, weighing
more than 50 kg, and with a hematocrit level of at least 35%. The exclusion criteria included
patients with a history of radiation of the head and neck region, diabetes, uncontrolled
metabolic diseases, compromised immune system, blood-transmitted diseases, infection
of surgical sites, postliposuction of buccal regions and pregnancy. All patients provided
informed consent prior to the experiments.

2.5. Isolating ADSCs from Fat Tissue

For the removal of the third molars, triangular flap incisions were created extending
to the buccal vestibule of maxillary first molars. After the impacted teeth were removed,
blunt dissection was made through the buccinator muscle, and some parts of the buccal
fat tissue were excised. For the orthognathic surgeries, the buccal fat tissue often leaked
during Lefort I osteotomy of the maxilla or bilateral sagittal split ramus osteotomy (BSSRO)
of the mandible without blunt dissection or force traction. Some parts of the tissue in
the operation fields were excised. The fat tissue harvested from each patient was divided
equally into 2 groups

1. XSF group: The fat issue was stored in XSFM (MesenCult™-XF, STEMCELL Technolo-
gies Inc, Vancouver, BC, Canada).
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2. FBS group: The tissue was stored in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA).

The stem-cell-isolation procedure for both groups was performed within 2 h. In brief,
the fat tissue was washed several times with sterile PBS to remove contaminating debris
and red blood cells. The fat tissue was then minced into small pieces and enzymatically
digested using 3 mg/mL type I collagenase (Gibco, USA) in PBS at 37 ◦C with gentle
agitation for 60 min. The cell pellet was obtained by centrifugation at 1200 g for 10 min
and then resuspended in the medium of each group. The solution was filtered through a
100 μm cell strainer (Corning, Merck KGaA, Darmstadt, Germany) and then plated into
6-well plates (Corning, Merck KGaA, Darmstadt, Germany). The plates were incubated in
a humidified atmosphere with 5% CO2 at 37 ◦C until the adherent cells reached 70–80%
confluence, and then subculture was performed. The cells from passages 2 to 5 were used
for the experiments (Figure 3).

Figure 3. A schematic diagram showing an overview of the in vitro experiments.

2.6. Characterizing ADSCs
Flow Cytometry Analysis

The MSC immunophenotypes of the cells were defined following the protocol of the
International Society for Cellular Therapy (ISCT) [37]. The analysis was performed using
a fluorochrome-conjugated monoclonal antibody cocktail in the MSC Phenotyping Kit,
human (Miltenyi Biotec, Bergisch Gladbach, Germany). In brief, 5 × 105 cells in passages
2–3 were incubated in antibodies against the surface antigens CD73, CD90 and CD105
as the positive markers and CD14, CD19, CD34 and CD45 as the negative markers. In
addition, antibodies against CD 271 and CD 146 were included in the sequences. At least
10,000 events were acquired for each sample using a fluorescence-activated cell sorting
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instrument (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA) and the data were
analyzed using CELLQUEST software (version 4, BD Biosciences, Franklin Lakes, NJ, USA).

2.7. In Vitro Proliferation and Osteogenic Differentiation of ADSCs Seeded on the PCL–BCP
TDP Scaffolds
2.7.1. Assessment of Cell Proliferation

Prior to cell seeding, the scaffolds were placed in 48-well plates (Corning, Merck
KGaA, Darmstadt, Germany) and immersed in the medium of each group for 24 h. The
cell–scaffold constructs were obtained by seeding 2 × 104 of the ADSCs of the XSF and
FBS groups onto each scaffold (diameter 11 mm and height 2 mm) using the static seeding
method. The constructs were left for 24 h in a humidified atmosphere with 5% CO2 at
37 ◦C to allow cell attachment. Next, they were moved to new wells and 200 μL of each
group’s medium was added. The constructs were cultured in a humidified atmosphere
with 5% CO2 at 37 ◦C, and the media were changed every 3 days until the time of the test.
At days 3, 7, 14 and 21 after seeding, the quantity of the viable cells in the constructs was
measured using PrestoBlue reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA)
(n = 6/group/time point). The medium in each well was removed and the constructs were
washed using phosphate buffer saline (PBS), then replaced with 180 μL of fresh media
without FBS. Twenty microliters of PrestoBlue reagent was added to each well and the
constructs were incubated in 5% CO2 at 37 ◦C for 10 min while protected from direct
light. After incubation, 100 μL of the medium in each well was transferred to a 96-well
plate in duplicate and the absorbance of each well was read at 570 nm using a microplate
reader (Thermo Fisher Scientific, Vantaa, Finland). The levels of OD were compared with a
standard curve to infer the quantities of the cells. At each time point after the measurement,
the constructs were refreshed with 200 μL of each group’s medium and the culture was
continued until the next time point.

2.7.2. Assessment of Cell Differentiation

At 21, 14 and 7 days prior to the experiment, the cell–scaffold constructs were obtained
by seeding 1 × 106 of the ADSCs of the XSF and FBS groups onto each scaffold (diam-
eter 11 mm and height 2 mm) using the static seeding method as previously described
(n = 6/group/time point). They were left for 24 h in a humidified atmosphere with 5%
CO2 at 37 ◦C to allow cell attachment. Next, the constructs were moved to the new wells
and 200 μL of osteogenic differentiation (OS) media was added as follows.

1. XSF–OS group: cultured in xenogeneic serum-free OS medium (MesenCult™ Os-
teogenic Differentiation Human, STEMCELL Technologies Inc., Vancouver, BC, Canada).

2. FBS–OS group: cultured in DMEM OS medium (DMEM supplemented with 10%FBS,
10 mM β-glycerophosphate (Sigma-Aldrich Inc., St. Louis, MO, USA), 10−7 M dex-
amethasone (Sigma, city, state, USA) and 50 μM ascorbic acid-2 phosphate (Sigma-
Aldrich Inc., St. Louis, MO, USA).

3. Control group: The osteoblasts (MC3T3-E1 cell line, subclone 4, ATCC, Manassas, VA,
USA) were seeded onto the scaffolds using the same ADSC protocol and cultured in
the FBS–OS medium.

The constructs were cultured in a humidified atmosphere with 5% CO2 at 37 ◦C,
and the media were changed every 2 days until the time of the test. On the day of the
experiment, a quantitative reverse transcription polymerase chain reaction (RT-qPCR)
was performed to assess the osteogenic differentiation genes. In brief, the total RNA was
extracted and purified using a PureLink™ RNA Mini Kit (Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA, USA) and then reverse-transcribed using a SuperScript III First-Strand
Synthesis System (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). RT-qPCR was
performed using a SensiFAST™ SYBR® No-ROX Kit (Meridian Bioscience, London, United
Kingdom), a LightCycler system (Roche Diagnostics, Mannheim, Germany), and specific
primers for the osteoblast-related genes as listed in Table 1. The RT-PCR condition was
performed via 45 cycles of denaturation, annealing and elongation. The expression of the
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genes at each time point was analyzed using the 2−ΔΔCT method and normalized with the
expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene.

Table 1. The oligonucleotide primer sequences of the osteogenic differentiation genes.

Genes Primer Sequence (5′-3′) GenBank Accession No.

Collagen type 1
(Col-1)

R: ACCAGGTTCACCGCTGTTAC
NC_000017.11

F: GTGCTAAAGGTGCCCAATGGT

Bone sialoprotein
(BSP)

R: AGGATAAAAGTAGGCATGCTTG
NC_000004.12

F: ATGGCCTGTGCTTTCTCAATG

Alkaline phosphatase
(ALP)

R: GCGGCAGACTTTGGTTTC
NM_001127501

F: CCACCAGCCCGTGACAGA

Runt-related transcription factor 2
(RUNX-2)

R: TGCTTTGGTCTTGAAATCACA
NC_10472

F: TCTTAGAACAAATTCTGCCCTTT

Osteocalcin
(OCN)

R: CTTTGTGTCCAAGCAGGAGG
NM_00582.2

F: CTGAAAGCCGATGTGGTCAG

Bone morphogenetic
protein-2 (BMP-2)

R: AAGAGACATGTGAGGATTAGCAGGT
NM_007553

F: GCTTCCGCCTGTTTGTGTTTG

Osteopontin
(OPN)

R: TGTGAGGTGATGTCCTCGTCTGT
NM_00582.2

F: ACACATATTGATGGCCGAAGGTGA

GAPDH
R: CCACCACCCTGTTGCTGTA

NM_001289745.1
F: GCATCCTGGGCTACACTGA

2.7.3. SEM

At days 3, 14 and 21 after seeding, the characteristics of the cells in the constructs of
the XSF–OS and FBS–OS groups were descriptively assessed. The constructs were removed
from the culture plates, rinsed with PBS and then fixed in 2.5% glutaraldehyde (Sigma-
Aldrich Inc., St. Louis, MO, USA) in PBS for 2 h. The specimens were dehydrated in the
50–100% ethanol series and coated with gold–palladium. The constructs were observed
using SEM.

2.8. Assessment of Efficacy of the Cell–Scaffold Constructs for Repairing Calvarial Defects in
Rat Models
2.8.1. Preparing the Cell–Scaffold Constructs

The cell–scaffold constructs of the XSF–OS group were obtained by seeding 2 × 106 of
the pooled ADSCs onto each scaffold (diameter 8 mm and height 1 mm) using the protocol
previously described. The constructs were left to cultivate in the XSF–OS medium for
7 days prior to surgical implantation.

2.8.2. The Animals

Forty-eight adult male Wistar rats, weighing 300–400 g (Nomura Siam International,
Bangkok, Thailand), were used for the experiment. This was approved by the animal
experiment ethics committee of the Prince of Songkla University (MHESI 68014/860).
The animals were anesthetized using ketamine (60 mg/kg) and xylazine (10 mg/kg),
administered intraperitoneally. Next, a bi-cortical calvarial defect (8 mm in diameter) was
created in the mid-sagittal plane of each animal. In Group A, the cell–scaffold construct was
placed into the defect and covered with resorbable membrane (OssGuide, noncrosslinked
collagen membrane, SK bioland Co., Ltd., Seoul, Korea). In Group B, the scaffold without
the cells was placed into the defect and covered with the membrane. In Group C, the defects
were filled with autogenous calvarial bone chips and covered with the membrane. In Group
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D, the defect was left empty and covered with the membrane (Figure 4). The wounds
were closed with 4/0 absorbable sutures (Vicryl, Ethicon LLC, London, UK). All animals
received postoperative antibiotic prophylaxis with subcutaneous cephalexin, 10 mg/kg,
and postoperative analgesic with subcutaneous buprenorphine, 0.1 mg/kg once daily for
3 days. At the time points of 2, 4 and 8 weeks after the operation, the animals were sacrificed
using intraperitoneal administration of 120 mg/kg of overdose pentobarbital sodium. The
calvarial specimens, including the 3 mm margin of normal bone surrounding the areas
of the bone defects, were collected and then fixed in 10% formalin for microcomputed
tomography (μ-CT) and histological assessment (n = 4/group/time point).

Figure 4. The pictures demonstrate the surgical sites of Group A (A) and Group C (B). The defects
were covered with collagen membrane before suturing (C).

2.8.3. μ-CT Analysis

The specimens were scanned using a μ-CT machine (μ-CT 35, SCANCO Medical
AG, Wangen-Brüttisellen, Switzerland) in a direction parallel to the coronal aspect of the
calvariums, at settings of 55 kVp, 72 mA and 4 W. The gray-scale threshold values were
adjusted to discriminate between new bone and the ceramic particles in the scaffolds.
New bone formation within each implant site was measured as the new bone volume
fraction (VF) using analysis software (μ-CT 35 Version 4.1, SCANCO Medical AG, Wangen-
Brüttisellen, Switzerland) with the following formula:

New bone VF = [New bone volume÷Total defect volume] × 100

2.8.4. Histologic Processing and Histological Assessment

The specimens were decalcified in 14% ethylenediaminetetraacetic acid (EDTA) and
embedded in paraffin. Serial 5 μm thick sections were cut at positions 500 μm from the
midline of each specimen. The sections were stained with hematoxylin and eosin (H&E)
(2 sections/specimen). The stained sections were scanned using a slide scanner (Aperio,
Leica Biosystems, Deer Park, IL, USA) to create image files. The microscopic features were
assessed descriptively.

2.9. Statistical Analysis

The chemical and mechanical properties of the scaffolds, characteristics of the cell–
scaffold constructs and histological features were descriptively evaluated. The measurable
parameters, which included the number of viable cells in the constructs, the levels of the
osteogenic genes and the new bone VF, were analyzed using statistical analysis software
(SPSS, version 14, IBM Corporation, Armonk, NY, USA). One-way analysis of variance
(ANOVA) followed by a Tukey HSD test were applied to assess the differences between the
groups and time points. The level of statistical significance was set at p < 0.05.
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3. Results

3.1. Scaffold Morphologies

The architectures of the scaffolds are demonstrated in Figure 5. The SEM images
demonstrated irregular surfaces of the scaffolds that had a few of the BCP particles de-
positing (Figure 6A–C). The AR staining indicated that the BCP particles were distributed
throughout the surfaces of the scaffolds (Figure 6D).

Figure 5. The architecture of the PCL–BCP TDP scaffold; (A) top view, (B) the scaffold was cut into
round-shaped specimens for the experiments, (C) magnified picture of the scaffold specimen and
(D) magnified picture of the lateral aspect of the scaffold. The scale bars represent 1 mm.

Figure 6. The SEM pictures demonstrate the architectures of the PCL–BCP TDP scaffolds. (A) top
view, (B) lateral view and (C): image shows the BCP particles depositing on the surfaces of the
scaffold (arrows). (D): The AR-stained BCP particles are seen as black spots throughout the surfaces
of the scaffolds in the fluorescent microscope image.
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3.2. Structural Analysis of the Scaffolds

The structural bands of the PCL–BCP composite were demonstrated via the FTIR
spectra (Figure 7). The spectrum of the composite was slightly different from the PCL
and BCP spectra, which indicated that there was no chemical bond between the materials.
The FE-SEM demonstrated immiscible dispersion of the BCP particles throughout the PCL
matrix and several voids inside the filaments (Figure 8A,B). The EDX analysis indicated
calcium–phosphate crystals on the scaffold surfaces (Figure 8C).

Figure 7. FTIR spectra for BCP, PCL and PCL-30%BCP composite. (A) The bands of the PCL–BCP
composite showed no change when compared with the peaks of BCP and PCL raw materials. (B) The
bands of the PCL-BCP composite were not changed when compared to those of each material.
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Figure 8. (A) The cross-sectional SEM image shows large voids inside the scaffold filament (indicated
by arrows). (B) The magnified image of the box demonstrates immiscible blending of the BCP crystals
and the PCL matrix in the box. (C) EDX analysis shows the high peaks of calcium (Ca) and phosphate
(P) on the scaffold surfaces.

3.3. Mechanical Properties

The mechanical properties of the scaffolds are shown in Table 2. The scaffolds could
successfully withstand compression forces from the superior and lateral directions. They
recovered to their initial height without distortion after the forces had been applied.

Table 2. The mechanical properties of the scaffolds.

Mechanical Properties Superior Aspect Lateral Aspect

Compressive strength (MPa) 2.98 ± 0.01 2.18 ± 0.09

Strain at maximum load (%) 36.53 ± 1.8 30

Young’s modulus (MPa) 13.68 ± 1.01 34.75 ± 3.52

Maximum load (N) 300 108.7 ± 4.06
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3.4. Demographic Data

Two males and four females, at an average age of 25.17 ± 5.64 years old, were en-
rolled in the study. There were two cases involving third molar removal and four cases
involving orthognathic surgeries (Table 3). All patients tolerated the operation well without
postoperative complications. The average fat volume was 4.17 ± 0.98 milliliters.

Table 3. Demographic data of the subjects.

Case Age Gender Fat Volume (mL) Operations

1 24 Male 5 BSSRO setback

2 21 Female 3 Surgical removal #18

3 23 Female 3 Surgical removal #28

4 36 Female 5 BSSRO advancement

5 21 Male 4 BSSRO setback

6 26 Female 5 BSSRO setback

3.5. Cell Morphologies

After plating the cell suspension of the XSF and FBS groups, adherent cells could be
detected within 7 days, and they gradually proliferated over time. The cells of both groups
had spindle-shaped fibroblast-like morphology (Figure 9). By observation, the cells in the
XSF group were more spindle-shaped and grew at higher density compared with those in
the FBS group.

Figure 9. Morphologies of the adherent cells at day 21 taken via a phase-contrast microscope (DS-Fi2-
U3, Nikon, Tokyo, Japan) with magnification 10×. (A) XSF group and (B) FBS group. More spindle-
shaped morphologies and higher density of the cells in the XSF group were detected compared with
those in the FBS group.

3.6. Flow Cytometry Analysis

Expression of the MSC immunophenotypes of the ADSCs is shown in Table 4 and
Figure 10. The percentages of the CD 73, 90 and the hematopoietic markers of both groups
were not statistically different. However, the percentage of the CD 105 in the FBS group was
significantly higher than that of the XFS group. The cells in both groups expressed CD73 at
the highest levels, followed by CD90 and CD105, and they expressed the hematopoietic
markers at less than 1%. No statistical difference was detected between the two groups for
the expression of CD271 and CD146.
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Table 4. The average percentages of immunophenotyping markers of the cells from all subjects. The
percentage of CD-105-positive cells in the FBS group was significantly higher than that of the XFS
group (* p < 0.05).

CD Markers (%) FBS Group XSF Group

MSC markers

CD 73 80.12 ± 8.57% 81.26 ± 7.06%

CD 90 66.26 ± 8.17% 67.28 ± 8.04%

CD 105 41.58 ± 8.11% * 2.94 ± 1.29%

Hematopoietic
markers

CD14, 19, 34, 45 0.16 ± 0.22% 0.25 ± 0.20%

HLA-DR 0.42 ± 0.14% 0.28 ± 0.08%

CD271 7.54 ± 7.10% 6.50 ± 3.45%

CD146 4.08 ± 2.25% 4.14 ± 1.94%

Figure 10. The images of flow cytometry analysis demonstrated the expression profiles of the MSC
markers, hematopoietic markers, CD271 and CD146 in the XSF group.

3.7. Cell Proliferation

The proliferation of the ADSCs in the cell–scaffold constructs in the XSF and FBS
groups is shown in Figure 11. The cells in both groups proliferated over time until reaching
their maximum growth on day 14, and then the growth of the cells decreased on day 21.
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The overall growth of the cells in the XSF group was notably higher than it was in the FBS
group and this significant difference was detected on day 14 (p < 0.05).

Figure 11. The bar graph shows the numbers of viable cells in the constructs in the XSF and FBS
groups over 21 days. The growth of the cells in the XSF group was higher than that of the cells in the
FBS group at all time points. The significant difference was detected at day 14 (* p < 0.05).

3.8. Cell Differentiation

Expression profiles of the osteoblast-related genes are shown in Figure 12. On day
7, the osteogenic genes in the XSF–OS group, with the exception of Col-1, upregulated to
a higher level than those in the FBS–OS and control groups. The genes in both groups
downregulated significantly on day 14.

3.9. Morphologies of the Cell–Scaffold Constructs

The SEM pictures demonstrate the behaviors of the ADSCs in the cell–scaffold con-
structs in the XSF–OS and FBS–OS groups (Figure 13). After seeding, the cells attached and
grew well throughout the surfaces of the scaffolds. The cells continued to form multilayer
cell sheets covering the entire surfaces over 21 days. By observation, there was no difference
in the behaviors of the cells in both groups.

3.10. Experiment In Vivo

All animals tolerated the operation well and were healthy during the observation pe-
riod. The surgical wounds healed without complications or signs of foreign body reactions.

3.10.1. μ-CT Analysis

The new bone volume fractions are shown in Figure 14. Over the observation period,
the new bone volumes in Groups A–C were notably greater than those in Group D (p > 0.05).
Significant differences were detected between Groups C and D (p < 0.05). At week 4 and
8, the new bone volumes in Group C were notably greater than those in Groups A and B.
Significant differences were detected between Groups A and C (p < 0.05). Interestingly, the
new bone formation in Group A was less than that in Group B at all time points (p > 0.05).
The 3D-constructed images demonstrated that from week 4, the newly formed bone in
Groups A–C occurred in the middle portions of the defects, whereas in Group D, it was
located at the peripheries. At week 8, the newly formed bone in Groups A–C filled most
areas of the roofs of the defects (Figure 15).
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Figure 12. The fold change of gene expression of the cells in the constructs over 21 days; (A) Col-
1, (B) BSP, (C) ALP, (D) OPN, (E) RUNX-2, (F) BMP-2 and (G) OCN. On day 7, the levels of the
osteogenic differentiation genes in the XSF–OS group, with the exception of Col-1, were notably
higher than those in the FBS–OS and control groups. The genes significantly downregulated on day
14. The significant differences were at p < 0.05 (*) and p < 0.01 (**), compared with the control group.

51



J. Funct. Biomater. 2022, 13, 93

Figure 13. The SEM images of the cell–scaffold constructs in the XSF–OS group (A,C,E) and the
FBS–OS group (B,D,F) at culture days 3 (A,B), 14 (C,D) and 21 (E,F). The cells in both groups attached
and grew well on the scaffold surfaces. Dense multilayer cell sheets were observed throughout the
scaffolds from day 14 and the morphologies of the cells were difficult to identify.
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Figure 14. The bar graph demonstrates the new bone VFs for all groups. The new bone VFs in Group
C were greater than those in the other groups, whereas those in Group D were less than the other
groups over the observation period (*, p < 0.05 against group C). From week 4, the new bone volumes
in Group C were significantly greater than those in Group A (*, p < 0.05). The new bone formation in
Group A was less than that in Group B at all time points (p > 0.05).

3.10.2. Histological Assessment

Histological features of the implanted areas are shown in Figures 16–18. During
histological preparation, the scaffolds in both groups totally dissolved as a result of the
histological processes; therefore, the scaffolds were observed as empty spaces within the
defects. At week 2 (Figure 16), the scaffolds of Groups A and B were surrounded by dense
fibrous tissue. Chronic inflammatory cells were generally found infiltrating around the
areas of the collagen membranes rather than the scaffold areas. New bone regeneration
was detected extending from the periphery host bone of all groups. At week 4 (Figure 17),
the infiltration of the inflammatory cells clearly reduced. Areas of new bone formation in
the defects of Groups A–C increased notably compared to week 2. In Groups A and B, the
newly formed bone regenerated along the roofs of the defects, whereas in Group C, it was
found surrounding the bone graft fragments and in the middle portions of the defects. By
observation, the collagen formation within the defects in Group C was denser than that in
Groups A and B, which had more adipose tissue in their connective tissue stroma. In Group
D, newly formed bone continued to regenerate from the peripheries of the defects. There
was less collagen formation in the areas of bone defects compared with the other groups.
Remnants of the collagen membranes were still detected in all Groups, but in Group D,
the membrane seemed to have collapsed into the defect. At week 8 (Figure 18), in Groups
A and B, the larger areas of newly formed bone were detected in some areas within the
scaffold frameworks. However, no bone–scaffold integration was detected in either group.
New bone bridging of the defects was found only in Group C. In Group D, newly formed
bone was detected along the areas of the collagen membrane remnants and there was even
less collagen formation within the defect areas.
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Figure 15. The μ-CT-constructed images demonstrate new bone formation within the defects; (A–C):
Group A, (D–F): Group B, (G–I): Group C, and (J–L): Group D. The new bone formation in Groups
A–C was clearly greater than in Group D. At week 8, the newly formed bone in Group A–C almost
filled the entire roof of the defects, whereas in Group D, some new bone foci were detected in the
middle part of the defects.
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Figure 16. Histological features of the calvarial defects at week 2; (A): Group A, (B): Group B,
(C): Group C, and (D): Group D. In Groups A and B, the scaffolds and the covering collagen mem-
branes were surrounded by dense fibrous tissue and chronic inflammatory cells. New bone regen-
eration was detected extending from the periphery host bone (see boxes). In Group C, bone graft
fragments were observed along the defect, which had less inflammatory cell infiltration. In Group D,
newly formed bone was detected at the margins of the host bone. H = host bone, NB = new bone,
SC = scaffold, MB = the collagen membranes, BG = bone graft.
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Figure 17. Histological features of the calvarial defects at week 4; (A): Group A, (B): Group B,
(C): Group C, and (D): Group D. The areas of new bone formation within the defects in Groups A–C
were larger than in week 2. In Groups A and B, the newly formed bone came from the peripheries and
seemed to regenerate along the roofs of the defects (see boxes), whereas that in Group C was generally
found within the middle portions of the defect (*). Remnants of the collagen membranes (MB) were
still detected in all Groups. In Group D, newly formed bone regenerated from the peripheries of the
defects (see box). H = host bone, NB = new bone, SC = scaffold.
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Figure 18. Histological sections of the calvarial defects at week 8; (A): Group A, (B): Group B,
(C): Group C, and (D): Group D. In Groups A and B, the larger areas of newly formed bone were
detected in some areas within the scaffold frameworks (see boxes). New bone bridging of the defects
was found only in Group C. In Group D, newly formed bone was detected along the areas of the
collagen membrane remnants (MB). H = host bone, NB = new bone, SC = scaffold.

4. Discussion

This study evaluated three major parameters that are clinically relevant to cell-based
therapy: the scaffold, the stem cells and the culture medium. This is the first study to
combine the PCL–BCP TDP scaffold with buccal fat ADSCs cultured in XSFM and evaluated
in vitro and in animal models. For the scaffolds, the PCL and BCP raw materials used
for the processing were medical grade and suitable for clinical use. When using the melt-
blend processing method, the two components were physically blended without the use
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of any solvents that might be toxic to the cells. The BCP particles were homogenously
dispersed throughout the PCL matrix, as demonstrated by the AR staining. However, the
composition of 30% BCP was the maximum amount of filler that could be extruded to
become filaments. In the processing, the average diameter of the PCL–BCP filaments was
1.7 ± 0.05 mm, which is in the range of the standard size of 1.74 mm of polymeric filaments
used for general 3D printers. In this study, the design of the 3D printed scaffold was still
based on the architecture and the interconnecting pore structure of the MSMD scaffold.
The scaffolds were designed to have an interconnecting pore system and a pore size of
500 μm to allow vessel and new bone regeneration [38]. The compressive strength of the
superior aspects of the scaffolds was 2.98 ± 0.01 MPa, which is comparable to that of human
cancellous bone [39], and they could withstand compressive forces of up to 300 N. For the
lateral aspects, the scaffolds reached 30% strain at the maximum load of 108.7 ± 4.06 N.
Therefore, their mechanical strength would be adequate against wound contraction during
the soft tissue healing process. The FTIR analysis indicated separate phases of BCP and
PCL without chemical bonding. In addition, the FE-SEM demonstrated poor interfacial
adhesion between the materials. An immiscible blend of biodegradable BCP filler and the
PCL matrix created several voids inside the filaments that might accelerate degradation of
the scaffolds. In animal models, our previous study demonstrated that degradation of the
PCL-20% BCP MSCM scaffolds was 30.06 ± 10.48% volume loss over 90 days [3]. The BCP
particles distributed throughout the filaments of the scaffolds and exposed on their surfaces
would increase the bioactive charges in the calcium–phosphate crystals, confirmed by EDX
analysis. Several studies indicated that calcium–phosphate crystals potentially interact
with various types of stem cell attached to the materials and can regulate functions of the
cells [40–43]. In this study, the PCL–BCP TDP scaffolds induced minimal inflammatory
response during the first 2 weeks and new bone could regenerate into the interconnective
spaces after 4 weeks. This implied that the scaffolds were biocompatible and suitable for
use as an osteoconductive framework.

The adipose tissue from buccal fat pads is easily harvested with minimal tissue
site morbidity, and the process is accepted by patients. In this study, the amount of
fat tissue harvested from each patient was adequate for the isolation of the stem cells
for all of the experiments. The plastic adherence method is cheap, practical and most
commonly used for isolating stem cells from several types of tissue. After the processes
of enzymatic digestion and centrifugation, the adipose tissue generates a pellet of stromal
vascular fraction (SVF). SVF is a heterogeneous mixture of cells that includes ADSCs,
vascular endothelial progenitors, pericytes, fibroblasts, smooth muscle cells and various
blood cells (44, 45). However, only a small population of ADSCs in SVF, varying from
less than 1% to over 15%, can be obtained using this method [44,45]. In the clinical
applications of stem cells, a 105–106 cells/kg/dose is required for therapeutic levels [46,47].
To optimize cell-based therapies, small amounts of the isolated stem cells must be expanded
in appropriate culture conditions to obtain sufficient cells. Therefore, the rapid expansion
of the cells that can retain their multipotency and reduce exposure to culture reagents is
the optimum requirement. In response to the previously mentioned risks of using FBS-
containing media, the alternative is to use media containing human serum or xenogeneic
serum-free media. Several studies indicated that human serum contains serum proteins,
growth factors, growth hormones and essential nutrients for cell metabolism [48–51].
However, volumes of autologous serum are limited and usually inadequate for the entire
culture period. In addition, serum from different donors may have different levels of
the essential components. XSFM are composed of synthetic and human-derived purified
substances without xenogeneic serum supplements. The composition and concentration of
the substances are consistent without batch-to-batch variations. Therefore, the media are
safe and suitable for clinical applications. Several studies demonstrated that MSCs from
different sources, which were expanded in XSFM, potentially retained their phenotypic gene
expression, proliferation and multi-differentiation during the multi-passage expansion,
similar to those in the FBS-containing medium [30–36]. Interestingly, cells grown in XSFM

58



J. Funct. Biomater. 2022, 13, 93

had more spindle-shaped morphology, which would allow them to be grown in higher
densities. Therefore, a greater number of cells can be obtained in a shorter period and can
reach their confluence more rapidly. Currently, various commercial XSFM are available
for expansion of stem cells. The MesenCultTM medium used in this study is one of the
most frequently used media for stem cell culture. Jena et al. assessed the effect of different
media, including the MesenCultTM medium, on the population doubling time of bone
marrow MSCs [52]. The result showed that the cells in P0, which were cultured in the
MesenCultTM medium, had the highest proliferation when compared with the other media
(p < 0.05). Hoang et al. assessed the efficacy of the MesenCultTM medium for expansion of
umbilical cord, bone marrow and adipose-derived MSCs [53]. The results demonstrated
that the cells from these different sources retained their biomarker expression from the
early to later passages. In addition, they differentiated into osteogenic, adipogenic and
chondrogenic lineages. Shahla et al. evaluated the MesenCultTM medium for in vitro
expansion of ADSCs as a preliminary protocol for clinical use [30]. The cells were isolated
and expanded for five passages in the MesencultTM medium and FBS-supplemented
DMEM. The results demonstrated that the population doubling time of the cells cultured in
the MesencultTM medium was significantly faster than those cultured in the FBS-containing
medium (p < 0.05). In addition, the cells cultured in the MesencultTM medium had higher
differentiation potential toward osteogenic and adipogenic lineages when compared with
those cultured in the FBS-containing medium.

With regard to the consensus between the International Society for Cellular Therapy
(ISCT) and the International Federation for Adipose Therapeutics and Science (IFATS) [54],
ADSCs should be at least 80% positive to CD13, CD29, CD44, CD73, CD90 and CD105,
but less than 2% positive to CD31, CD45 and CD235a. Several studies hypothesize that
some subsets of adipose mesenchymal stem cells may arise from the neural crest and are
pericytic in origin [55–59]. Therefore, CD271 and 146 are considered to be the specific
markers for isolation of MSCs from adipose tissue. Some studies reported that the amount
of CD271-positive cells isolated from human subcutaneous adipose tissue was 2.89 to 4.4%,
corresponding with the results of our study [60,61]. Therefore, this implies that CD 271-
and 146-positive cells were the subpopulation of the majority of ADSCs isolated from
the buccal fat tissue. With regard to the result, the cells of both groups expressed the
hematopoietic markers at less than 2% and the amount of the CD-73-positive cells of both
groups was greater than 80%. However, the CD 90- and 105-positive cells were less than
80% and did not meet the IFATS criteria. This might indicate a heterogeneous population
and/or the immune-stimulated status of the cells [62]. Interestingly, the percentage of CD
105 in the XSF group was only 2.94 ± 1.29%, which was significantly less than that in the
FBS group. This phenomenon corresponded with the results of previous studies [63–65].
Brohlin et al. compared the MesenCultTM medium and the minimum essential medium-
alpha (α-MEM)-containing FBS for culturing ADSCs and bone marrow MSCs (64). The
result indicated that the levels of CD73 and CD90 expressed from the cells in both media
were not significantly different. However, the levels of CD105 in the cells, which were
cultured in the MesenCultTM medium, significantly reduced at passage ten. Decreased
expression of CD105 at late passages was also demonstrated in the other studies when MSCs
were cultured in the StemProTM MSC SFM Xeno-free medium (Thermo Fisher Scientific,
Waltham, MA, USA) [63,65]. Regarding the results of our study, the growth of the cells in
the XSF group was notably higher than that in the FBS group at every observation time
point over 21 days. This corresponded to data from several studies, which demonstrated
that MSCs cultured in the MesenCultTM medium grew faster than those cultured in FBS-
supplemented media [30,36,64,66]. However, Brohlin et al. reported that growth rates
of bone-marrow-derived MSCs cultured in the MesenCultTM medium declined after five
passages due to cellular senescence during culture [64]. For cell differentiation, most of the
osteogenic differentiation genes of the cells in the XSF–OS medium upregulated higher
than those in the FBS–OS medium during the first 7 days. The levels of ALP, Runx-2,
BSP, OPN and BMP-2 upregulated from the cells in the XSF medium were significantly
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higher than those of the cells in the FBS medium. It is known that Runx-2 and BMP-2
are the essential transcriptional regulators of osteogenesis, whereas ALP is induced in
early calcification during osteoblast development. However, matrix mineralization of the
cell–scaffold constructs was not assessed in this study because the calcium and phosphate
layers of the BCP filler might confound the result of the positive staining. In vivo, the result
demonstrated that the new bone volumes in the defects of Group A that were implanted
with the cell–scaffold constructs and Group B that were implanted with the scaffolds alone
were notably greater than those of Group D that comprised the empty defects. The newly
formed bone in Groups A and B occurred at the middle portions of the defects and filled
most areas in the roofs of the defects within 8 weeks. However, the amount of new bone
in Group A was lower than that in Group B at all time points. This result contrasted with
the findings of several previously mentioned studies. It implies that the osteoconductive
property and bioactivity of the PCL–BCP TDP scaffolds were more dominant than the
efficacy of the ADSCs. A possible reason might be that there was less homogeneity in
the cells that were isolated using the plastic adherence method and rapidly entered the
senescence phase of the ADSCs during the culture periods, and this would affect the
functions of the cells in the living tissue. These factors must, therefore, be taken into
account for stem cell therapy.

5. Conclusions

The 3D printed PCL–BCP scaffolds were biocompatible and suitable for use as the
osteoconductive framework. The XSF medium was proved to support the proliferation and
differentiation of ADSCs in vitro. Although the cell–scaffold constructs had no benefit in
enhancing new bone formation in animal models, the scaffolds and the medium are still
practical for further clinical studies and applications.
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Abstract: Congenital disease, tumors, infections, and trauma are the main reasons for cranial bone
defects. Herein, poly (butylene succinate) (PB)/silicon nitride (Si3N4) nanocomposites (PSC) with
Si3N4 content of 15 w% (PSC15) and 30 w% (PSC30) were fabricated for cranial bone repair. Com-
pared with PB, the compressive strength, hydrophilicity, surface roughness, and protein absorption
of nanocomposites were increased with the increase in Si3N4 content (from 15 w% to 30 w%). Fur-
thermore, the cell adhesion, multiplication, and osteoblastic differentiation on PSC were significantly
enhanced with the Si3N4 content increasing in vitro. PSC30 exhibited optimized physicochemical
properties (compressive strength, surface roughness, hydrophilicity, and protein adsorption) and
cytocompatibility. The m-CT and histological results displayed that the new bone formation for
SPC30 obviously increased compared with PB, and PSC30 displayed proper degradability (75.3 w%
at 12 weeks) and was gradually replaced by new bone tissue in vivo. The addition of Si3N4 into PB
not only optimized the surface performances of PSC but also improved the degradability of PSC,
which led to the release of Si ions and a weak alkaline environment that significantly promoted
cell response and tissue regeneration. In short, the enhancements of cellular responses and bone
regeneration of PSC30 were attributed to the synergism of the optimized surface performances and
slow release of Si ion, and PSC30 were better than PB. Accordingly, PSC30, with good biocompatibility
and degradability, displayed a promising and huge potential for cranial bone construction.

Keywords: nanocomposite; Si3N4; cellular response; degradability; bone regeneration

1. Introduction

Cranial bone constructs the neurocranium of the skull that forms a cavity and pro-
vides mechanical support to protect the brain [1]. Patients with craniofacial bone defects
caused by different disorders (e.g., trauma, infection, tumor resection, and congenital
malformation) suffer from problems with chewing, speech, and aesthetics [2]. Large cranial
defects (e.g., critical-size defects) lead to a large area of the unprotected brain experiencing
remarkable cosmetic deformity [3]. Reconstruction of the cranial defect (Cranioplasty) is
commonly carried out to restore the appearance in neurosurgical surgeries, and successful
reconstruction of the cranial defect is an integral step to restoring craniofacial function
and improving the quality of life [4]. Cranioplasty cosmetically reshapes the cranial defect
and provides a physical barrier for the protection of the cerebral structure [4]. Moreover,
cranioplasty serves as a treatment measure to control the changes in the brain’s blood flow,
cerebrospinal fluid, and metabolic requirements [5]. In the development of cranioplasty,
some biomaterials (e.g., autograft, allograft, and synthetic biomaterial) have been applied
to repair cranial defects [6]. Although autografts are still the standard for bone defect treat-
ment, the high incidence of the donor sites mobility and the limited volume of autografts
restrict the large area improvement of bone repair surgery [7]. Accordingly, current bioma-
terial technology develops advanced functional materials to replace autografts to construct
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cranial defects. Synthetic materials (metal, ceramic/cement, polymer, and composite) are
used for cranial bone construction thanks to the reduced risks of resorption, infection, and
reoperation compared with autografts [8].

Degradable polymers are widely applied for bone regeneration owing to good biocom-
patibility, degradability, mechanical properties, processability, and so on [9]. Poly(butylene
succinate) (PB) is a synthetic degradable polymer that exhibits excellent biocompatibil-
ity, remarkable toughness, and non-toxicity of degradable products [10]. PB is a semi-
crystalline polymer that exhibits high fracture energy and a slow degradation rate [11].
These preferable performances of PB make it a promising candidate for bone regeneration
applications [10,11]. However, the major shortcoming of PB is the hydrophobic surface
property because of very low surface wettability that causes poor interaction with bio-
logical fluids, which inhibits cell response [12]. Accordingly, the intrinsic hydrophobic
nature and biological inertness of PB may restrict or delay cell adhesion, growth, and bone
regeneration [13]. The enhancement of biological properties (e.g., wettability, degradability)
of PB for regenerative medicine application is still in development.

Human bone is a natural nanocomposite consisting of organic components (e.g., col-
lagen) and nano-inorganic minerals (e.g., calcium phosphate) that possesses fascinating
properties [14]. Inspired by the structure and composition of bone tissue, the design of nano
inorganic fillers/polymer composite by integrating the advantages of both organic and
inorganic phases can result in the development of high-performance nanocomposites for
bone regeneration application [15]. Compared with conventional microparticles, nanoparti-
cles with a large surface area can result in a close combination with a polymer matrix at
the interface, offering enhanced mechanical performances while maintaining the favorable
biocompatibility and osteoconductivity of the bioactive fillers, thereby improving protein
adsorption, cells adhesion, multiplication, and osteoblastic differentiation for bone regener-
ation [16]. Nanocomposites of bioactive nanomaterials (e.g., bioglass, calcium phosphate,
and apatite) and degradable polymers have been increasingly researched and developed
for bone repair due to their superior biocompatibility, osteoconductivity, and degradabil-
ity [17]. The bioactive nanocomposite is a promising class of advanced biomaterial with
great potential for bone regeneration thanks to the mimic of the structure/composition and
mechanical performances of natural bone tissue [18].

Silicon nitride (Si3N4) is a non-oxide ceramic and is regarded as a new biofunctional
material with high mechanical properties, good biocompatibility, and bioactivity, which
has been applied for bone repair for more than 10 years [19]. Si3N4 can be degradable in the
biological environment with the slow release of silicon (Si) ions, which boosts the osteoblast
response and bone regeneration [20]. In addition, the hydrophilic and negatively charged
surface of Si3N4 with the bioactive groups of hydroxyl (-OH) and amino (-NH2) can improve
the adsorption of proteins and further facilitate cell adhesion, thereby being applied as a
potential biomaterial for bone regeneration application [21]. Si3N4 remarkably boosted the
adhesion and multiplication of mesenchymal stem cells and improved alkaline phosphatase
activity, bone-related gene expression, and bone matrix protein formation [22]. Accordingly,
Si3N4 is a promising candidate for bone repair thanks to its favourable biocompatibility,
osteoconductivity, hydrophilicity, and other bio-properties.

Herein, PB/Si3N4 nanocomposites (PSC) with a Si3N4 content of 15 w% (PSC15) and
30 w% (PSC30) were fabricated through the solvent casting method, and porous PSC15 and
PSC30 were prepared by solvent casting/particle leaching method. The primary goal of
this paper was to produce a nanocomposite with good bioactivity and proper degradability
for skull defect repair. The effects of Si3N4 content on the compressive strength, surface
characteristics (e.g., topography, hydrophilicity, and protein adsorption), and degradability
of PSC were investigated. The in vitro cell response (e.g., attachment and osteoblastic
differentiation) to PSC was assessed, and the in vivo bone regeneration and degradability
potential of porous PSC were studied using the skull defect model of rabbits.
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2. Materials and Methods

2.1. Materials and Instruments

Poly (butylene succinate) and silicon nitride particles were separately purchased
from Anqing Hexing Chemical Co., Ltd., Anqing, Anhui Province, China and Shang-
hai Xiaohuang Nano Technology Co., Ltd., Shanghai, China. Bicinchoninic acid kit
(BCA), Bovine serum albumin (BSA), Fibronectin (Fn), Fluorescein isothiocyanate (FITC),
4,6-diamidino-2-phenylindole dihydrochloride (DAPI), and ALP staining kit (BCIP/NBT)
were purchased from Beyotime Biotech Co., Shanghai, China. Sodium dodecyl sulfate
(SDS), simulated body fluids (SBF, pH = 7.4), and glycine were purchased from Aladdin
Biochemical Technology Co., Ltd., Shanghai, China. α-MEM was purchased from Gibco,
Thermo Fisher Scientific, Waltham, MA, USA. Fetal bovine serum was purchased from
Hyclone, Australia. Penicillin/streptomycin (P/S), Glutaraldehyde, and Nonidet P-40
(NP-40) were purchased from Sigma, Life Technology, St. Louis, MO, USA. Cell Count-
ing Kit-8 (CCK-8) and p-nitrophenyl phosphate (pNPP) were separately purchased from
Sigma-Aldrich and Sangon, Shanghai, China. ARS solution and cetylpyridinium chloride
solution were purchased from Servicebio, Wuhan, Hubei Province, China. Trizol reagent
was purchased from Life Technologies, Burlington, MA, USA. The samples were charac-
terized with scanning electron microscopy (SEM) with energy dispersive spectrometry
(EDS) (S-4800, Hitachi, Tokyo, Japan), X-ray diffraction (XRD; D8, Bruker, Karlsruhe, Ger-
man), and a Fourier transform infrared spectrometer (FTIR; Nicolet is50, Thermo Fisher
Scientific, Waltham, MA, USA). Universal material machine (E44.304, MTS Co., Shenzhen,
Guangdong Province, China). Laser confocal 3D microscope (LCM; VK-X 110, Keyence Co.,
Osaka, Japan) and Contact angle measurement (CAM; JC2000D1, Shanghai Zhongchen
Digital Technique Apparatus Co., Shanghai, China).

2.2. Preparation and Characterization of Composites

The dense samples (PB, PSC15 and PSC30) were fabricated by solvent casting. In a
few words, PB particles (10 g) were dissolved in Chloroform (10 mL) under stirring to
prepare the PB solution. The Si3N4 powders with 0 w% (PB), 15 w% (PSC15), and 30 w%
(PSC30) in the composites were then added into PB solution with continuous stirring for
6 h at room temperature for uniform dispersion. The mixture was then cast into molds
(Φ6 × 6 mm for compressive strength testing and Φ12 × 2 mm for another testing) and
dried in a ventilation hood for 24 h to evaporate the solvent.

The dense samples of (PB, PSC15, and PSC30) were characterized with SEM, EDS,
XRD, and FTIR. The compressive strength of specimens was performed with a universal
material machine. The surface roughness (Ra) and water contact angle of the samples were
characterized by LCM and CAM, respectively. For the protein adsorption, the samples were
placed into 24-well plates, and then the BSA (10 mg/mL) and Fn (25 μg/mL) solutions
were added to the plates, respectively. After incubating at 37 ◦C for 5 h, the samples were
extracted, and the non-absorbed proteins on the samples were removed by washing with
phosphate-buffered solution (PBS, TBD, China) twice. After that, the adsorbed proteins
were released by adding 1 mL SDS solution, and the protein contents were tested using the
BCA assay kit.

2.3. Si ion Release and pH Value Variation after Samples Soaked in SBF

The samples were immersed in simulated body fluids (SBF, pH = 7.4, Shanghai Yuanye
Biotechnology Co., Ltd., Shanghai, China). At 1 d, 3 d, 7 d, 14 d, 21 d, and 28 d, the
solution was collected, and the concentrations of Si ions in SBF were tested by Inductivity
Coupled Plasma (ICP-OES; Agilent IC, Santa Clara, CA, USA). The release of Si ions from
the specimens was also determined. Meanwhile, the pH variation of the solution during
the whole period was monitored using a pH meter.
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2.4. Morphology, Porosity, and Water Absorption and Degradation In Vitro

The porous samples of PB, PSC15, and PSC30 were fabricated with solvent cast-
ing/particulate leaching. After different amounts of Si3N4 were uniformly dispersed into
the PB solution, NaCl particles with sizes of approximately 300 μm were added into the
PB solution and stirred for 10 min. Subsequently, the PB solution with NaCl was cast
into the molds (Φ6 × 6 mm and Φ6 × 2 mm) and air-dried overnight. After evaporation,
the samples were immersed in water for 2 days to leach NaCl particles, and the water
was refreshed every 6 h. The samples were air-dried for 2 days to remove residual water.
The morphology of porous samples was observed by SEM. The porosity of samples was
determined with the ethanol substitution method according to the following formula:

Porosity = (V − Ve)/(V0) × 100%,

where V0 represents the total volume of samples, and Ve represents the volume of samples
immersed in ethanol.

The weight of samples immersed in water for 24 h (Mw) and the weight of dry samples
(Md) were measured. The water absorption was obtained according to the formula:

Water absorption = (Mw − Md)/Md × 100%.

To assess the in vitro degradability of the porous samples, the porous samples (size
of Φ12 × 2 mm) were weighed (Wd) and then immersed into PBS solution (at 37 ◦C and
pH 7.4) with a constant shaking speed of 60 rpm/min in an orbital shaker for various time.
The samples were taken out, rinsed with water, and dried at 37 ◦C. Finally, the samples
were weighed (Wt). The weight loss was obtained according to the formula:

Weight loss = (Wd − Wt)/(Wd) × 100%.

2.5. Cellular Response to Samples
2.5.1. Cell Culture

The rat bone marrow mesenchymal stem (RBMS) cells were separated from the femur
bone marrow of Sprague Dawley rats, the cells at passages 3–5 were cultured in α-MEM
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in a humidified
atmosphere of 5% CO2 at 37 ◦C, and the medium was replaced every 2 days.

2.5.2. Cell Morphology

The samples were sterilized with 75% ethanol and UV radiation and then placed in
24-well plates. The cells with a density of 5 × 104 cells/well were cultured on different
samples. After incubating for 1 d and 3 d, the medium was removed, and the samples
were washed with PBS (3 times) and fixed with glutaraldehyde solution (0.25%) for 2 h.
Then, the fixed cells were rinsed with PBS (3 times) and dehydrated by ethanol solution
with various concentrations of 10 v%, 30 v%, 50 v%, 70 v%, 85 v%, 90 v%, and 100 v%
for 15 min. The cell morphology was observed with SEM. Similarly, after fixation with
glutaraldehyde solution (0.25%) for 2 h, the samples were gently rinsed with PBS (3 times).
Subsequently, Fluorescein isothiocyanate (FITC, 400 μL) was added to stain the F-actin ring
of cells for 40 min under dark conditions and rinsed with PBS 3 times. Afterwards, the
nuclei of cells were stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI,
400 μL) for 15 min and rinsed with PBS 3 times. In this way, the F-actin rings were stained
green, and the nuclei were stained blue. The cell morphology was observed with confocal
laser scanning microscopy (CLSM; Nikon A1R, Nikon Co., Tokyo, Japan).

2.5.3. Cell Attachment and Multiplication

The attachment and multiplication of RBMS cells on different samples were investi-
gated with a CCK-8 assay. After culturing for 6 h and 12 h, the specimens were transferred
into a 24-well plate. In total, 400 μL of cell medium containing CCK-8 solution (40 μL)
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were added and incubated for 6 h. Subsequently, the supernatant (100 μL) was transferred
into a 96-well plate, and the optical density (OD) value was measured at 450 nm with a
microplate reader (MR, 384 SpectraMax, Molecular Devices, Silicon Valley, CA, USA). The
OD value of the blank (without samples) was used as a control, and the cell adhesion rate
was calculated according to the formula:

Cell adhesion ratio = ODs/ODb × 100%,

where ODs and ODb represent the OD values of cells on the samples and blank, respectively.
Similarly, at 1 d, 3 d, and 7 d after culturing, the cell multiplication was determined by
measuring the OD value of cells on different samples at 450 nm with MR.

2.5.4. ALP/ARS Staining and Quantitative Analysis

The samples were immersed in α-MEM in a humidified atmosphere (at 37 ◦C) of 5 %
CO2 for 24 h to obtain the extract. ALP/ARS staining was applied to evaluate the effects of
the extract on the osteogenic differentiation of the cells. The ALP activity was evaluated by
ALP staining and quantification of ALP. At 7 d and 14 d after culturing, the cells were lysed
with NP-40 (1%) for 1 h and incubated with pNPP containing MgCl2·6H2O (1 mmol/L) and
glycine (0.1 g/mL) for 2 h. Subsequently, the reaction was terminated by the addition of
NaOH solution (0.2 mol/L). The OD value was measured at 405 nm with MR, and the total
protein quantity was tested with the BCA kit. The ALP activity was calculated by dividing
the measured absorbance by the total protein amount. After being cultured for 14 days, the
cells were fixed with 0.25% glutaraldehyde solution for 20 min and stained with BCIP/NBT
kit in the dark for 2 h. The reaction was terminated by H2O, and the stained samples
were observed with optical microscopy. The mineralization of the extracellular matrix of
cells was evaluated by ARS staining and quantification of calcium nodules. After being
cultured for 14 d and 21 d, the cells were immersed in a cetylpyridinium chloride solution
for 1 h to extract calcium. Subsequently, the quantitative results of calcium content were
obtained by measuring the OD values for different samples at 620 nm with MR. At 21 d
after culturing, the cells were fixed with 0.25% glutaraldehyde solution for 20 min and
subsequently stained with ARS solution (2%) for 1 h. Then, the stained cells were washed
with PBS and observed by optical microscope.

2.5.5. Osteogenic-Related Gene Expressions

After the cells were cultured for 4 d, 7 d, and 14 d, the osteogenic gene expression
was tested with RT-PCR. Trizol reagent was applied to extract the total RNA of the cells,
and the complementary DNA (cNDA) was obtained by reversely transcribing RNA. Using
the cDNA as a template, the expression of osteogenic genes (osteocalcin: OCN, alka-
line phosphatase: ALP, Osteopontin: OPN, and runt-associated transcription factor 2:
Runx2) was measured with the SYBR® Premix Ex TaqTM system (Takara, Kyoto, Japan).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene
for normalization. Table 1 lists the forward and reverse primers.

Table 1. Primer sequences.

Gene Primers Sequence (F Was Forward, R Was Reverse)

GAPDH F: CCTGCACCACCAACTGCTTA
R: GGCCATCCACAGTCTTCTGAG

ALP F: GGATCAAAGCAGCATCTTACCAG
R: GCTTTCCCATCTTCCGACACT

OPN F: GTCCCTTGCCCTGACTACTCT
R: GACATCTTTTGCAAACCGTGT

OCN F: CAGACAAGTCCCACACAGCA
R: CCAGCAGAGTGAGCAGAGAG

Runx2 F: ATCCAGCCACCTTCACTTACACC
R: GGGACCATTGGGAACTGATAGG
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2.6. Implantation of Samples In Vivo
2.6.1. Animal Surgical Procedures

The effects of porous composites on new bone formation in vivo were determined
using the rabbit skull defect model. The surgical procedures were permitted by the Animal
Experiment Ethics Committee (the project identification code: TJAB03222301) of Shanghai
East Hospital, School of Medicine, Tongji University. The 12 New Zealand white rabbits
(around 3 kg, 8 months old) were randomly divided into 2 groups (4 w and 12 w). Pen-
tobarbital sodium solution (3%) was used to anesthetize the rabbits by ear vein injection.
The skin was sterilized with alcohol, and the cranial bone was exposed by separating
the skin and cranial periosteum. Two bone defects (6 mm in diameter) were made on
the bilateral sides of the rabbit skull, and PB and PSC30 were implanted into the left and
right bone defects, respectively. At 4 w and 12 w after surgery, the rabbits were sacrificed
with pentobarbital sodium solution (overdose) and the defective bone of the skulls was
harvested and then fixed in phosphate-buffered formalin (10%).

2.6.2. M-CT Images Analysis

The new bone formation for specimens was observed and imaged with microcom-
puted tomography (m-CT, SkyScan 1272, Bruker, Madison, WI, USA) under 80 KV with
a resolution of 5 μm, and the 3D images were reconstructed. Moreover, the bone re-
generation:bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), and bone mineral density (BMD) were quantified by CT Analyzer (SkyScan
software, CTVOX 2.1.0, Bruker, Madison, WI, USA).

2.6.3. Histological Images Analysis

After decalcifying with 10% EDTA solution for 8 w, the samples were embedded in
paraffin, and histological sections with a thickness of 5 μm were obtained. Subsequently,
the histological sections of H&E staining were prepared according to the standard protocol.
Three microscope images were obtained with microscopy from three random areas for the
sample and then evaluated with an Image-Pro Plus. The percentage of the newly formed bone
area was determined by testing the number of pixels labeled through histological images.
Quantitative analysis of the ratios of new bone and residual material was performed using
histological images through Image-Pro Plus, Media Cybernetics, Inc., Rockville, MD, USA.

2.7. Statistical Analysis

Three specimens were utilized in all experiments, and the data were presented as
mean ± standard deviation. Statistical significance was performed by applying one-way
analysis of variance with Tukey’s Post Hoc test; p < 0.05 was regarded as statistically
significant. The notation “*” denotes p < 0.05.

3. Results

3.1. Characterization of Samples

The SEM photos of dense samples are revealed in Figure 1. Under low magnification,
PB showed a flat surface, while PSC15 and PSC30 exhibited rough surfaces. Under high
magnification, PB also showed a flat surface, while Si3N4 particles were observed on the
surface of PSC15 and PSC30. The Si3N4 particles (size of about 100 nm) were randomly
distributed on PSC15 and PSC30, and the Si3N4 particles on PSC30 were more abundant
than on PSC15.
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Figure 1. SEM photos of PB (a–c), PSC15 (d–f), and PSC30 (g–i) under various magnifications.

Figure 2a displays the XRD of samples. The diffraction peaks at 19.8◦, 23.1◦, and 29◦
were the peaks of PB, which were observed on both PSC15 and PSC30 [23]. No obvious
peaks were observed in Si3N4, PSC15, and PSC30, indicating that Si3N4 exhibited an
amorphous phase without crystalline peaks. Figure 2b illustrates the FTIR of the samples.
For PB, the peak at 2980 cm−1 was the stretching vibration of methylene (-CH2-). The
peak at 1718–1731 cm−1 was the carbonyl (-C=O), and the peak at 1363–1386 cm−1 was the
aliphatic group (-C-O-) [24]. For Si3N4, the peaks at 3432 cm−1 and 1079 cm−1 were the
amide bond (-N-H), and the peak at 973 cm−1 was the stretching vibration of the silicon
nitrogen bond (Si-N) [25]. The peaks of PB and Si3N4 could be found in PSC15 and PSC30.
Figure 2c–e revealed the EDS spectra of the samples. The C and O elements were found in
PB, PSC15, and PSC30, while the Si element was seen in both PSC15 and PSC30.

 

Figure 2. XRD (a) and FTIR (b) of the samples, and EDS of PB (c), PSC15 (d), and PSC30 (e).

3.2. Physical and Chemical Properties of Samples

Figure 3a–c reveal the specimens’ compressive strength, surface roughness, and water
contact angle. The compressive strength (Figure 3a) of PB, PSC15, and PSC30 was 31 ± 2.0,
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43 ± 2.5, and 52 ± 3.0 MPa. The surface roughness (Figure 3b) of PB, PSC15, and PSC30
was 1.27 ± 0.10, 2.51 ± 0.10, and 3.07 ± 0.15 μm. The water contact angle (Figure 3c) of
PB, PSC15, and PSC30 was 84.5 ± 5◦, 72.60 ± 5◦, and 59.61 ± 4◦. Figure 3d reveals the
protein adsorption on specimens. The BSA adsorption amount for PB, PSC15, and PSC30
was 7.63 ± 1.5%, 19.38 ± 2.0%, and 34.19 ± 2.5%. The Fn adsorption amount for PB, PSC15,
and PSC30 was 5.71 ± 1.5%, 17.64 ± 2.0%, and 27.08 ± 2.5%.

 

Figure 3. Compressive strength (a), surface roughness (b), water contact angle (c), and protein
adsorption (d) of specimens, and release of Si ion (e) and pH change (f) after the samples immersed
into SBF for 1 d, 3 d, 5 d, 7 d, 10 d, and 14 d (* p < 0.05, vs. PB).

Figure 3e shows the release of Si ions from PSC15 and PSC30 into SBF after immersion
for various times. The Si ions exhibited a rapid release at the early stage of immersion
(within 5 d) while a slow release at the middle and late stages of immersion (from 6 d to
14 d). At 14 days, the Si ion concentrations for PSC15 and PSC30 were 0.863 mg/L and
1.572 mg/L. Figure 3f shows the pH changes after the specimens were immersed in SBF
for various times. The pH values for PSC15 and PSC30 slowly increased with time. At
14 d after soaking, the pH values for PSC15 and PSC30 were 7.78 and 7.95, respectively.
However, the pH values for SBF slightly decreased with time. At 14 d after, the pH value
for PB was 7.13.

3.3. Characterization of Porous Specimens

Figure 4a–c reveal the SEM photos of the porous specimens. The macropores of all
samples showed irregular morphology with pore sizes of approximately 300 μm. The
porosity (Figure 4d) of PB, PSC15, and PSC30 was 63.2%, 65.9%, and 68%. Figure 4e
displays the water absorption of the samples after they were immersed in water for 6 h.
The water absorption for PB, PSC15, and PSC30 was 234.8%, 348.3%, and 379.3%. Figure 4f
shows the weight loss of PB, PSC15, and PSC30 after being immersed in PBS for various
times. At each time point, the weight loss for PSC30 was higher than PSC15, and PSC15
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was higher than PB. At 84 d, the weight loss for PB, PSC15, and PSC30 was 20.58 w%,
47.63 w%, and 67.56 w%.

 

Figure 4. SEM photos of porous specimens of PB (a), PSC15 (b), and PSC30 (c), and porosity (d),
water absorption (e), and weight loss (f) of the specimens in PBS after immersion for various times.
(* p < 0.05, vs. PB).

3.4. Cell Adhesion, Multiplication, and Morphology

Figure 5 demonstrates the CLSM images of the cells on the specimens at different
culturing times. The amounts of cells on PSC15 and PSC30 increased with the culturing
time, while there was no obvious increase for PB. Further, the number of cells on PSC30
was higher than PSC15, and PSC15 was higher than PB.

 

Figure 5. CLSM photos of RBMS cells cultured on PB (a,d), PSC15 (b,e), and PSC30 (c,f) for 1 d
(a–c) and 3 d (d–f).

Figure 6a–f show the SEM photos of cells on the specimens after culturing for various
times. On days 1 and 3, only a few cells were observed on PB, while some cells with
filopodia spread on the surface of PSC15 and PSC30. More cells with pseudopodia spread
better on PSC30 than on PSC15. The number of cells on PSC15 and PSC30 increased with
time but there was only a slight increase for PB. Figure 6g reveals the cell adhesion ratio
for specimens at various times. At 6 and 12 h, the cell adhesion for PSC15 and PSC30
remarkably increased with time, but there was only a slight increase for PB. Cell adhesion
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for PSC30 was higher than PSC15, and PSC15 was higher than PB. Figure 6h displays the
optical density (OD) value (cell multiplication) of cells on specimens at 1 d, 3 d, and 7 d.
The OD values for PB showed a little increase, while the OD values for PSC30 and PSC15
remarkably increased with time, indicating good cytocompatibility. At 3 and 7 days, the
OD values for PSC30 were higher than PSC15, and PSC15 were higher than PB.

Figure 6. SEM photos of RBMS cells (red areas) cultured on PB (a,d), PSC15 (b,e), and PSC30 (c,f) for
1 d (a–c) and 3 d (d–f); adhesion ratio (g) and OD values (h) of cells on PB, PSC15, and PSC30 for
various times (n = 3, * represents p < 0.05, compared with PB).

3.5. Osteoblastic Differentiation
3.5.1. ALP Activity and Calcium Nodules

Figure 7a–c display the photos of the ALP staining 14 days after the cells were cultured
on the samples. The intensity of ALP staining was the strongest for PSC30, followed by
PSC15, and the weakest for PB. Figure 7d–f display the photos of ARS staining at 21 d after
culturing. The intensity of ARS staining was the strongest for PSC30, followed by PSC15,
and the weakest for PB. Figure 7g displays the quantitative results of the ALP activity of
cells after culturing for various times. At 7 d and 14 d, the ALP activity for PSC30 was
higher than PSC15 and PB and the lowest for PB. Figure 7 h displays the quantitative
results of the calcium content of cells after culturing for various times. At 14 d and 21 d,
the calcium content for PSC30 was higher than PSC15 and PB and the lowest for PB.

3.5.2. Expression of Osteoblastic Genes

Figure 8 reveals the expression of osteoblastic differentiation genes (Runx2, ALP, OCN,
and OPN) of cells at various times after culturing. The osteoblastic differentiation gene
expressions for PSC15 and PSC30 increased with the cultured time but showed a slight
change for PB. At 7 d and 14 d, the gene expressions were the highest for PSC30, followed
by PSC15, and the lowest for PB.
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Figure 7. ALP staining (a–c) at 14 d after culturing and alizarin red staining (d–f) at 21 d after
culturing, and quantitative results of ALP activity (g) and calcium content (h) (n = 3, * represents
p < 0.05, compared with PB).

 

Figure 8. Osteoblastic differentiation genes of ALP (a), OCN (b), OPN (c), and Runx2 (d) expression
of the cells cultured on PB, PSC15, and PSC30 for various times (n = 3, * represents p < 0.05, compared
with PB).

3.6. Bone Regeneration and Material Degradation In Vivo
3.6.1. M-CT Valuation

Figure 9a,b shows the macroscopic observation of the samples after being implanted
into femur defects of rabbits for 4 w and 12 w. Figure 9c,d displays the m-CT reconstructed
images of the samples. At 4 w after surgery, only a small amount of new bone tissue formed
along the edge of PB, while some new bone tissues formed for PSC30. At 12 w after surgery,

74



J. Funct. Biomater. 2022, 13, 231

some bone tissues were seen to grow into porous PB while many new bone tissues grew
into porous PSC30 and completely repaired the bone defects.

 
Figure 9. Macroscopic observation ((a,b), scale = 10 mm) and m-CT images (c,d) of PB and PSC30
after implanted into bone defects of rabbit femur for 4 w and 12 w, and quantitative results of BV/TV
(e), BMD (f), Tb.Th (g), and Tb.N (h) (n = 3, * represents p < 0.05, compared with PB).

Figure 9e–h shows the quantitative results of new bone formation (BV/TV, BMD,
Tb.Th, and Tb.N) for the samples at various times. The new bone formation for both PB
and PSC30 increased with time, and that for PSC30 was remarkably higher than PB at both
4 w and 12 w.

3.6.2. Histological Evaluation

Figure 10a–f reveal the H&E staining images of new bone formation for the various
samples at 4 w and 12 w after surgery. At 4 w, only a small amount of new bone tissues
was seen in the bone defects for PB, while obvious new bone tissues were found for
PSC30. At 12 w, the new bone tissues for PB slightly increased compared with 4 w, and the
materials in the bone defects slightly reduced accordingly over time. Nevertheless, many
new bone tissues were seen for PSC30, and the materials were reduced. Figure 10i,j shows
the quantitative results of the new bone area and residual materials at 4 w and 12 w after
surgery. The new bone area for PSC30 remarkably increased with time while the residual
materials reduced accordingly. In addition, the new bone area for PB slowly increased with
time, and the residual materials slowly reduced accordingly. The new bone area for PSC30
was remarkably higher than PB, and the residual materials for PSC30 were remarkably
lower than PB.
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Figure 10. Histological images for PB (a–d) and PSC30 (e–h) after surgery for 4 w (a,b,e,f) and 12 w
(c,d,g,h); quantitative results of the new bone area (i) and residual materials (j) (n = 3, * represents
p < 0.05, compared with PB).

4. Discussion

Interest in the application of nanocomposites with regenerative potential to repair
damaged bone tissue has increased because nanocomposites containing degradable poly-
mers and nano bioactive fillers are regarded as a mimic strategy for bone regeneration [26].
Herein, a bioactive nanocomposite was prepared for the construction of cranial bone defects
by incorporating Si3N4 nanoparticles into the PB matrix. Because the Si3N4 nanoparticles
reinforced PB, the compressive strength of PB, PSC15, and PSC30 gradually increased,
demonstrating that Si3N4 content played a critical role in enhancing mechanical properties.
Surface character is considered one of the important factors regulating cell behaviors, which
exhibits significant effects on the bone–tissue response [27]. Compared to PB with flat
surfaces, both PSC15 and PSC30 displayed rough surfaces thanks to the Si3N4 nanoparticles
exposed on the surface. The surface roughness of PB, PSC15, and PSC30 gradually in-
creased, demonstrating that the Si3N4 content played a critical role in the increase in surface
roughness. Hydrophilicity is one of the important surface characteristics that affect cellular
behaviors. However, the hydrophilic surface tends to improve cell adhesion and spreading
on biomaterials compared to a hydrophobic surface [28]. Here, the hydrophilicity of PB,
PSC15, and PSC30 gradually increased, revealing that the Si3N4 content played a critical
role in improving hydrophilicity. Accordingly, compared with PB, the surface properties
(hydrophilicity and roughness) of PSC increased, and PSC30 exhibited optimization thanks
to the high content of Si3N4.

The initial biological response to the biomaterial is protein absorption, which has been
demonstrated to be a regulator between the biomaterials and cells [29]. Protein adsorption
is generally affected by surface performances, especially the hydrophilicity and topography
of biomaterials. Herein, compared with PB, the adsorption of proteins for PSC15 and PSC30
was remarkably enhanced thanks to the presence of Si3N4 nanoparticles. The improvement
of protein adsorption for PSC15 and PSC30 was ascribed to the hydrophilicity/surface
energy and topography/roughness because the hydrophilic groups (-OH, -NH2) of Si3N4
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and rough surface of PSC with the high surface area could provide more sites for protein
binding, leading to an increase in protein adsorption. Apart from the surface properties,
the release of Si ions was key to stimulating cell multiplication and osteoblastic differen-
tiation [30]; herein, the gradual release of Si ions from both PSC15 and PSC30 into PBS
was ascribed to the degradation of Si3N4. The pH value for PB slightly reduced with time
due to the production of acid produced by the degradation of PB, while the pH values for
PSC15 and PSC30 slowly increased, causing a weak alkaline environment thanks to the pro-
duction of an alkaline product by degradation of Si3N4. A weak alkaline (e.g., pH 7.4~8.0)
micro-environment was demonstrated to be useful for osteoblastic differentiation and bone
regeneration [31].

Cellular adhesion is the first response in the interaction between cells and biomaterials,
which affects subsequent cell multiplication, and further affects osteoblastic differentiation
and bone regeneration [32]. Herein, cell adhesion, spreading, and multiplication on PB,
PSC15, and PSC30 gradually increased, indicating that the content of Si3N4 in the compos-
ites played a key role in enhancing cell adhesion and multiplication. The ALP/ARS staining
and ALP activity/calcium (nodule) content of the cells cultured on the samples can be used
to assess osteogenic differentiation [33]. The staining intensity of ALP/ARS for PB, PSC15,
and PSC30 gradually became strong. Moreover, the ALP activity/calcium content for PB,
PSC15, and PSC30 gradually increased, indicating that osteogenic differentiation improved
with the increase in Si3N4 content. Further, the expression of osteogenic-associated genes of
cells on the samples could be applied to evaluate osteogenic differentiation [34]. The gene
expression of PB, PSC15, and PSC30 gradually increased, indicating that the osteogenic
differentiation increased with the increase in the Si3N4 content. Accordingly, the content of
Si3N4 in the composites played a key role in enhancing osteogenic differentiation.

Porous composites for bone regeneration should have the following characteristics:
porous structures to promote cell–biomaterial interaction, cell adhesion, and growth; inter-
connective porous structures to boost transport of nutrients, and mass and regulated factors
to allow cell multiplication, survival, and osteoblastic differentiation; pore size is essential
for bone regeneration because bone growth requires an optimized pore size of approxi-
mately 300 μm [35]. Accordingly, the strategy of a combination of degradable polymer and
bioactive material to create porous composites with appropriate porosity is a promising
method for bone construction [35]. In this study, porous composites were prepared, and
PSC30 exhibited a porous structure with a porosity of approximately 70%. Accordingly,
PSC30 was used to construct cranial bone defects in rabbits. A porous composite acts as a
temporary template for cell adhesion, multiplication, ensuing osteoblastic differentiation,
and eventually resulting in bone regeneration [36]. Consequently, appropriate degradabil-
ity of the biomaterial is an important factor that affects bone regeneration, and a degradable
biomaterial can gradually disappear with time in vivo, thereby producing space for bone
tissue ingrowth simultaneously [37]. Herein, the weight loss of PB, PSC15, and PSC30
in PBS increased with soaking time, indicating appropriate degradability. Moreover, the
weight loss of PB, PSC15, and PSC30 increased with increasing Si3N4 content, indicating
that the Si3N4 content had obvious effects on degradability. The degradation of Si3N4
particles on the macroporous walls created more micropores, which assisted the diffusion
of the medium into the porous composites. This diffusion further facilitated the hydrolytic
degradation of PB and the dissolution of Si3N4. Accordingly, the incorporation of Si3N4
particles into the composites increased the degradation rate of the porous composites. The
goal of a degradable biomaterial is to boost tissue regeneration at the bone defect and
gradually degrade in situ, eventually replacing new bone tissue [38]. The in vivo bone
regenerative capability was investigated by implanting the porous composites into rabbit
skull defects. The m-CT and histological results displayed that PSC30 gradually degraded
and was replaced by newly formed bone tissue, while PB showed slow degradation and
thus limited bone regeneration. Compared with PB, PSC30 induced rapid degradation
and bone formation. Further, as shown in the histological photos, the porous composite
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in vivo did not lead to any adverse reactions, indicating good long-term biocompatibility.
Collectively, the porous composites exhibited promising bone formation potential.

Cell behaviors and bone tissue regeneration are closely correlative to the surface
properties of biomaterials, and the capability to regulate surface characteristics (e.g., compo-
sition, topography, roughness, and hydrophilicity) can offer positive effects on responses of
cells/tissues [39]. Herein, the surface properties (roughness, hydrophilicity, surface energy,
and protein adsorption) of PB, PSC15, and PSC30 gradually increased with the increasing
Si3N4 content, indicating that the Si3N4 content played a pivotal role in the enhancement of
surface performances. Moreover, cell adhesion, multiplication, osteoblastic differentiation,
and new bone formation for PB and PSC30 remarkably increased. Consequently, the signif-
icant improvement of cell response and bone regeneration for PSC30 was ascribed to the
enhanced surface performance. Previous studies show that Si ions exhibit significant effects
on boosting the multiplication and differentiation of osteoblasts [40]. Moreover, Si ions
effectively enhance the gene expression related to the synthesis of the bone matrix, which
is essential for bone tissue regeneration [41]. Accordingly, the strong osteogenic outcome
induced by PSC30 was attributed to the high content of Si3N4, whose chemical composition
offered the dissolution products of Si ions for bone regeneration in vivo [42]. Given the
special function of Si ions, the degradation of PSC30 led to Si ion release, which resulted in
the local pH in a physiological range for cell multiplication, and bone regeneration [43].
Consequently, incorporating Si3N4 into PB improved the surface properties of PSC, which
remarkably stimulated the cellular responses in vitro and promoted new bone regeneration
in vivo. Further, the degradability of PSC30 caused a slow release of Si ions into the local
microenvironment that remarkably stimulated the responses of osteoblasts/bone tissues.
The incorporation of bioactive nanoparticles into the degradable polymer created a bioac-
tive nanocomposite that has the ability to boost cell attachment, multiplication, and new
bone growth along with proper degradability. In conclusion, PSC30 with high content of
Si3N4 exhibited good biocompatibility and stimulated the responses of cells/bone tissues,
which were attributed to the synergism of both optimized surface properties and slow
release of Si ions. PSC30 would be a promising candidate and have great potential for
constructing cranial bone defects.

5. Conclusions

A bioactive nanocomposite of PSC was created by the addition of Si3N4 nanoparticles
into PB. In comparison with PB, the incorporation of Si3N4 significantly enhanced the
compressive strength, surface hydrophilicity, roughness, and protein adsorption of PSC.
Furthermore, the addition of Si3N4 accelerated the degradation of PSC, which led to the
slow release of Si ions. Further, the cell response (adhesion, multiplication, and osteoblastic
differentiation) to PSC was remarkably enhanced with the increase in Si3N4 content, and
PSC30 displayed the highest cell response. Further, PSC30 significantly promoted bone
regeneration and gradually degraded in vivo. The high content of Si3N4 in PSC led to more
positive effects on in vitro cellular response and in vivo bone regeneration. Accordingly,
the incorporation of Si3N4 into PB created a bioactive nanocomposite that has the ability to
boost cell attachment, multiplication, and new bone growth along with proper degradability.
The enhancements of cell response/bone regeneration were ascribed to the synergism of
the enhanced surface performances and release of Si ions. Subsequently, PSC30 might be a
promising candidate and have great potential for the construction of cranial bone defects.
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3 Department of Orthopaedic and Trauma Surgery, University Hospital Schleswig-Holstein, Campus Luebeck,

23562 Luebeck, Germany
4 Department of Spine Disorders and Pediatric Orthopedics, University of Medical Sciences,

60-201 Poznań, Poland
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Abstract: (1) Background: The autologous matrix-induced chondrogenesis (AMIC) is a bio-orthopedic
treatment for articular cartilage damage. It combines microfracture surgery with the application
of a collagen membrane. The aim of the present study was to report a medium-term follow-up of
patients treated with AMIC for focal chondral lesions. (2) Methods: Fourty-eight patients treated
surgically and 21 control participants were enrolled in the study. To evaluate the functional outcomes,
the proprioceptive (postural stability, postural priority) and isokinetic (peak value of maximum
knee extensor and flexor torque in relation to body mass and the total work) measurements were
performed. To evaluate the clinical outcomes, the Lysholm score and the IKDC score were imposed.
(3) Results: Compared to the preoperative values, there was significant improvement in the first
2 years after intervention in the functional as well as subjective outcome measures. (4) Conclusions:
AMIC showed durable results in aligned knees.

Keywords: AMIC; focal chondral lesions; cartilage chondrogenesis; collagen scaffolds; biomaterials;
tissue engineering

1. Introduction

The main function of cartilage is to cover the joint surfaces of the long bones to pre-
vent their wear. Elastic tissue is composed of the chondrocytes which produce prominent
amounts of extracellular matrix, rich in proteoglycan, glycosaminoglycans, proteoglycans,
and collagen. The cartilage is avascular and aneural, which results in a limited self-healing
capability, and therefore the chondral defects are debilitating, often requiring surgical
management [1]. For that reason, one of the greatest challenges nowadays for orthopaedic
surgeons around the world is the treatment of cartilage injuries. Many recognized surgical
procedures have been developed in recent decades, e.g., microfractures, joint surface de-
bridement (which could be further supported with microfracturing) [2], and osteochondral
autograft [3] or allograft transplants [4]. It has been observed that the outcomes of the
microfracturing cartilage repair have a tendency to regress with time; on the other hand,
satisfactory long-term cartilage functionality was observed in patients who underwent
the other procedures [5]. Notwithstanding, all of the techniques mentioned could lead to
undesirable effects, e.g., donor-site morbidity or auto- and allograft mismatches. Hence,
there is growing enthusiasm for cell-based orthobiological techniques to repair chondral
defects, which would lead to hyaline cartilage repair.

The autologous matrix-induced chondrogenesis (AMIC) is an innovative, fully arthro-
scopic orthobiological method of the articular cartilage reconstruction that harnesses the
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body’s natural potential to rebuild the focal cartilage and osteochondral lesions with an
area exceeding 1–2 cm2 [6]. AMIC is combined with microfractures, covering the lesions
with a resorbable two-layer collagen membrane to sustain the subsequent blood supply.
This creates an appropriate environment for the bone marrow-derived mesenchymal stem
cells arising from the subchondral bone to differentiate into chondrocytes.

Functional evaluation is extremely important in making therapeutic decisions. Despite
the long-lasting research, there is no single, universal scale that would assess the functional
changes in the knee joint after cartilage reconstruction surgery. The proprioception or
neuromuscular control is an important part of the knee joint function [7]. It provides the
nerve stimulation from the joints, muscles, tendons, and deep tissues, which are processed
in the central nervous system and provide the information about the position of the joint,
movement, vibration, and pressure. The muscles’ strength and endurance are the second
most important elements in the function of the knee joint [8]. Rapid muscular atrophy
occurs immediately after the surgery as a response to pain, inflammation, and immobiliza-
tion. Even after a short immobilization, a decrease in muscle strength occurs; in addition,
the muscles show greater fatigue, which is translated as a decrease in muscle endurance.
Clinical assessments provide a large amount of measurable information about the joint,
such as contour disturbances, limb axis deviations, changes in the color and temperature of
the skin, as well as joint mobility and stability. This study does not take into account the
patient’s own feelings, such as joint pain, a sense of fitness or functional limitations, which
is why the importance of the patient’s subjective assessment is increasingly emphasized [9].
Without such an evaluation and its thorough analysis, it is impossible to obtain a complete
picture of the healing of the surgically treated joint.

There are several studies that have evaluated the clinical outcomes of the AMIC for
the treatment of focal chondral defects of the knee [10–13]. However, none of them tackled
either proprioception or muscle strength and endurance assessments. We have therefore
noticed a need to evaluate not only subjective outcomes, but also objective ones. We have
compared the results to those for untreated participants.

2. Materials and Methods

2.1. Recruitment Process

All patients treated with an AMIC procedure at the Rehasport Clinic, Poznań (Poland),
for full-thickness cartilage tears of the knee between 2011 and 2013 were retrospectively
reviewed. All patient-derived data have been fully anonymized and collected according
to the clinic’s recommendations. The following inclusion criteria were used: (1) magnetic
resonance imaging (MRI) evidence; (2) the arthroscopic reconstruction of the knee joint
cartilage using the AMIC method; (3) implementation of the RSC rehabilitation protocol;
and (4) informed consent to participate in the study. The exclusion criteria included
postoperative complications, problems during rehabilitation, and the inability to perform
the assessment on any of the proposed dates.

A total of 61 patients were initially selected for the study. Of them, 13 were not eligible
to attend the whole assessment. A total of 48 patients were operated on with AMIC, and
26 patients were enrolled in an assessment 24 months after the surgery. Of the 26 patients,
34.6% (n = 9) were women and 65.4% (n = 17) were men. In 18 patients (69%), the lesion
was located on the dominant limb. The mean age was 44 y.o. (±11) and the mean BMI was
26 kg/m2 (±4).

A control group of healthy volunteers consisted of 21 participants. The exclusion
criteria for the control group were: (1) previous surgery of the knee joint; (2) pain in the
knee joint; (3) health contraindications for the biomechanical assessment; and (4) lack of
informed consent to participate in the study. The comparison of the research group with
the control group is presented in Table 1.
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Table 1. Demographic parameters of the research and a control group.

Research Group Control Group p

Age (y.o.) 44.5 ± 11.7 (20–65) 39.1 ± 11.01 (20–65) n.s.
Body height (cm) 174.0 ± 10.0 (155–194) 181.0 ± 6.2 (173–194) n.s.
Body mass (kg) 82.0 ± 17.7 (59–110) 83.5 ± 13.3 (65–110) n.s.
BMI (kg/m2) 26.9 ± 4.4 (20–37) 25.4 ± 3.7 (19–37) n.s.

Mean ± standard deviation, and minimal and maximal values are presented in parentheses.

2.2. Surgical Technique

All the surgeries were performed in the same fashion by one experienced surgeon (T.P.)
according to the previous report, which describes the AMIC procedure in details and is jus-
tified with intraoperative images of the procedure [14]. Summarily, a qualifying diagnostic
arthroscopy was performed with classic anteromedial and anterolateral access. Then, the
damaged tissue was removed to obtain stable cartilage borders, and the size of each defect
was estimated. The chondral defect was cleaned of fibrous tissue and osteophytes with
one punch (in cases of smaller cartilage defects, up to 11 mm in diameter) or more (defects
larger than 11 mm in diameter). The second part of the procedure was executed under dry
arthroscopic conditions. Numerous bores were drilled at 5-mm intervals in the subchondral
layer, and Chondro-Gide membrane circles (Figure 1) were placed in the reconstruction
area with the porous surface of the membrane facing the bone surface, using a fibrin glue.
The stability of the membrane was checked by repeatedly flexing and extending the knee
under direct vision. Next, the arthroscopic access wounds were closed.

Figure 1. Chondro-Gide membrane circles used in the AMIC surgery.

2.3. Rehabilitation Protocol

Patients were provided with an adjustable-angle orthosis that stabilized the knee at a
15◦ for the first 24 h after surgery.

Important elements of the rehabilitation protocol of patients after the AMIC carti-
lage reconstruction were introduced gradually: exercises to improve muscle performance;
flexibility exercises—range of motion in the joint and muscle flexibility; exercises for neuro-
muscular control (proprioception); functional exercises; exercises to correct biomechanical
abnormalities; exercises to maintain the efficiency of the cardiovascular system; and psy-
chotherapy. A detailed description of the rehabilitation program is presented in Table 2.
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Table 2. The rehabilitation program for patients after the AMIC cartilage reconstruction.

Stage Rehabilitation Program

I
(until the 2nd week)

• anticoagulant exercises
• isometric exercises
• range of motion-related exercises

II
(3rd–8th week)

• anticoagulant exercises
• active workout in horizontal position
• hip exercises (standing position on one leg)
• core stabilization exercises
• exercises with the ball: driving the ball into the wall with

operated limb in horizontal position
• exercises in the swimming pool

III
(9th–12th week)

• standing exercises
• dynamometric platforms
• full-load proprioception exercises
• squats up to 90 degrees on an unstable ground
• treadmill exercises

IV
(13th–24th week)

• external load
• warming up on a stationary bike with an increasing load
• closed chains exercises
• exercises on one leg on a stable and unstable surface
• jumping on both legs and on one leg on a trampoline with stops

V
(from 24th week)

• jumping exercises aimed at increasing dynamics and power, e.g.,
double-leg jumps, single-leg jumps and plyometric exercises

2.4. Evaluations

The functional and the clinical outcomes were collected. All patients were assessed
postoperatively.

The visual-proprioceptive control was evaluated by measuring the postural strategy
(PS) and the postural priority (PP) parameters with the Delos Postural Proprioceptive
System. We have implemented and tested dynamic and static Riva tests, as described in [15].
The results for the PS parameter were classified as follows (according to Riva standards [16]):
excellent (0.0–1.0◦), very good (1.0–2.5◦), good (2.5–5.0◦), sufficient (5.0–9.0◦), or insufficient
(>9.0◦). The results for the PP parameter were classified as correct (60%), incorrect (40–60%),
or bad (<40%).

The isokinetic evaluation of the extensor and flexor muscles was performed using a
Biodex 3 dynamometer, where the peak value of maximum knee extensor and flexor torque
at 60◦/s velocity (Peak Torque, PT), the peak value of maximum knee extensor and flexor
torque in relation to body mass at 60◦/s velocity (Peak Torque/Body Weight, PT/BW),
and the total work of the knee extensors and flexors during the test at 240◦/s velocity (W)
were measured. The scales for the values of the obtained parameters corresponding to the
relation to the body weight and the differences between the limbs have been established
according to the published standards [17]. The results for PT/BW for the extensors were
classified as: insufficient (<200%), sufficient (200–249%), good (250–299%), very good
(300–349%), and excellent (>350%). The results for PT/BW for the flexors were classified
as: insufficient (<100%), sufficient (100–149%), good (150–199%), very good (200–249%),
and excellent (>250%). The difference of the PT/BW parameter between the limbs were
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classified as bad (>20%), sufficient (11–20%), or good (<10%). The lowest values required
for proper extensor muscle work are 3000 J and for flexors, 1800 J.

The subjective outcomes were assessed with the use of two well-established forms:
the International Knee Documentation Committee knee ligament healing standard form
(IKDC 2000) and the Lysholm knee scoring scale. The results of the IKDC Knee Index were
classified as (according to the standards): very good (90–100 points), good (76–89 points),
sufficient (50–75 points), or insufficient (<50 points). The results of the Lysholm scale were
classified as (according to the standards): excellent (90–100 points), very good (80–89 points),
good (70–79 points), sufficient (60–69 points), or insufficient (<60 points).

2.5. Statistical Analysis

All statistical analyses have been performed in Statistica v. 7.1. The Shapiro-Wilk test
was used to assess the normality of the data distribution. Since the data distribution was not
normal, all quantitative variables have been shown as median ± standard deviation. The
significance of the differences between objective and subjective parameters was determined
with the Wilcoxon signed rank test. The correlation between the outcomes was established
with the Spearman’s rank correlation test. Statistical significance was set at p < 0.05.

2.6. Ethics Approval

All subjects gave their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Bioethics Committee at the Karol Marcinkowski Poznań
University of Medical Sciences (no. 830/11).

3. Results

3.1. Objective Knee Evaluation

The numbers of the “correct”, “incorrect”, and “bad” results of the postural priority
did not differ significantly between the patients subjected to the 2-year follow-up and the
control group (Figure 2).

Figure 2. The results of the proprioceptive analysis. The number of patients with correct, incorrect,
and bad results in postural priority are shown on the left (A). The number of patients with excellent,
very good, good, sufficient, and insufficient results in postural strategy are shown on the right (B).

A visible difference was noticed in the number of patients with “excellent” results
from the postural strategy in the non-operated limb but not in the operated one. “Very
good” results of PS were obtained by 25% and 19% in the operated limb, respectively, at
2-year follow-up and in the control group. At 2-year follow-up, there was a lower number
of “good” results and a higher number of “sufficient” results in the operated limb when
compared to the control group (11% vs. 19% and 23% vs. 15%, respectively).

The median value of the postural priority parameter oscillated around 49%, both for
the operated and non-operated limbs in the 2-year follow-up (Table 3 and Figure 3). In the
control group, the values of the PP parameter were lower (around 45%), but they were not
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statistically different in the dominant versus non-dominant limb. No statistically significant
differences were found for the PP parameter in the dynamic test.

Table 3. The results of the proprioceptive evaluations.

2-Year Follow-Up Control

non-operated operated p dominant non-dominant p
PP 49.8 ± 9.8 49.3 ± 11.0 n.s. 44.5 ± 11.6 46.3 ± 10.6 n.s.
PS 3.6 ± 7.0 2.7 ± 5.3 n.s. 9.3 ± 9.8 9.6 ± 8.3 n.s.

Data are presented as mean values ± standard deviation. PP: postural priority, PS: postural strategy.

Figure 3. The distribution of the proprioceptive measurements. Box plot diagrams showing the
distributions of the proprioceptive parameters. Central lines represent the medians, boxes indicate
the range from the 25th to the 75th percentile, whiskers extend 1.5 times the above interquartile range,
and outliers are represented as dots. Significance was designated as * p < 0.05. (A) Postural priority
results. (B) Postural strategy results.

The median values of the postural strategy parameter reached around 3◦ (“good”) at
the 2-year follow-up (Table 3). A significant difference in the value of the postural strategy
parameter between operated limbs was noticed when comparing the 2-year follow-up
with the control results, both in the operated and non-operated limbs (p < 0.05, Figure 2).
Significantly lower results (PS of “sufficient”) were observed in the control group.

The median of the peak value of maximum knee extensor and flexor torque in relation
to body mass at 60◦/s velocity (the peak torque/body weight parameter) at 2-year follow-
up was significantly lower for the operated limb than for the non-operated limb (p < 0.001,
Table 4). However, similar differences were also observed in the control group for the
dominant versus non-dominant limb (p < 0.001). The results for both limbs at the 2-year
follow-up were sufficient.

Table 4. The results of the isokinetic evaluation.

2-Years Follow-Up Control

Extensor Muscles

non-operated operated p dominant non-dominant p
PT/BW 242 ± 80 203 ± 79 <0.001 263 ± 52 230 ± 66 <0.001
W 2980 ± 876 2814 ± 822 <0.001 3310 ± 702 3153 ± 795 <0.05

Flexor Muscles

non-operated operated p dominant non-dominant p
PT/BW 139 ± 46 129 ± 45 <0.05 125 ± 32 123 ± 37 <0.001
W 1916 ± 671 1712 ± 630 n.s. 1784 ± 649 1699 ± 454 n.s.

Data are presented as mean values ± standard deviation. PT/BW: peak torque/body weight [%], W: total work (J).

The median value of the total work at the 2-year follow-up was lower than in
the control group. The total work of the extensor muscles reached a critical value of
3000 J only in the control group. The total work of the extensors was significantly lower
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for the operated limb when compared to the non-operated one at the 2-year follow-up
(p < 0.001). The difference between the extensors’ total work was also noticed for the control
group—the dominant limbs were characterized by higher values than non-dominant ones
(p < 0.05).

The results of the peak torque/body weight of extensors in the operated limb obtained
at the 2-year follow-up were statistically significantly lower than for the control group
(p < 0.05, Figure 4A). The results of the Peak Torque/Body Weight of flexor muscles in the
operated limb obtained at 2-year follow-ups were significantly higher than for the control
group (p < 0.05, Figure 4B), but lower for the non-operated limb (p < 0.05).

Figure 4. The distribution of the peak value of maximum knee extensor (A) and flexor (B) torque
in relation to body mass at a 60◦/s velocity. Box plot diagrams showing the distributions of the
parameters. Central lines represent the medians, boxes indicate the range from the 25th to the 75th
percentile, whiskers extend 1.5 times the above interquartile range, and outliers are represented as
dots. Significance was designated as * with a p < 0.05.

Statistically lower results of the total work of knee extensors were observed at the
2-year follow-up when compared to the control group (p < 0.001, Figure 5A). The results
of the total work of knee extensors in both the operated and non-operated limbs obtained
at the 2-year follow-up were statistically significantly lower than for the control group
(p < 0.001). The results of the total work of the knee flexor muscles were similar (Figure 5B).

Figure 5. The distribution of the total work of knee extensors (A) and flexors (B) during the test
at 240◦/s velocity. Box plot diagrams showing the distributions of the parameters. Central lines
represent the medians, boxes indicate the range from the 25th to the 75th percentile, whiskers
extend 1.5 times the above interquartile range, and outliers are represented as dots. Significance was
designated as *** with a p < 0.001.

All objective results were justified by the second-look arthroscopic assessments
(Figure 6).
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Figure 6. A representative second-look arthroscopic assessment of the AMIC patient before the
surgery (A) and 2 months postoperatively (B).

3.2. Subjective Knee Evaluation

The mean IKDC score increased significantly from insufficient (42 points) at the
baseline to good (78 points) at year 2 (p < 0.001, Table 5). The mean Lysholm score increased
significantly from good (70 points) preoperatively to excellent (90 points) at the 2-year
follow-up (p < 0.001).

Table 5. IKDC 2000 and Lysholm scores evaluated pre- and post-operatively.

Baseline 2-Year Follow-Up p

IKDC 42 ± 14 78 ± 14 <0.001
Lysholm 70 ± 11 90 ± 7 <0.001

Data presented as mean ± standard deviation.

To determine the influence of patient age at the time of operation, patients were
divided into 3 subgroups: patients ages ≤ 32 years, 33–46 years, and >46 years. In all
groups, a significant improvement was seen for both the IKDC and Lysholm, and there
was no significant difference between the age groups.

To determine the body mass index (BMI) influence on the subjective assessments,
participants were divided into the following groups: normal (18.5–24.9 BMI), overweight
(25.0–29.9 BMI), obesity I (30.0–34.9 BMI), and obesity II (35.0–39.9 BMI). In all groups,
a significant improvement was seen for both the IKDC and Lysholm, and there was no
significant difference between the BMI groups.

3.3. Correlations between Subjective and Objective Tests

The Spearman Rho coefficient was employed to examine the correlation between
the scales. Correlations between subjective and objective tests were investigated for the
entire AMIC group. The results of the subjective IKDC assessments for the operated limb
correlated well with the results of the isokinetic strength parameters (Table 6).

Table 6. Subjective-objective tests of correlation.

2-Year Follow-Up

Subjective Test Objective Test r p
IKDC PT/BW Ext 0.78 <0.001
IKDC W Ext 0.59 <0.05
IKDC PT/BW Flx 0.63 <0.01
IKDC W Flx 0.53 <0.05
Lysholm PT/BW Ext 0.32 n.s.
Lysholm W Ext 0.29 n.s.
Lysholm PT/BW Flx 0.31 n.s.
Lysholm W Flx 0.39 n.s.

r—Spearman Rho coefficient. p-values are indicated.
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4. Discussion

The results of the present study indicated a significant improvement in all subjective
outcome scores and almost all functional scores analyzed up to the 2-year follow-up. The
positive effects of the AMIC were seen at the 2-year postoperative visit, with clinically
significant improvement in functional outcomes. 30% of the AMIC patients obtained
the results of all assessments of the proprioception as well as the muscle strength and
endurance within the assumed standards 24 months after the procedure. These data
confirm the hypothesis that the clinical benefits may be robust in AMIC-treated patients.

Our results are in accordance with the results of a recent AMIC meta-analysis based
on 12 studies (11 level 4 studies and 1 level 1 study) that included a total of 375 patients [10].
Most patients were very satisfied with the result of the index procedure and would choose
to undergo the same procedure again if needed.

Moreover, a recent meta-analysis of 2220 surgical procedures of focal chondral defects
of the knee, including, except for AMIC, microfractures, osteochondral autograft trans-
plantation, and autologous chondrocyte implantation (ACI), clearly showed that the AMIC
procedure performed better overall at approximately three years’ follow-up [18]. The authors
investigated multiple subjective outcome measures as well as data regarding hypertrophy
and the rate of failures and revisions. This analysis added to the knowledge of important
comparisons of AMIC versus other procedures. Some prominent examples of these compar-
isons include: (i) the study by Fossum et al. [19] found no significant differences between
AMIC and ACI in terms of the Knee injury and Osteoarthritis Outcome Score (KOOS) and
the Lysholm and Visual Analogue Scale (VAS); (ii) Volz et al. [20] reported more effective
cartilage repair (clinical outcomes, ICRS Cartilage Injury Standard Evaluation Form-2000,
magnetic resonance imaging with the MOCART, and BLOKS and WORMS scores) in AMIC
compared to the microfractures; and (iii) Anders et al. [21] presented good, comparable
clinical outcomes (modified Cincinnati and ICRS score) of AMIC and microfractures.

Thus far, no studies have examined proprioception or isokinetic assessment in patients
subjected to the AMIC procedure. In this report, all AMIC patients had sufficient body
control while maintaining the single-legged position with their eyes closed in the static
proprioception evaluation test and good body control after 24 months. However, during
the dynamic test, the posture control was disturbed according to the norms established
by Riva [16]. The muscle strength and endurance of the quadriceps and flexors in the
non-operated limb were stronger and more durable than in the operated limb. According
to the standards established by Davies [17], the extensor strength of the operated limb
was insufficient in relation to the body weight of the examined person, while the value
generated by the flexors turned out to be sufficient. However, at the 2-year follow-up, the
isokinetic values of both the extensors and flexors were sufficient.

A very important conclusion from this study is the observation that a significant part
of the AMIC group obtained positive results in all measured tests when compared to the
control group. The comparison of the isokinetic evaluation of the AMIC and the control
group revealed no difference in the flexor and extensor muscle endurance. The comparison
of proprioceptive results illustrates the positive effect of the balance, stabilization, and
proprioception exercises performed by patients after the AMIC cartilage reconstruction
following the described rehabilitation protocol. Rozzi and Kusano drew similar conclu-
sions in their research aimed at revealing the influence of proprioceptive training on test
results [22,23]. During the evaluation of proprioception in the static test, the control group
showed an insufficient degree of control, i.e., too many torso deflections, as shown by the
results of the Postural Strategy parameter, and this is the result of the lack of proprioception
training. The AMIC group examined in the same test achieved very good PS results.

The IKDC index is a measure of knee joint function, where higher scores indicate
higher activity and lower discomfort. Before the AMIC procedure, the function of the knee
joint was insufficient. We found it very encouraging that the assessment of the knee joint
function improved to a good level, indicating a rapid improvement in activity and only
minor ailments in the operated knee joint. Indeed, Chen Chou et al. observed an increase
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in the IKDC scores 6 months after AMIC surgery, but their results were not as high as in
the present study [24]. The IKDC results presented in this study were very similar to those
described by Gobbi [25] and higher than the results obtained by AMIC patients in Hoburg’s
study 12 months after the procedure [26]. The results of IKDC in the present study at 2-year
follow-up are lower than those presented by the Victor and Vasso groups [27,28]. However,
in all of the cited studies as well as in the present study, the results indicate a good and
stable assessment of knee joint function according to the IKDC scale. The results of the
IKDC 2000 scale correlated well with the objective isokinetic evaluation.

The Lysholm scores indicated a very good assessment of the knee joint function of the
AMIC patients. The obtained results were higher than those presented by other authors.
Hoburg showed good results 12 months after the AMIC procedure [26]. In Schagemann [29],
Kaiser [13], and Gille [11,30] studies, the results of the Lysholm score revealed good knee
function in the 1-year follow-up and very good at the 2-year follow-up.

5. Conclusions

AMIC is an effective and durable treatment, lasting up to 2 years post-surgically, for
patients with cartilage defects in the knee. AMIC provides satisfactory results in terms of
both subjective esteem of knee function and knee functional rehabilitation, which appear
to be sustained in the majority of patients, according to our 2-year follow-up results.
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Abstract: Particle-induced osteolysis is a major cause of aseptic prosthetic loosening. Implant
wear particles stimulate tissue macrophages inducing an aseptic inflammatory reaction, which
ultimately results in bone loss. Fetuin-A is a key regulator of calcified matrix metabolism and
an acute phase protein. We studied the influence of fetuin-A on particle-induced osteolysis in
an established mouse model using fetuin-A-deficient mice. Ten fetuin-A-deficient (Ahsg−/−) mice
and ten wild-type animals (Ahsg+/+) were assigned to test group receiving ultra-high molecular
weight polyethylene (UHMWPE) particle implantation or to control group (sham surgery). After
14 days, bone metabolism parameters RANKL, osteoprotegerin (OPG), osteocalcin (OC), alkaline
phosphatase (ALP), calcium, phosphate, and desoxypyridinoline (DPD) were examined. Bone
volume was determined by microcomputed tomography (μCT); osteolytic regions and osteoclasts
were histomorphometrically analyzed. After particle treatment, bone resorption was significantly
increased in Ahsg−/− mice compared with corresponding Ahsg+/+ wild-type mice (p = 0.007). Eroded
surface areas in Ahsg−/− mice were significantly increased (p = 0.002) compared with Ahsg+/+ mice,
as well as the number of osteoclasts compared with control (p = 0.039). Fetuin-A deficiency revealed
increased OPG (p = 0.002), and decreased levels of DPD (p = 0.038), OC (p = 0.036), ALP (p < 0.001),
and Ca (p = 0.001) compared with wild-type animals. Under osteolytic conditions in Ahsg−/− mice,
OPG was increased (p = 0.013), ALP (p = 0.015) and DPD (p = 0.012) were decreased compared
with the Ahsg+/+ group. Osteolytic conditions lead to greater bone loss in fetuin-A-deficient mice
compared with wild-type mice. Reduced fetuin-A serum levels may be a risk factor for particle-
induced osteolysis while the protective effect of fetuin-A might be a future pathway for prophylaxis
and treatment.

Keywords: implants; arthroplasty; aseptic prosthetic loosening; osteolysis; particle-induced osteolysis;
mouse calvaria osteolysis model; polyethylene particles; wear particles

1. Introduction

The aseptic osteolysis, or particle disease, is the major cause of long-term failure of
arthroplasty [1] and is evoked by wear debris particles generated by shear and friction
forces. Wear particles from prosthesis components such as ultra-high molecular weight
polyethylene (UHMWPE), titanium, ceramic, or cement particles are phagocytosed by
macrophages, which subsequently trigger an inflammatory cascade via the release of
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proinflammatory cytokines, leading to loss of bone substance and loosening of endo-
prosthesis [2,3]. The inflammatory reaction depends on the number, size, material, and
shape of the abrasive material. The inflammatory reaction increases with the particle
concentration [4,5].

Bone tissue, which consists of minerals such as calcium and phosphate in the form of
hydroxyapatite organic material, undergoes constant modification. An imbalance of the
bone formation and degradation in favor of bone loss leads to various pathologies such as,
among other things, the aseptic osteolysis in prostheses. In addition to numerous other
cells, such as stem cells or immune cells, bone tissue consists of bone-degrading osteoclasts,
bone-building osteoblasts, and osteocytes [6]. Bone resorption is regulated by the release of
messenger substances, hormones, and cytokines, which regulate the differentiation and
activation of osteoclasts.

Key regulator of bone metabolism is the RANK-RANKL-OPG system, which consists
of the messenger substances osteoprotegerin (OPG), the ligand of the receptor activator
of the nuclear factor κB (RANKL) and the associated receptor (RANK) [7–9]. The ratio of
bone-protective OPG to bone-destructive RANKL determines the balance between bone
formation and bone resorption that is imbalanced in aseptic loosening [3,10]. Macrophages
can increase RANKL release through the secretion of proinflammatory cytokines such as
IL-1β and TNF-α and promote bone resorption by stimulating osteoclast function [11–13].

Fetuin-A (alpha2-Heremans-Schmid glycoprotein (Ahsg)) is highly enriched in the
mineralized bone matrix [14,15]. Fetuin-A plays an essential role in the solubility of
serum calcium, inhibits the precipitation of calcium through the formation of calcium-
protein complexes and influences the formation of mineralized bone [16–19]. A recent
study suggested that fetuin-A is a multifaceted protective factor that locally counteracts
calcification, modulates macrophage polarization, and attenuates inflammation and fibrosis,
thus preserving tissue function [20].

The majority of publications support that fetuin-A acts as an indirect anti-inflammatory
agent [20,21]. Fetuin-A is known as negative acute phase protein in injury and infection [22–24].
A recent review concluded that fetuin-A is down-regulated in degenerative joint disease
and can be used as a biomarker in the diagnosis and treatment of arthritis [25]. In a murine
calvaria model of particle-induced osteolysis, a single dose of fetuin-A minimized bone re-
sorption under osteolytic conditions demonstrating a protective effect of Fetuin-A [26]. This
calvaria model is an established animal model for the investigation of particle-induced oste-
olysis [27,28]. Following peri-implant osteolysis in human joint endoprostheses, polyethy-
lene particles are applied in a very high concentration to the cranial calotte of the calvaria
model. This results in an aseptic inflammatory reaction, the formation of granulation
tissue rich in macrophages, and a change in local bone metabolism with the activation
of osteoclasts.

Given the pleiotropic effects of fetuin-A in bone metabolism, the question of whether
fetuin-A deficiency might also play a role in particle-induced osteolysis prompted us to
further investigate the influence of fetuin-A on particle-induced osteolysis in an established
mouse model of aseptic loosening using homozygot wild-type (Ahsg+/+) and homozygot
fetuin-A-deficient (Ahsg−/−) mice. Our hypothesis was that in absence of fetuin-A the
particle-induced inflammatory response and osteolysis is increased.

2. Materials and Methods

2.1. Animals and Ethics

The animal experiment was carried out in accordance with the international regu-
lations for use and care of laboratory animals and the reporting of in vivo experiments
(ARRIVE) guidelines and was approved by the national district government (State Office
for Nature, Environment and Consumer Protection of North Rhine-Westphalia, LANUV
AZ 9.93.2.10.34.07.138). Ten 12-week-old male fetuin-A-deficient mice (Ahsg−/−, ILAR
strain BL6, Ahsgtm1, wja, originated from backcrossing of the original C57BL/6-129/Sv
hybrid mice) as well as ten age- and gender-matching wild-type Ahsg+/+ (wt) mice of the

93



J. Funct. Biomater. 2023, 14, 30

C57 Bl 6/N strain (Charles River Wiga GmbH, Sulzfeld, Germany) were used [29,30]. The
specific pathogen-free animals were kept in cages in a climate-controlled room (22 ◦C;
45–54% relative humidity) with a 12 h light/dark cycle in groups until surgery and as
single animals after surgery. The cages were equipped with bedding, nesting material, and
shelter (spacious plastic house). Food and water were allowed ad libitum. The animals
were monitored on a daily interval. In case of any abnormality, the individual stress of the
animal concerned was evaluated with an experiment-specific score sheet. On the first and
last experimental days, the animals were housed in metabolic cages for urine collection.

2.2. Ultra-High Molecular Weight Polyethylene UHMWPE Particles

The Clariant Company (Gersthofen, Germany) supplied the UHMWPE polyethylene
particles (Ceridust VP 3610). More than 35% of the particles were smaller than 1 μm
showing a mean particle size (provided as equivalent circle diameter) of 1.75 ± 1.43 μm
(range 0.05–11.6 μm). The surface of the particles was rougher, and the particles were
shorter in length, displaying a more uniform size distribution in relation to particles
obtained in hip joint simulators. To remove putative endotoxins and for disinfection, the
particles were washed twice in 70% ethanol at room temperature for 24 h, followed by
washing in sterile phosphate buffered saline and drying [31]. The endotoxin content of the
particles was controlled (Limulus Amebocyte Lysate (LAL) Assay) to be lower than the
detection level of <0.25 EU/mL.

2.3. Animal Surgery

Ten Ahsg−/− mice and ten wt mice were randomly assigned to either particle implan-
tation or a sham operation (n = 5 per group and type) (see graphical abstract Figure 1). An
anesthetic mixture of ketamine and xylazine (CEVA Tiergesundheit, Düsseldorf, Germany)
was administered intraperitoneally before the animals were anesthetized with isoflurane
followed by an intraperitoneal injection of 0.1 g/kg bodyweight (BW) ketamin/0.01 g/kg
BW xylazine in NaCl. Before surgery, 300 μL blood was drawn by orbital puncture. A
10 mm incision was made along the calvarial sagittal midline suture exposing an area of
10 mm × 10 mm in the periosteum. The animals in the particle groups received a total
volume of 30 μL dried UHMWPE particles (corresponding to 6 × 106 particles), which
were distributed over the periosteum using a sterile sharp surgical spoon as previously de-
scribed [32]. In the sham controls, the incision was closed without any further intervention.

Subsequently, each animal received buprenorphine (0.1 mg/kg BW, Temgesic®, Reckitt
Benckiser, Slough, UK) for postoperative analgesia.

Fourteen days after operation, the animals were sacrificed using CO2 aspiration, and
blood samples were taken immediately by cardiac puncture. The skulls were removed and
fixed in 10% formalin. Apart from the conduction of the surgery, further analyses (outcome
assessment and data analysis) were performed in a blinded condition.

2.4. Microcomputed Tomography

The radiological examination of the skulls was performed by microcomputer to-
mograph (μCT) (X-ray microcomputer tomograph 1072, Skyscan, Aartselaar, Belgium).
Two-dimensional X-ray images were realized using the TomoNT program (Skyscan) with a
19.23× magnification for the images. The X-ray source was set to a voltage of 80 kV at an
amperage of 100 μA. At an exposure time of 4.9 s and a rotation angle of 0.9◦ per image, a
total angle of 180◦ was scanned. A field correction was also activated. The greyscales were
selected so that the tissue was radiographically displayed mainly around the bone window.
The cone-beam reconstruction program generated a total of about 700 sectional images. A
quantitative analysis of bone volumes and bone surfaces was performed using a CT-analysis
program (CTAn, Skyscan). Five defined cuboids (8 mm3) along the sagittal suture were
selected for investigation of the following parameters: bone volume (BV), bone surface (BS),
and bone volume per tissue volume (BV/TV). Subsequently, a three-dimensional model of
the calvaria was created (CTVol Surface Rendering, Skyscan).
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Figure 1. Graphical abstract illustrating the different group distribution as well as the applied
methods.

2.5. Bone Histomorphometry

The calvaria were prepared from the skulls and decalcified for seven days (Osteosoft®,
Merck, Darmstadt, Germany) and embedded in paraffin. Sectional images of 4 μm thickness
were prepared and stained with hematoxylin and eosin (HE) to determine the area of
bone resorption in the midline suture. Additionally, the osteoclasts were identified as
large multinucleated tartrate resistant alkaline phosphatase (TRAP) positive cells (Sigma
Aldrich, Deisenhofen, Germany). The area of bone resorption containing the osteolytic
areas was defined as eroded surface (ES) and measured with special software (Image Tool
3.0, University of Texas, San Antonio, TX, USA) [33].

2.6. Analyses of the Parameters of Bone Metabolism

Serum was stored at −70 ◦C until analysis. All assays were performed according to
the instructions of the manufacturers. Calcium, phosphate, and ALP were determined
using an RX Monza Analyzer (Randox, Antrim, UK). For OPG and RANKL, immunoas-
says were used (Quantikine assays, R&D Systems, Minneapolis, MN, USA), while OC
was analyzed with an immunoradiometric assay (Immutopics, San Clemente, CA, USA).
Deoxypyridinoline (DPD), a crosslink product of collagen molecules, was determined in
urine samples (Quidel, San Diego, CA, USA). Creatinine was measured in urine samples
within two hours after collection using a Siemens ADVIA 2400 analyzer (Siemens Medical
Solutions, Fernwald, Germany). Variations in urine concentration were eliminated using
the ratio of DPD [nmol/L] and the urine creatinine concentration [mmol/L], resulting in a
value without units.

2.7. Statistical Analysis

Estimation of the number of cases for changes in bone volume resulted in a case
number of 5 with a power of 80% and a probability of error of <0.05%.

The data were analyzed using the statistics program SPSS 27 (IBM, New York, NY,
USA). For all continuous parameters, the mean value, standard deviation, minimum,
maximum, and median were determined based on descriptive statistics. The individual
groups were examined for normal distribution using the Shapiro–Wilk test for small
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samples. Parametric values were tested for significance using the two-way analysis of
variance (ANOVA) to analyze an influence of particles (main effect), group (main effect),
or the combination of particles and group (interaction effect). Normally distributed data
sets were examined with a two-sided t-test for independent samples to study the difference
in the means between pairs of groups. For nonparametric values, the Wilcoxon rank-sum
test and the Mann–Whitney U test were performed. A p-value < 0.05 was considered
as significant.

3. Results

No surgical or postoperative complications occurred. All animals were euthanized at
the end of the follow-up period.

3.1. Micro Computed Tomography

Three-dimensional reconstructions of the calvaria showed the qualitative extent of
particle-induced osteolysis (Figure 2). Particle treatment led to bone loss and circular
osteolysis, especially close to the sagittal suture where most of the particles were im-
planted (Figure 2A,B), whereas the sham-operated mice did not have any osteolytic lesions
(Figure 2C,D). The osteolytic regions were largest in the fetuin-A-deficient particle-treated
group (Figure 2A).

The analysis of bone volume in the target region showed an influence of UHMWPE
particle implantation on the radiologically quantifiable bone tissue of both genotypes
(Figure 3). Osteolytic conditions resulted in a significant decrease in bone volume in the
fetuin-A-deficient group (p = 0.007) as well as in the wt group (p = 0.032) compared with
the respective sham-operated groups (Table 1) (Figure 3A). Fetuin-A-deficient animals
displayed a significant lower bone volume after particle treatment than wild-type animals
(p = 0.007). Osteolytic conditions led to a significant reduction in the ratio BV/TV in
fetuin-A-deficient mice (p = 0.001) as well as in wild-type mice (p = 0.02) compared with
the respective sham-operated groups. After particle treatment, fetuin-A-deficient mice
had a significantly lower BV/TV ratio than wt mice (p = 0.001) (Table 2) (Figure 3B). No
significant differences were found between the groups regarding the bone surface in μCT
(data not shown).

Table 1. Bone volume of Fetuin-A-deficient mice (Ahsg−/−) vs. wild-type (Ahsg+/+) mice under
osteolytic conditions (particles) vs. sham-operated animals. Data are presented in mm3 as median
and interquartiles range (IOR) and as mean ± standard deviation (SD) with n = 5 per group.

Bone Volume Ahsg−/− Ahsg+/+

[mm3] Particles Sham Particles Sham

Median (IQR) 0.50 (0.02) 0.53 (0.02) 0.52 (0.01) 0.54 (0.03)
Mean ± SD 0.50 ± 0.01 0.53 ± 0.01 0.52 ± 0.01 0.54 ± 0.02

Table 2. Quotient of bone volume/tissue volume of Fetuin-A-deficient (Ahsg−/−) mice vs. wild-type
(Ahsg+/+) mice under osteolytic conditions (particles) vs. sham-operated animals × 10−2. Data are
presented in mm3 as median and interquartiles range (IOR) and as mean ± standard deviation (SD)
with n = 5 per group.

Bone Volume/
Tissue Volume

[×10−2]

Ahsg−/− Ahsg+/+

Particles Sham Particles Sham

Median (IQR) 5.69 (0.18) 6.02 (0.05) 6.01 (0.15) 6.19 (0.31)
Mean ± SD 5.71 ± 0.09 6.03 ± 0.03 6.00 ± 0.09 6.25 ± 0.17
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Figure 2. Three-dimensional reconstruction of the calvaria. After 14 days, the calvarial bone was
analyzed by μCT. (A) Particle treatment in mice with the Ahsg−/− background led to severe osteolysis.
(B) In wild-type mice, less osteolysis was seen after particle treatment. (C) Sham-operated fetuin-A-
deficient mice, and (D) sham-operated wild-type mice did not show any signs of osteolysis.
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Figure 3. Bone volume and ratio of bone volume/tissue volume analyzed by μCT analysis and
number of osteoclasts and eroded surface area at two weeks after surgery as box plots measured in in
the histological sections. (A) Bone volume. (B) Ratio of bone volume/tissue volume. (C) Number of
osteoclasts. (D) Eroded surface area.

3.2. Bone Histomorphometry

Under osteolytic conditions, the granulation tissue of both groups was infiltrated with
macrophages and polynucleated giant cells in the area adjacent to the implanted UHMWPE
particles (Figure 4A,B). At the same time, macrophages were found in typical resorption
lacunae in the calvarial bone resulting in osteolytic lesions. In the sham groups, granulation
tissue was also present but displayed only few inflammatory reactions. TRAP staining
revealed an increased number of osteoclasts in both particle-treated groups compared with
the sham groups, which was statistically significant for fetuin-A-deficient mice (p = 0.039)
(Figures 3C and 5), (Table 3).
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Figure 4. HE staining of calvarial sections. After 14 days, the calvarial bone was fixed, embedded
and histologically stained. (A) Particle treatment in mice with the Ahsg−/− background led to a
highly eroded surface. (B) In wild-type mice, less eroded surface was seen after particle treatment.
(C) Sham-operated fetuin-A-deficient mice and (D) sham-operated wild-type mice did not show any
signs of osteolysis. Scale bar indicates 200 μm.

Table 3. Number of osteoclast in fetuin-A-deficient (Ahsg−/−) mice vs. wild-type (Ahsg+/+) mice
under osteolytic conditions (particles) vs. sham-operated animals. Data are presented as median and
interquartiles range (IOR) and as mean ± standard deviation (SD) with n = 5 per group.

Osteoclast
Number

Ahsg−/− Ahsg+/+

Particles Sham Particles Sham

Median (IQR) 14.5 (10.1) 6.3 (2.9) 16.7 (15.5) 9.7 (8.4)
Mean ± SD 13.5 ± 5.3 6.4 ± 1.5 15.5 ± 8.3 9.7 ± 5.3

Histomorphometric investigation of the eroded surface (ES) in the osteolytic areas
showed that particle treatment led to a significant increase in ES in both genetic back-
grounds, Ahsg+/+ (p = 0.025) as well as Ahsg−/− (p = 0.005) (Figure 3D) (Table 4). Fetuin-
A-deficient mice displayed the largest ES compared with wild-type mice under osteolytic
conditions (p = 0.002). In the sham-operated animals, no difference was detected between
the groups.
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Table 4. Eroded surface area of fetuin-A-deficient (Ahsg−/−) mice vs. wild-type (Ahsg+/+) mice under
osteolytic conditions (particles) vs. sham-operated animals. Data are presented in mm2 as median
and interquartiles range (IOR) and as mean ± standard deviation (SD) with n = 5 per group.

Eroded Surface Area
[mm2]

Ahsg−/− Ahsg+/+

Particles Sham Particles Sham

Median (IQR) 0.32 (0.02) 0.10 (0.14) 0.12 (0.10) 0.05 (0.04)
Mean ± SD 0.32 ± 0.01 0.11 ± 0.08 0.14 ± 0.06 0.06 ± 0.02

Figure 5. TRAP staining of calvarial sections. After 14 days, the calvarial bone was fixed, embedded
and the osteoclast stained by tartrate resistant alkaline phosphatase. Particle treatment in the mice
with the Ahsg−/− background (A) and in the wild-type mice (B) led to a visible increase in osteoclasts
compared with the sham-operated animals (C,D). Both sham-operated fetuin-A-deficient mice (C) and
sham-operated wild-type mice (D) had fewer osteoclasts. Scale bar indicates 100 μm.

3.3. Parameters of Bone Metabolism

We determined bone- and mineral-related serum chemistry to monitor bone metabolism
in Ahsg−/− and Ahsg+/+ mice before and after particle-induced osteolysis (Figure 6).

Preoperatively, the Ahsg−/− mice had significantly lower DPD values than the Ahsg+/+

animals (p = 0.038) (Table 5) (Figure 6A).
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Figure 6. Bone metabolism parameters as box plots. The figure shows the single values of n = 5
animals per group with the median as line. Ahsg−/− = fetuin-A-deficient animals, Ahsg+/+ = wild-type
mice. Significant differences between the groups are indicated with p-values. (A) DPD/Creatinine.
(B) RANKL. (C) Osteoprotegerin (OPG). (D) Osteocalcin. (E) Alkaline phosphatase (ALP). (F) Serum
calcium. (G) Serum phosphate.
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Table 5. Bone metabolism parameter in urine and serum at day 0 and at day 14 in Fetuin-A deficient
(Ahsg−/−) mice vs. wild type (Ahsg+/+) mice a day 0 and at day 14 under osteolytic conditions
(particles) vs. sham-operated animals. Data are presented as median and interquartils range (IOR)
in the upper row and as mean ± standard deviation (SD) in the lower row with n = 10 per group at
day 10 and n = 5 per group at day 14. The respective units were [nmol/mmol] for DPD/Kreatinin,
[pg/mL] for RANKL and Osteoprotegerin, [ng/mL] for Osteocalcin and [mmol/L] for Calcium
and Phosphate.

Parameter

Day 0 (Baseline)
(n = 10 per Group)

Day 14
(n = 5 per Group)

Ahsg−/− Ahsg+/+
Ahsg−/− Ahsg+/+

Particles Sham Particles Sham

DPD/Creatinin 12.4 (2.1)
12.7 ± 1.5

15.5 (4.8)
16.4 ± 3.5

17.9 (6.1)
16.7± 3.5

16.1
15.9 ± 1.2

22.5 (6.7)
23.8 ± 3.5

19.71 (4.21)
19.0 ± 2.2

RANKL
86.5 (60.3) 95.6 (43.9) 122.6 96.2 (15.1) 128.6 (69.9) 146.4 (32.6)
96.1 ± 31.0 95.4 ± 27.5 122.2 ± 3.2 94.51 ± 7.9 110.1 ± 47.0 138.0 ± 18.6

Osteo-
protegerin

2021 (29)
2046 ± 89

1760 (272)
1685 ± 259

2485
2426 ± 438

1950 (467)
1884 ± 275

1593 (316)
1654 ± 199

1653 (309)
1632 ± 189

Osteocalcin
88.7 (54.1) 116.1 (18.8) 90.0 64.7 (46.4) 120.9 (50.9) 64.6 (35.0)
82.8 ± 29.3 115.7 ± 12.0 104.0 ± 51.5 71.5 ± 29.5 105.7 ± 27.1 63.1 ± 17.7

Alkaline
Phosphatase

195.0 (56.1)
186.9 ± 30.2

339.6 (46.3)
340.4 ± 25.4

100.8
101.5 ± 50.8

98.3 (18.5)
94.6 ± 10.7

266.8 (118.0)
263.5 ± 72.1

227.6 (109.8)
253.3 ± 58.9

Calcium 1.69 (0.31)
1.72 ± 0.17

2.27 (0.20)
2.26 ± 0.12

2.95
2.98 ± 0.6

3.0 (0.6)
2.9 ± 0.3

2.8 (0.7)
3.0 ± 0.4

2.9 (0.3)
2.9 ± 0.2

Phosphate 5.0 (0.6)
5.0 ± 0.6

5.1 (1.5)
5.2 ± 0.8

12.1
12.2 ± 1.1

11.6 (6.3)
12.4 ± 3.4

11.6 (2.6)
12.1 ± 1.6

12.0 (2.2)
12.5 ± 1.3

After particle treatment, the Ahsg−/− mice showed significantly lower DPD concentra-
tions compared with the wild-type animals (p = 0.012). Particle addition led to significant
higher DPD values for the wt animals (p = 0.030) while there were no differences in Ahsg−/−
animals compared with sham control.

The baseline RANKL values of both genetic backgrounds were comparable (Table 5)
(Figure 6B). In fetuin-A-deficient mice, particle treatment led to increased RANKL values
compared with the sham-operated mice (p = 0.001). In osteolytic conditions, the Ahsg−/− mice
showed similar RANKL values compared with the Ahsg+/+ mice. In the wt animals, there was
no difference in the RANKL values between the particle-treated and the sham-operated mice.

Preoperative OPG levels were significantly increased in Ahsg−/− mice (p = 0.002)
compared with wt animals (Table 5) (Figure 6C). In the postoperative examination under os-
teolytic conditions, a significantly increased OPG value was detected in the Ahsg−/− mice in
comparison to the Ahsg+/+ mice (p = 0.013). There was no statistically significant difference
between the particle-treated and the sham-operated mice of either genetic background.

Baseline levels of osteocalcin revealed significantly lower values in the fetuin-A-
knockout animals compared with the wild-type mice (p = 0.036) (Table 5) (Figure 6D). Parti-
cle treatment resulted in significantly higher OC concentrations in the wild-type mice com-
pared with sham-operated animals (p = 0.018). The other groups did not differ significantly.

The fetuin-A-deficient mice had significantly lower systemic alkaline phosphatase
levels compared with the wild-type mice (p < 0.001) (Table 5) (Figure 6E). Ahsg−/− mice had
significantly decreased ALP activity compared with wt animals in both treatment groups,
after particle treatment (p = 0.015) and in the sham animals (p = 0.003).

Before surgery, the fetuin-A-deficient animals had a lower serum calcium level than the
wild-type mice (p < 0.001) (Table 5) (Figure 6F). Postoperatively, no significant differences
in calcium level were detected between the subgroups (genetic background and treatment).
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The baseline phosphate levels did not differ between the genetic background groups
(Table 5) (Figure 6G). Likewise, postoperative scores also did not differ between the different
genetic background groups or between the different surgical groups.

4. Discussion

4.1. In Absence of Fetuin-A, the Particle-Induced Inflammatory Response and Osteolysis Is
Increased

A previous study suggested a possible attenuating role of the hepatic serum protein
fetuin-A a key regulator of calcified matrix metabolism, and particle-induced osteolysis [26].

Our hypothesis, that in absence of fetuin-A the particle-induced inflammatory re-
sponse and osteolysis is increased, was confirmed. After particle treatment and comparison
with wild-type mice, in fetuin-A-deficient mice the bone volume and the ratio of bone
volume to tissue volume was significantly decreased while the eroded surface area was
significantly increased. Additionally, the number of osteoclasts was significantly increased
compared with sham animals. These results provide novel insights demonstrating that
bone resorption was significantly increased in fetuin-A-deficient mice compared with wild-
type mice under osteolytic conditions. This was confirmed by significant changes in bone
metabolism markers compared with wild-type animals in fetuin-A-deficient animal: OPG
was increased, DPD, Ca, ALP, and OC were decreased.

4.2. Comparing the Phenotypes before Particle Treatment: Fetuin-A-Deficient Mice Presented
Differences Regarding Bone Micro-Structure in μ-CT and Serum Analytes

In our study, the phenotype of wild-type mice and fetuin-A-deficient mice maintained
against the genetic background C57BL/6 presented differences regarding bone micro-
structure in μ-CT and serum analytes. The μCT analysis presented reduced BV/TV in the
Ahsg−/− mice, which is in line with the findings of Schäfer et al. [16]. The calcium levels
in the Ahsg−/− mice were lower than those in the wild-type and the Ahsg−/− mice with a
DBA/2 genetic background described by Schäfer et al. [16]. This emphasizes the importance
of using mice with matching genetic backgrounds, as was performed in this study. The
phenotype of Ahsg−/− under osteolytic conditions was accentuated by increased OPG levels
in the present study. Lower levels of alkaline phosphatase activity in Ahsg−/− mice might
relate to the genetic background and were not influenced by particle stimulation.

4.3. Potential Mechanisms of Fetuin-A in Particle Treatment: Fetuin-A Attenuates UHMWPE
Particle-Induced Local Inflammation by Aiding the Removal of Calcified Cellular and Tissue Debris

We used a standardized model of UHMWPE particle treatment to simulate the effect
of particles generated by wear and corrosion of joint replacement prostheses in wild-type
and Ahsg−/− mice. The wild-type mice developed significantly increased osteolysis after
UHMWPE particle treatment indicating the validity of the calvarial model as used in previ-
ous studies [28]. The fetuin-A-deficient mice showed increased particle-induced osteolysis
compared with the wild-type mice, a hitherto unknown influence of the glycoprotein.

Established facts as the role of fetuin-A in mineralized matrix metabolism explains the
increase in particle-induced osteolysis in Ahsg−/− mice. Fetuin-A attenuates UHMWPE
particle-induced local inflammation by aiding the removal of calcified cellular and tissue
debris. In the absence of fetuin-A such debris triggers a vicious cycle of defective debris
clearance and inflammation, and therefore of increased cell death and decreased wound
healing and osteogenesis [17]. In addition to aiding calcified debris removal, fetuin-A can
exercise an anti-inflammatory action through associated anti-inflammatory polyanions
and TGF-ß, as well as though neutralization of HMGB1, a late mediator of cell-damage
associated systemic inflammation [17,24,34,35]. Our histological findings of pronounced
inflammatory granulomatous tissue on the calvariae of fetuin-A-deficient mice after particle
implantation underscore this hypothesis. We propose that the anti-inflammatory action of
fetuin-A is due to the mobilization and removal of potentially pro-inflammatory debris,
and may be further enhanced by fetuin-A-associated anti-inflammatory agents collectively
neutralizing the pro-inflammatory influence of danger associated intracellular molecules
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such as HMGB1 and the overt pro-inflammatory cytokines TNF-α and IL-1 [20,35–37]. Fail-
ure to clear cell debris is known to cause cytokine-mediated induction of osteoclasts [38,39].
The capsules and interface membranes of patients with particle-induced osteolysis showed
various strongly expressed apoptosis-related pathways, such as the Fas receptor, BAK, and
caspase-3 cleaved [39]. Jersmann et al. showed that fetuin-A leads to increased opsoniza-
tion of apoptotic cells and macropinocytosis by human macrophages [40]. The authors
of this study concluded that fetuin-A is an attractive candidate for future therapeutic in-
tervention in inflammatory diseases [40]. Fetuin-A deficiency might lead to a decrease in
the opsonization of apoptotic cells leading to pronounced locally restricted inflammation
followed by increased calvarial osteolysis.

The critical role of fetuin-A in mineralized tissue remodeling was initially demon-
strated in unchallenged homozygous Ahsg−/− mice. Up to 70% of these mice suffer epiphys-
iolysis of the distal femur, causing deformed growth plates and foreshortened proximal
limb bones [41,42]. The elevated pre-operative OPG levels in the fetuin-A-deficient mice in
our study may reflect an overall osteoanabolic state associated with bone healing following
the femoral epiphysiolysis required to heal the slipped growth plates. The enhanced oste-
olysis found in fetuin-A-deficient mice following induced bone damage suggests that the
elevated OPG level cannot compensate for the strong pro-inflammatory and osteocatabolic
particle-mediated stimulus.

In summary, we found increased osteoclast activity and decreased osteoblast activity
following the local UHMWPE particle challenge of fetuin-A-deficient mice.

4.4. Correlation between Fetuin-A and Bone Metabolism in Humans: Fetuin-A Is Slightly
Possitivly Associated with Areal Bone Mineral Density in Older Adults

While an osteoprotective effect was demonstrated in the present animal study of
fetuin-A deficiency as well as in a prior study on fetuin-A substitution, the effects of the
fetuin-A background in humans with aseptic loosening has been recently investigated.
In a large cohort of 4714 patients, Fink et al. [43] reported a small positive association
between fetuin-A and areal bone mineral density in older adults, but they did not find
an association between fetuin-A and the risk of a clinical fracture. Further, Steffen et al.
demonstrated that a more favorable outcome after proximal femur fracture was associated
with higher fetuin-A serum levels and age during hospitalization [44]. We suggest studying
the fetuin-A levels in patients with aseptic loosening as well as the possible association
of existing functional fetuin-A polymorphisms on aseptic loosening. In case of confirmed
low levels of serum fetuin-A in these patients, a fetuin-A substitution to normal serum
levels can be considered as a new treatment option in joint arthroplasty. Any side-effects of
fetuin-A intake/application should be investigated beforehand.

We report enhanced particle-induced osteolysis in fetuin-A-deficient mice, but our
study has limitations. Despite the irrefutable evidence of disturbed mineral metabolism
and bone anomalies in fetuin-A-deficient mice [16,17,20,29,41,42,45,46], these results may
not apply to humans. Particle-induced osteolysis was analyzed after fourteen days in
the calvaria model, while aseptic prosthetic loosening in humans is a process that occurs
over many years. As another limitation, the calvaria model is not analogous to the clinical
situation since there is no load-bearing implant [47]. Furthermore, we did not analyze
the substitution or over-expression of fetuin-A to prove a possible protective effect on
particle-induced osteolysis.

5. Conclusions

In conclusion, this study further links clinically relevant particle disease to the gly-
coprotein fetuin-A. We believe that the interaction of fetuin-A with osteoclast function,
inflammation, and apoptosis ultimately leads to in increased particle-induced osteolysis
in fetuin-A-deficient mice. Thus, reduced fetuin-A serum levels can be a risk factor for
particle-induced osteolysis. Further clinical studies are needed to implement these find-
ings. The protective effect of fetuin-A can be an approach for prophylaxis of loosening of
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orthopedic endoprostheses and treatment of incipient osteolysis to minimize the number
of revision surgeries.
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Abstract: Commercially available titanium alloys such as Ti-6Al-4V are established in clinical use
as load-bearing bone implant materials. However, concerns about the toxic effects of vanadium
and aluminum have prompted the development of Al- and V-free β-Ti alloys. Herein, a new alloy
composed of non-toxic elements, namely Ti-18Mo-6Nb-5Ta (wt%), has been fabricated by arc melting.
The resulting single β-phase alloy shows improved mechanical properties (Young’s modulus and
hardness) and similar corrosion behavior in simulated body fluid when compared with commercial
Ti-6Al-4V. To increase the cell proliferation capability of the new biomaterial, the surface of Ti-18Mo-
6Nb-5Ta was modified by electrodepositing calcium phosphate (CaP) ceramic layers. Coatings with
a Ca/P ratio of 1.47 were obtained at pulse current densities, −jc, of 1.8–8.2 mA/cm2, followed
by 48 h of NaOH post-treatment. The thickness of the coatings has been measured by scanning
electron microscopy from an ion beam cut, resulting in an average thickness of about 5 μm. Finally,
cytocompatibility and cell adhesion have been evaluated using the osteosarcoma cell line Saos-2,
demonstrating good biocompatibility and enhanced cell proliferation on the CaP-modified Ti-18Mo-
6Nb-5Ta material compared with the bare alloy, even outperforming their CaP-modified Ti-6-Al-4V
counterparts.

Keywords: titanium alloy; electrodeposition; ceramic coating; indentation; corrosion resistance;
cell proliferation

1. Introduction

For many years, commercially available pure α-titanium (cp-Ti) and its alloys, such as
Ti-6Al-4V, have been widely used as bone implant materials. However, Ti-6Al-4V, being a
dual-phase α + β alloy, presents a higher modulus of elasticity (125 ± 2 GPa [1]) compared
with that of bone (11.4–21.2 GPa [2]). This hinders the transfer of load to the bone, and
it produces a stress-shielding effect that can cause implant loosening and may result in
premature bone failure [3–5]. Additionally, it has been pointed out that the release of V
and Al ions can cause hematological and biochemical alterations, osteomalacia, peripheral
neuropathy, and Alzheimer’s disease [4,6]. One way to overcome these problems is with
the use of β-phase Ti alloys free of V and/or Al. These alloys possess high specific strength,
good fatigue resistance, sufficient toughness, excellent corrosion resistance, good formabil-
ity, and, most importantly, a low elastic modulus in the range of 33–85 GPa [7,8]. Moreover,
β-phase stabilizing elements usually confer these alloys excellent biocompatibility [5,9].
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Such is the case for Mo, which shows an increased ability to stabilize the β phase [9,10]
and low cytotoxicity, being an essential element for the human body [11]. In a similar way,
besides not having toxic effects on cells, Nb and Ta are both regarded as biocompatible
elements that are able to promote the generation of vascularized, loose connective tissue
when in contact with the organism [5]. Nb is also used to further ensure the stabilization of
the β phase and improve the alloy’s processability during fabrication, while Ta enhances
the mechanical properties and corrosion resistance of the resulting alloy [12]. Thus, it has
been demonstrated that Ti alloys containing Mo, Nb, and/or Ta exhibit good biocompati-
bility and corrosion resistance in human body fluids without causing allergic reactions; at
the same time, they have a low elastic modulus and overall superior mechanical proper-
ties, which make them suitable for applications as environmentally neutral construction
materials and biomedical devices, more specifically orthopedic implants [8,10,13,14].

Unfortunately, the metallic implant surface in its as-cast or standard finished state,
e.g., ground or polished with a natural passive layer, usually does not provide sufficient
bioactivity. Namely, it is not very efficient in stimulating bone tissue formation and healing,
hindering in this way the bone recovery process [15]. To overcome this drawback, the
deposition of calcium phosphates (often denoted as CaP for simplicity) onto the implant has
been proposed as a strategy to increase the osseointegration [15–17]. Different techniques
to produce this type of coating are available. Alternatively, dry techniques directly deposit
particles onto the substrate without the need of a solvent [15]. Among them, thermal
spraying (plasma, flame, and high-velocity oxygen fuel (HVOF) spraying) and physical
vapor deposition (PVD) (e.g., magnetron sputtering) can be mentioned. However, these
methods either suffer from high production costs or yield coatings with high internal
residual stress, low crystallinity, and poor control over the structure of the coating [18]. In
addition, some of them operate at temperatures higher than 1000 ºC, which is above the
β transus temperature of Ti alloys, thus affecting the alloy microstructure underneath the
coating. Alternatively, wet techniques include sol-gel and electrodeposition, which, thanks
to their low production costs and high flexibility, are a promising alternative to their dry
counterparts [15]. More specifically, electrodeposition can be regarded as a very convenient
method to deposit CaP since it provides better control over the coating thickness, the grain
size, and the microstructure to a great extent [18,19].

Electrodeposited CaP coatings can be categorized into four main compositions, namely
dicalcium phosphate dihydrate (DCPD) or brushite, octacalciumphosphate (OCP), hydrox-
yapatite (HA), and tricalcium phosphate (TCP) [15]. Of them, HA (Ca10(PO4)6(OH)2), with
a Ca/P atomic ratio of 1.67, is chemically and structurally similar to the mineral of human
hard tissue. Indeed, it exhibits good stability when surrounded by the variable pH and
corrosive environment of the body fluid [20,21]. Closely related to it, calcium-deficient
hydroxyapatite (Ca10-x(PO4)6-x(HPO4)x(OH)2-x, CDHA) shows higher solubility and better
bioresorbable properties, and it can induce the precipitation of bone-like apatite more
efficiently than HA [20–23]. Therefore, by surface-modifying β-phase Ti alloys with CDHA,
it should be possible to produce an implant material with improved mechanical properties
and biocompatibility.

Most electrolyte formulations for CaP electrodeposition consist of calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O) and ammonium dihydrogen phosphate (NH4H2PO4) at
pH = 4–5 [24]. At sufficiently large current densities, corresponding to more negative po-
tentials than the water decomposition, the electrodeposition process involves water/proton
reduction at the cathode (Equations (1) and (2)), which cause pH value variations at its
near-surface regions and, ultimately, the dissociation of dihydrogen phosphate ions via an
acid-base reaction (Equations (3) and (4)):

2H2O + 2e− → H2 ↑ +2OH− (1)

2H+ + 2e− → H2 ↑ (2)
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Depending on the pH value rise, then, the resulting hydrogen phosphate ions (HPO4
2−)

for pH values between 7.2 and 12.3 (Equation (3)) or the phosphate ions (PO4
3−) for

pH > 12.3 (Equation (4)), precipitate together with Ca2+ and OH− ions on the cathode,
yielding the above-mentioned CaP phases [24]. The eventual precipitation of HA is given
as an example in Equation (5):

H2PO−
4 → HPO2−

4 + H+ (3)

HPO2−
4 → PO3−

4 + H+ (4)

5Ca2+ + 3PO3−
4 + OH− → Ca5(PO4)3(OH) (5)

If the current densities are lower, then other species different from water (NO3
− or O2)

contribute to creating the required scenario for CaP precipitation [19]. Note that although
the term “electrodeposition” is frequently utilized in this field, the formation of a coating
does not involve the reduction of ions to their zero-valent state as would be the case with
metal electrodeposition. Instead, the electroreduction of electrolyte species generates the
agents and/or required pH value for subsequent chemical reactions and the precipitation
of CaP phases on the electrode.

Although direct current (DC) electrodeposition has been used to coat metallic sub-
strates with CaP layers, pulse current (PC) electrodeposition shows several advantages.
Local concentrations of calcium and phosphate ions change under DC electrodeposition, es-
pecially for long deposition times, which makes the control of the stoichiometry of the CaP
layer (particularly when HA is targeted) difficult. The introduced resting time enables the
ions to diffuse and restore the initial concentration of the electrolyte in the whole solution.
In addition, the evolved hydrogen gas bubbles under DC become adsorbed onto the surface,
giving rise to porosity and worsening the mechanical properties of the coatings. During the
resting time between the pulses, hydrogen bubbles can migrate from the working electrode,
allowing for a more homogeneous and dense deposition of the CaP [15,18].

In the present work, with the objective of following the research and experimentation
on the fabrication of materials for their possible application as bone implants, a new β-
phase Ti alloy (Ti-18Mo-6Nb-5Ta (wt%)) was synthesized by arc melting, and the surface of
disk-shaped specimens was further coated with CaP-based films by PC electrodeposition.
The mechanical properties of both the base alloy and the resulting calcium-deficient HA
(CDHA) coatings grown on top were studied by nanoindentation and scratch tests. For the
sake of comparison, commercially available Ti-6Al-4V alloy was also coated with CDHA.
Finally, cytocompatibility and cell adhesion of the composite biomaterials were evaluated
using the Saos-2 cell line, and the results were compared with those for the bare alloys
(β-Ti-18Mo-6Nb-5Ta and Ti-6Al-4V).

2. Materials and Methods

2.1. Materials Preparation

Commercial Ti-6Al-4V rod (grade 5-ASTM B348) of 3 mm in diameter was purchased
from Goodfellow Cambridge Limited. The new β-phase Ti alloy was fabricated by adding
the corresponding amounts of titanium (Ti), molybdenum (Mo), niobium (Nb), and tanta-
lum (Ta) to the proposed composition. The pieces of each metal were then placed in a mini
arc-melting system (MAM-1) with an arc-melting generator type Lorch Handy TIG 180 DC
basic plus pumping system HVT 51/G under high vacuum. The material was melted
several times in order to obtain a homogeneous blend, and subsequently, the melted alloy
was forced to enter a cold mold by suction so that 4 mm diameter rods could be obtained
by suction casting.

Both commercial Ti-6Al-4V and crafted Ti-18Mo-6Nb-5Ta (referred also as TiAlV
and TiMoNbTa for simplicity) rods were cut into disks with a thickness of 2.5 mm and
ultrasonically rinsed in ethanol and ultrapure water for 5 min each. Then, the disks were
embedded in a thermoplastic resin for polishing with SiC papers up to 4000 grit. Once the
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disks were extracted from the resin, they were again rinsed in ethanol and ultrapure water,
as mentioned before.

For the deposition of CaP, electrical contacts were welded to the metallic disks with
Sn-Cu wire to be used as working electrodes. The area of the working electrode was
limited by wrapping the disks with Teflon tape, so only their polished faces were available
for electrodeposition. Then, the disks were immersed in an electrolytic vessel containing
100 mL of a solution consisting of 0.042 M Ca(NO3)2·4H2O and 0.025 M NH4H2PO4
(pH = 4.17 at 24 ◦C). The electrolytic vessel was equipped with a thermostat jacket that
maintained the temperature of the electrolytic bath at 65 ◦C with a heating circulator, Julabo
F12. In the electrolytic cell, the reference electrode employed consisted of a double junction
Ag/AgCl with 0.5 M KNO3 outer solution and 3 M KCl inner solution, and a platinum wire
was used as the counter electrode. For the electrodeposition, a PC method was implemented
with varying pulse current densities (jc) of −0.3, −1.8, −5, and −8.2 mA/cm2, and pulse
on and off times of 1 and 2 s, respectively. Although ton and toff values of the order of
minutes are frequently applied in the literature [24], shorter times of 0.5–2 s have also been
used [25–27]. The jc values were selected considering prior literature in the field of CaP
electrosynthesis [15,27]. The number of pulses was adjusted accordingly to have similar
overall charges passing through the system, namely 506 cycles (−0.3 mA/cm2), 167 cycles
(−1.8 mA/cm2), 34 cycles (−5 mA/cm2), and 20 cycles (−8.2 mA/cm2). Note that here the
concept of charge is different from the ‘deposition charge’ used in metal electrodeposition.
Electrodeposition was performed with a potentiostat/galvanostat, Autolab PGSTAT302N.
After electrodeposition, some of the samples were subjected to a NaOH post-treatment for
48 h or 72 h at room temperature and dipped several times in ultrapure water to remove
the NaOH excess afterwards.

2.2. Characterization of Structural, Physical, and Physicochemical Properties

The composition of the TiMoNbTa alloy, as well as the morphology and composition
of the CaP coatings, were studied by field-emission scanning electron microscopy (FESEM)
on a Zeiss Merlin, which was equipped with energy-dispersive X-ray (EDX) spectroscopy
detector. EDX was performed five times throughout the surface of the samples at an applied
voltage of 15 kV, and the mean values are reported. Cuts on the CaP-coated alloys were
made using the FIB technique (FIB, Helios 5 CX, Thermo Fisher Scientific, Waltham, MA,
USA), and SEM (SEM, Helios 5 CX, Thermo Fischer Scientific, Waltham, MA, USA) was
used to image the corresponding coating cross section (and to assess its thickness) with an
ICE detector at 5 kV acceleration voltage.

X-ray diffraction (XRD), nanoindentation, and electrochemical corrosion studies were
performed to study the crystalline phases, mechanical properties, and corrosion behavior,
respectively, of the newly synthesized Ti-based alloy and also of the commercial Ti-6Al-4V,
for comparison purposes. In the same way, XRD was used to analyze the crystallinity of
the CaP-based coatings. XRD patterns were acquired on a Philips X’Pert diffractometer
with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range of 10–100◦ with a step size of 0.026◦.
Phase identification was performed using the ICDD PDF2 database. Where appropriate,
cell parameters, crystal size, and microstrains were determined by Rietveld analysis of the
corresponding XRD patterns.

Nanoindentation experiments were carried out on an Anton Paar TriTec Nanoindenta-
tion Tester NHT2 equipped with a Berkovich pyramidal-shaped diamond tip. A maximum
load of 250 mN was applied to a 5 × 5 array on the surface of the sample. The reduced
Young’s modulus (Er) and hardness (H) were derived from the initial part of the unloading-
displacement curve by applying the method of Oliver and Pharr [28]. The adhesion of the
CaP coatings to the base alloy was evaluated by means of scratching tests on a Nanoinden-
ter XP from MTS equipped with a Berkovich tip, and the results were compared with those
for coatings on commercial Ti-6Al-4V alloy.

For the electrochemical corrosion studies, a disk of 2.5 mm height and 4 mm diameter
constructed from the new Ti alloy (TiMoNbTa) was used as working electrode. The disk
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was embedded in epoxy resin and ground gradually with SiC papers up to 2500 grit,
being ultrasonicated in water after each grinding procedure for a few minutes, to finally
rinse it with ethanol and pure water and leave it to dry in air. For comparison, a disk of
2.5 mm height and 3 mm diameter constructed from Ti-6Al-4V was employed as a reference
material. The electrochemical measurements were then carried out in a double-wall glass
cell in a three-electrode configuration. Thus, a large concave platinum net was used as
counter electrode, while a saturated calomel electrode (SCE = 0241 V vs. SHE) inserted in a
Luggin capillary served as reference electrode. Within the cell, a phosphate-buffered saline
(PBS) electrolyte (140 mM NaCl, 10 mM phosphate buffer, and 3 mM KCl; Merck Millipore,
Burlington, MA, USA) with pH 7.4 at 25 ◦C, was maintained at 37 ± 1 ◦C with the aid of a
thermostat coupled to the outer wall of the cell. The whole setup, comprising the cell and
the electrodes, was controlled by the Solartron SI 1287 Electrochemical Interface. With this,
the corrosion behavior of the TiMoNbTa and the Ti-6Al-4V surfaces were evaluated without
any external load in PBS for 2 h, and the open circuit potential (OCP) was determined.
Taking into account the final OCP, a potentiodynamic polarization scan was subsequently
performed on the working electrode, starting at −50 mV vs. OCP till +2 V vs. SCE, with a
scan rate of 0.5 mV/s. Measurements were performed in duplicate.

2.3. Cytocompatibility Studies
2.3.1. Cell Culture

Human osteosarcoma-derived Saos-2 cells (ATCC HTB-85) were used for the biocom-
patibility analyses. The disks (TiAlV, TiAlV/CaP, TiMoNbTa, and TiMoNbTa/CaP) were
sterilized with absolute ethanol for 30 min and individually introduced into a 24-well plate.
Then, 1 × 105 Saos-2 cells were seeded on top of the disks in each well and cultured in
DMEM (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (ThermoFisher Scientific) under standard conditions (37 ◦C and 5% CO2).

2.3.2. Cell Proliferation and Cell Viability Analysis

Saos-2 cell proliferation was determined by performing an Alamar Blue cell viability
test (Thermo Fisher Scientific, USA) at days 1, 3, and 7 after cell seeding. Briefly, after 24 h of
cell seeding, disks were moved to a new plate in order to discard cells growing at the bottom
of the wells. Fresh medium with 10% Alamar Blue was added, and cells were incubated
for 4 h under standard conditions in the dark. Then, the supernatant was collected, and
200 μL of the solution were transferred to a black-bottom Greiner CELLSTAR® 96-well
plate (Sigma-Aldrich, Saint Louis, MO, USA). Supernatant’s fluorescence was measured
at 590 nm wavelength after excitation at 560 nm on a Spark multimode microplate reader
(Tecan, Männedorf, Switzerland). Fresh medium was added to the cultures, and the assay
was repeated after 3 and 7 days. Fluorescence values at days 3 and 7 were normalized to
values obtained at day 1. Experiments were performed in triplicate.

Cell viability was investigated using the Live/Dead Viability/Cytotoxicity kit for
mammalian cells (Invitrogen, Waltham, MA, USA). To carry out these tests, cells were first
incubated on top of the materials for 3 days (to allow them to grow), and then the assay
was performed following the manufacturer’s protocol. Images from different regions of
the disks were taken using an Olympus IX71 inverted microscope with epifluorescence
capability.

2.3.3. Cell Morphology and Cell Adhesion Analysis

For cell morphology analyses, the same samples used for the cell viability assay were
processed to be analyzed by SEM. Briefly, cells were washed with 0.1 M Sodium Cacodylate
buffer, pH 7.4 (CBS), fixed in 2.5% glutaraldehyde in CBS for 45 min at room temperature
(RT), and washed again twice in CBS. Cell dehydration was performed in a series of
increasing ethanol concentrations (50, 70, 90, and twice 100%) for 8 min each. Finally,
samples were dried using hexamethyldisilazane (HMDS; Electron Microscope Science) for
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15 min. Samples were mounted on special stubs and analyzed using a SEM (Zeiss Merlin,
Jena, Germany) to observe cell morphology.

Cell adhesion was determined through the analysis of focal contacts by actin filaments
and vinculin detection. To perform the immunodetection, cells were washed twice in
PBS 72 h after seeding onto the disks and then fixed in 4% paraformaldehyde in PBS for
15 min at RT. After another PBS wash, cells were permeabilized with 0.1% Triton X-100
(Sigma) in PBS for 15 min and blocked for 25 min with 1% bovine serum albumin (BSA;
Sigma), and 0.5% Tween 20 (Sigma) in PBS at RT. Samples were then incubated overnight
at 4 ◦C with a mouse anti-vinculin primary antibody (Millipore, MAB3574, Burlington,
MA, USA) at 2 μg/mL and washed with blocking buffer. Then, samples were incubated
with a mixture of Alexa fluor 594-conjugated phalloidin (Invitrogen), Alexa fluor 488
chicken anti-mouse IgG (Invitrogen), and Hoechst 33258 (Sigma) for 60 min in the dark
at RT. Finally, cells were washed in PBS, air dried, and mounted on specific bottom glass
dishes (MatTek, Ashland, MA, USA) using ProLong Antifade mounting solution (Life
Technologies, Carlsbad, CA, USA). Immunofluorescence evaluation was performed in
a confocal laser scanning microscope (Confocal Leica SP5, Leica Microsystems GmbH,
Wetzlar, Germany).

2.3.4. Statistical Analysis

All data were quantified with GraphPad Prism 8 (GraphPad Software Inc., San Diego,
CA, USA) and are presented as the mean ± standard deviation. The data from cell prolif-
eration assays were statistically compared using one-way analysis of variance (ANOVA)
with Tukey-Kramer multiple comparison test. A value of p < 0.05 was considered to be
significant. Significance is represented in the figures using an alphabetical superscript on
top of the columns. Values with different alphabetical superscripts mean that they are
significantly different, whereas values with the same alphabetical superscripts are not
significantly different.

3. Results and Discussion

3.1. Fabrication and Characterization of the Ti-18Mo-6Nb-5Ta Alloy

In order to fabricate a potentially non-toxic β-Ti alloy, Mo, Nb, and Ta were selected as
alloying elements due to their ability to stabilize the β phase, excellent biocompatibility,
and low cytotoxicity [5,9,11]. The proposed composition for the new alloy was established
according to the so-called molybdenum equivalency (MoE), which is a useful parameter
for characterizing the β-phase stability [9]. For the selected alloying elements, the MoE is
reduced to Equation (6):

MoE = 1·(wt% Mo) + 0.28·(wt% Nb) + 0.22·(wt% Ta) (6)

Here, Mo is used as a reference, and the constant before the concentration of each
element represents the ratio between the minimum concentration of Mo and the corre-
sponding element to stabilize the β phase. The previous relation was optimized to obtain
a MoE above 10 and, in this way, ensure the stabilization of the β phase. Thus, the final
nominal composition was Ti-16Mo-5Nb-4Ta (wt%).

After the corresponding amounts of each element were placed in the arc-melter and a
rod of the alloy was obtained by Cu mold suction casting, pieces from the top and bottom
of it were cut and analyzed with EDX spectroscopy to confirm the homogeneity of the rod.
As shown in Figure 1a, the weight distributions of the elements between the bottom and
top parts of the rod are very similar, and they correspond to a Ti-18Mo-6Nb-5Ta (wt%)
formulation that is close to the nominal one (Ti-16Mo-5Nb-4Ta). Similarly, several disks (of
about 1 mm thickness) were cut from the rod and were subjected to XRD. A representative
XRD pattern is shown in Figure 1b, together with the XRD pattern of commercial Ti-6Al-4V.
The identified diffraction peaks of TiMoNbTa match well with the β-Ti (bcc) phase, which
confirms the successful fabrication of an alloy with the desired crystal structure. No other
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diffraction peaks were observed, contrary to Ti-6Al-4V, where a mixture of α and β phases
was found.

Figure 1. (a) Pie charts of the elemental content in wt% at the bottom and top parts of the casted
TiMoNbTa rod. (b) XRD patterns of TiAlV base alloy (black curve) and TiMoNbTa (red curve).
(c) Load-unload nanoindentation curves for TiMoNbTa and commercial TiAlV alloys. (d) Potentiody-
namic polarization curves for TiMoNbTa and TiAlV in PBS solution at 37.5 ◦C.

Further, the mechanical properties of the new alloy (as well as those of the commercial
Ti-6Al-4V) were measured by nanoindentation. Representative curves of the loading and
unloading processes recorded during nanoindentation are shown in Figure 1c. Both the
reduced Young’s modulus (Er) and hardness (H) values were determined from the obtained
data and compared between each other and with those reported in the literature for bone
(see Table 1).
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Table 1. Reduced Young’s modulus, hardness, and H/Er, H3/Er
2, UEl/UTot and UPl/UTot ratios

experimentally determined by nanoindentation for the newly synthesized Ti-18Mo-6Nb-5Ta and
commercial Ti-6Al-4V alloys. Bibliographic data for diaphyseal femoral bone are also given for the
sake of comparison.

Bone [2] Ti-18Mo-6Nb-5Ta Ti-6Al-4V

Er (GPa) 11.4–21.2 79.0 ± 3.0 106.0 ± 1.0
H (GPa) 0.23–0.76 3.40 ± 0.10 4.20 ± 0.1

H/Er 0.02–0.036 0.044 ± 0.002 0.040 ± 0.001
H3/Er

2 (GPa) 0.0001–0.001 0.0070 ± 0.0010 0.0068 ± 0.0005
UEl/UTot – 0.231 ± 0.010 0.233 ± 0.004
UPl/UTot – 0.77 ± 0.02 0.77 ± 0.01

It can be seen that the new alloy has a considerable hardness (3.4 GPa), albeit one
that is lower than that of commercial Ti-6Al-4V (4.2 GPa). The hardness for commercial
Ti-6Al-4V is in agreement with the values reported in the literature, namely, 3.6–5.0 GPa,
depending on the batch and experimental conditions [1,29]. More importantly, the new
alloy also possesses a significantly lower reduced Young’s modulus (79 GPa) than Ti-6Al-4V
(106.1 GPa), showing a reduction of almost 25% in this property. This is expected from
the lower Er of the β-Ti phase compared with the α-Ti phase. The new elastic modulus is
thus closer to the range in which this property varies for the bone. This feature is highly
beneficial since it reduces the stress shielding effect caused by a marked difference between
the modulus of the bone and the implant, preventing the development of symptoms related
to osteoporosis, detachment, and failure of implants, and avoiding revision surgeries [30].
Interestingly, the H/Er ratio (plasticity index), which is taken as an indirect estimate of
the wear resistance of a material [31], is slightly higher for the new alloy. This means
that the Ti-18Mo-6Nb-5Ta alloy would offer good resistance to wear and abrasion when
subjected to repeated cyclic loads or strains, thereby ensuring its long-term success as an
implant [32]. The proxy H3/Er

2 represents the resistance to plastic deformation, and, as a
first approximation, a material with a larger H3/Er

2 is less likely to be plastically deformed
and should therefore have higher toughness. According to the values gathered in Table 1,
the Ti-18Mo-6Nb-5Ta alloy has slightly higher toughness than commercial Ti-6Al-4V. Finally,
the energy ratios are similar for both alloys, in particular the UPl/UTot, suggesting that they
are able to withstand a similar amount of plastic deformation.

Figure 1d shows the potentiodynamic polarization curves of both the new Ti alloy and
commercial Ti-6Al-4V in PBS at 37 ◦C. Both alloys offer similar corrosion resistance in PBS,
yielding close corrosion potential values (−0.341 V and −0.297 V vs. SCE for Ti-6Al-4V
and Ti-18Mo-6Nb-5Ta, respectively). Corrosion current densities are well below 1 μA/cm2,
revealing very low free corrosion and metal ion release. In turn, passive current densities are
in the range of 2.2–4.0 μA/cm2. Therefore, it can be concluded that the corrosion resistance
of Ti-18Mo-6Nb-5Ta is similar to that of the widely established Ti-6Al-4V material.

3.2. Electrodeposition of CaP Coatings and Their Characterization

Once the base alloy was successfully produced, disk-shaped specimens were coated
with CaP by PC deposition. For comparison purposes, the Ti-6Al-4V was also coated with
CaP under the same experimental conditions. Figure 2 shows the detail of a potential-time
(E-t) transient recorded during the deposition of CaP onto the Ti-18Mo-6Nb-5Ta base alloy.
During the ton, the potential (E) shifts towards more negative values, while E relaxes and
approaches the open circuit potential during toff. Notice that E at ton = 1 s varies between
−1.0 and −1.8 V vs. Ag/AgCl, and hence, reduction of water at values more negative
than −1.5 V most likely occurs in our case. According to Eliaz [33], having achieved
some nucleation already at −842 mV vs. SCE, potentials below −1.26 V vs. SCE were
required to promote HA growth on Ti-6Al-4V substrate when potentiostatic deposition
from an electrolyte containing 0.61 mM Ca(NO3)2 and 0.36 mM NH4H2PO4 at pH = 6 was
attempted. Although it is not strictly comparable with a galvanostatic pulse deposition
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scheme, potentiostatic (current-time) transients recorded during the DC deposition of HA
on a glassy carbon electrode were associated with the nucleation and growth of deposits
on a conducting surface [34], wherein the current density shifted towards more negative
values as the applied potential was made more negative.
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Figure 2. E-t transient recorded during last cycle at the indicated PC densities. Data acquisition was
performed in steps of 0.5 s. ton and toff times applied were 1 and 2 s, respectively, and the overall
charge (Q) was kept constant for every deposition (0.5 C/cm2). The electrolyte solution (100 mL)
contained 0.042 M Ca(NO3)2·4H2O and 0.025 M NH4H2PO4.

Figure 3 shows the SEM images of the CaP coatings obtained at varying jc values. The
morphology of the coatings changed from belt- to flake-like as jc was made more negative,
i.e., −0.3, −1.8, and −5 mA/cm2 (Figure 3a–c). The insets show magnified details of the
coating morphology, in which the formation of a belt network or grass-like morphology is
appreciated. In parallel, the Ca/P ratio increased from 1.2 to 1.3. Further increase of the
current density to −8.2 mA/cm2 caused the precipitation of oxyhydroxides, likely due
to local variation of the pH value caused by intensified hydrogen coevolution, without
bringing about a notorious increase in the Ca/P ratio. The mean Ca/P ratios varied between
1.28 and 1.40 (Figure 4). A representative EDX spectrum of an as-deposited CaP coating
is given in Figure 5a. The pattern shows that both the element peaks originated from the
coating layer and the alloy underneath. Considering that the spectra had enough counts and
that the Ca and P peaks are isolated, the minimum detectable mass for elements with Z > 11
can ideally be as low as 0.02% wt. In practice, the detection limit of EDX in modern SEMs
is about 1–2% wt. for light atoms, as it is in the case of calcium and phosphorous [35,36].
Hence, the estimated Ca/P ratios must be taken with caution, although the trends are
meaningful.

116



J. Funct. Biomater. 2023, 14, 94

 

Figure 3. SEM images of CaP coatings deposited on the TiMoNbTa alloy by PC with Q = 0.5 C/cm2

and (a) jc = −0.3 mA/cm2, (b) jc = −1.8 mA/cm2, (c) jc = −5 mA/cm2, and (d) jc = −8.2 mA/cm2.
ton and toff times applied were 1 and 2 s, respectively. The electrolyte solution (100 mL) contained
0.042 M Ca(NO3)2·4H2O and 0.025 M NH4H2PO4.

Figure 4. Ca/P atomic ratio in the as-prepared (no NaOH post-treatment) and NaOH-treated coatings
produced at different jc values and similar overall charge (−Q = 0.5–0.8 C/cm2). The electrolyte
solution (100 mL) contained 0.042 M Ca(NO3)2·4H2O and 0.025 M NH4H2PO4.
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Figure 5. EDX spectra of CaP coatings deposited on the TiMoNbTa alloy by PC at jc = −1.8 mA/cm2,
ton = 1 s, toff = 2 s, and Q = 0.8 C/cm2 in (a) as-deposited state and (b) after immersion in 0.1 M NaOH
for 48 h.

A powerful strategy that has been considered to promote the formation of HA is an
alkaline post-treatment [15], e.g., a post-synthesis immersion in NaOH solution. Since the
growth of HA requires an excess of OH− ions, such alkaline treatment will supply the
sufficient OH− concentration, which in combination with Ca2+ and PO3−

4 will result in the
transformation of intermediate CaP phases into HA [15]. The Ca/P ratios determined by
EDX of coatings that were immersed in NaOH 0.1 M for different time periods (48 and 72 h)
after electrodeposition at varying current densities are summarized in Figure 4.

It is evident that the post-treatment with NaOH can successfully increase the Ca/P
ratio of the as-deposited samples (see Figures 4 and 5). However, higher values of the Ca/P
ratio are obtained with 48 h of immersion, while after 72 h this ratio tends to decrease.
According to several authors, the increase observed at 48h could be explained by the
release of Ca2+ and PO3−

4 ions from the as-deposited coatings when they are soaked in the
alkaline solution. These ions would combine with the OH− ions present in solution to yield
the HA phase [10]. The decline in the Ca/P ratio at higher immersion times suggests a
redeposition of the Ca2+ and PO3−

4 onto the coating. For the samples grown at jc of −1.8 and
−8.2 mA/cm2 values, the Ca/P ratio can be as high as ~1.47. Notice the relative increase
in the peak intensity for Ca, which in turn will increase the Ca/P ratio in Figure 5b. These
values match those of CDHA, whose Ca/P can range, according to the literature, from
1.33 up to 1.67 [20]. The CDHA is characterized by higher solubility and consequently more
bioactivity than the HA phase [20,37], and it has improved bioresorbable abilities, which
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stimulate a strong interaction and attachment to the bone thanks to a quick resorption [21].
The increase in Ca/P ratio upon alkalinization treatment for 48 h is accompanied by a
change in the on-top morphology of the coatings (Figure 6a,b). Namely, the leaves become
wider and adopt a more flower-like structure.

 

Figure 6. SEM images of CaP coatings deposited on the TiMoNbTa alloy by PC at jc = −1.8 mA/cm2,
ton = 1 s, toff = 2 s, and Q = 0.8 C/cm2 in (a) as-deposited state and (b) after immersion in 0.1 M NaOH
for 48 h, and (c) corresponding XRD patterns. The theoretical pattern for HA is shown in blue at the
bottom.

The crystal structure of these coatings was studied by XRD (Figure 6c). The patterns
show characteristic peaks for the base alloy and less intense peaks ascribed to the CaP
coatings. Although the differences in the patterns for the coatings were quite subtle, on
the sample without NaOH post-treatment, the peaks could be attributed to a mixture of
different CaP phases: CDHA, monocalcium phosphate monohydrate (Ca(H2PO4)2), and
calcium diphosphate (Ca2O7P2). Meanwhile, all the peaks in the pattern of the NaOH-
treated coating could be attributed to the CDHA phase. By performing a Rietveld analysis
of the XRD pattern of the NaOH-treated coating, the cell parameters, crystal size, and
microstrains of both the base alloy and the CDHA coating were determined and are
summarized in Table 2.
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Table 2. Cell parameters, crystal size, and microstrains determined by Rietveld fitting of the XRD
pattern of NaOH-treated coating deposited on the TiMoNbTa substrate shown in Figure 6c.

Material a (Å) c (Å) Crystal Size (nm) Microstrains

Ti-18Mo-6Nb-5Ta
(β phase) 3.2632 – >200 5.3·10−4

CDHA
(hcp phase) 9.2911 6.8540 16 11.8·10−4

The cell parameter for the base alloy is a = 3.2632 Å and it is microcrystalline (crystal
size well beyond 200 nm). Meanwhile, the CDHA coating is nanocrystalline, and the
microstrains are rather low considering the deposition method used. In some reports [38]
on stoichiometric hydroxyapatite, a has been determined to be 9.18 Å, which is lower than
the values obtained from the Rietveld fitting of the experimental patterns. This difference
might be explained by the deficiency of Ca ions in the hexagonal unit cell [38].

In order to determine the thickness of the CDHA coatings on the Ti alloys, specimens
were cut using a FIB. The corresponding SEM pictures are shown in Figure 7, where the
average thickness is about 5 μm. In the cross-section SEM images, the overall porous
structure of the CDHA can be observed, with pore sizes that vary along depth, from a few
nm close to the substrate to μm-sized pores at the upper parts of the films, starting at the
interface with the alloy with a more compact morphology and evolving toward a more
open structure with larger plate-like features [25]. Note that the flaky morphology observed
by SEM in Figure 6b corresponds to the top part of the cross-section view in Figure 7.

Figure 7. FIB cuts of CDHA coatings grown at jc = −1.8 mA/cm2, ton = 1 s, toff = 2 s, and
Q = 0.8 C/cm2, followed by an NaOH treatment for 48 h, on (a) Ti-18Mo-6Nb-5Ta and (b) Ti-6Al-4V
alloys.

Scratch tests were also performed on the Ti-6Al-4V and the new alloy, both coated
with CDHA, as shown in Figure 8. First, the friction force scales linearly with the scratch
distance (Figure 8a). The slightly lower frictional forces for the CDHA-coated TiMoNbTa
material are likely not significant considering that the deposited CDHA is similar from the
morphological and structural standpoints. Importantly, no critical load was determined
to cause adhesive failure of the coatings within the explored force range. The penetration
depth increases with the scratch distance and reaches 5 μm at approximately 200 μm of
scratch distance (Figure 8b). Further recorded penetration depths of around 8 μm might
suggest local failure. Hence, the behavior of the coating on the new alloy upon loading
follows quite the same trend as that on the commercially used Ti-6Al-4V, which indicates a
similar adhesion of the CDHA to the substrate.
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Figure 8. Representative (a) friction force and (b) penetration depth vs. scratch distance for the
CDHA-coated Ti-18Mo-6Nb-5Ta and Ti-6Al-4V alloys using the optimized conditions of Figure 7.

3.3. Cytocompatibility of CaP-Coated and Uncoated Alloys

The cytocompatibility of the materials was assessed by cell viability, cell proliferation,
cell morphology, and cell adhesion analyses. Cell viability analysis determines if direct
cell contact with the alloys produces a toxic effect (i.e., a decrease in the number of live
cells), whereas cell proliferation analysis allows to assess whether cells cultured on top of
the alloys can grow (i.e., increase in number over time).

A Live/Dead kit was used to determine the cytotoxicity of four different samples:
TiAlV and TiMoNbTa substrates, plus the previously optimized coated ones, namely,
TiAlV/CaP (where “CaP” refers to the CDHA coating) and TiMoNbTa/CaP (where “CaP”
also refers to the CDHA coating). As shown in Figure 9a, none of the materials proved to be
toxic, as a high number of live cells were observed growing on all the disks’ surfaces after
3 days in culture. Although no quantitative analyses were performed, images revealed a
slightly higher number of cells on top of the TiAlV/CaP and TiMoNbTa/CaP alloys when
compared with their counterparts without CaP. Furthermore, in all samples, only a few
cells were stained red, meaning that none of the materials is cytotoxic.
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Figure 9. Cytocompatibility of TiAlV, TiAlV/CaP, TiMoNbTa, and TiMoNbTa/CaP alloys. (a) Cyto-
toxicity measured on Saos-2 cells after 3 days in culture using the live/dead kit. Live and dead cells
appear in green and red, respectively. Yellow arrows point to dead cells. (b) Proliferation of Saos-2
cells grown at 1, 3, and 7 days in culture. Results were normalized by day 1. Different superscripts
on top of the columns denote significant differences (p < 0.05) among the materials at the same time
point.

The proliferation of Saos-2 cells cultured on the different samples was assessed on
days 1, 3, and 7 after seeding. Results of the metabolic activity were normalized with
respect to the values for day 1 and compared among materials at each time point. As shown
in Figure 9b, the proliferation of cells growing on TiMoNbTa (without and with CaP) alloys
was higher than that of cells growing on TiAlV at day 3. Furthermore, after 7 days, CaP
coating of both TiAlV and TiMoNbTa resulted in higher cell proliferation when compared
with alloys without CaP coating. The results of the Alamar Blue seem to be in agreement
with the live/dead kit results, confirming that the new TiMoNbTa alloy is good in terms of
cell proliferation.

Ti-6Al-4V alloys have long been used as standard bone implant materials because
of their excellent reputation for corrosion resistance and biocompatibility. Nonetheless,
the long-term performance of these alloys has raised some concerns due to the release of
aluminum and vanadium from the alloy [39]. The results here presented are in agreement
with those of other authors who have shown that Ti-6Al-4V exhibits good biocompatibil-
ity [40]. Furthermore, our results show that the newly developed Ti-18Mo-6Nb-5Ta allows
increased cell proliferation while avoiding the use of aluminum and vanadium.

Alternatively, SEM analysis of osteoblasts grown on the different samples showed
that cells were randomly distributed on their surfaces after 3 days of culture (Figure 10).
Regarding cell morphology, we observed that on all the alloys, cells presented a flattened
polygonal morphology with cytoplasmic extensions in different directions. Thus, differ-
ences in wettability between uncoated and CaP-coated alloy surfaces do not appear to
interfere with cell adhesion.
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Figure 10. Scanning electron microscope images of human Saos-2 cells cultured for 3 days on TiAlV,
TiAlV/CaP, TiMoNbTa, and TiMoNbTa/CaP alloys.

Cell adhesion to the alloys was confirmed through immunofluorescence analysis of
vinculin and stress fibers (actin). These analyses showed that Saos-2 cells were completely
adhered to the samples’ surfaces after 3 days of culture (Figure 11), corroborating the results
obtained by SEM, and were able to establish focal contacts. Cells presented well-defined
stress fibers, crossing the totality of the cell’s cytoplasm and ending in focal contacts. Most
of the stress fibers were found in parallel, and some of them were found without a defined
orientation.

According to the results obtained in the cell proliferation, viability, morphology, and
adhesion analyses, both TiAlV and TiMoNbTa alloys, with and without CaP coating, are
biocompatible. As reviewed by Kolli et al. [9], β-Ti derived alloys present good mechanical
and biocompatibility properties, which, according to our results, are both true for TiAlV
and TiMoNbTa alloys.

In addition, the surface coating with CaP provides better results over both alloys in
terms of cell proliferation when compared with the non-coated ones. CaP has been demon-
strated to be a good biocoating for enhancing bone growth in osteogenic materials [41,42],
and in the present work, we show that both alloys could benefit from the addition of a CaP
in the CDHA structure later at the surface. Furthermore, our results suggest that the use of
TiMoNbTa/CaP would provide better osseointegration than TiAlV/CaP.
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Figure 11. Saos-2 cells adhered to the surfaces of the TiAlV, TiAlV/CaP, TiMoNbTa, and TiMo-
NbTa/CaP after 3 days in culture. Stress fibers (actin; red), vinculin (green), and nuclei (DNA; blue)
can be observed.

4. Conclusions

A new β-Ti alloy (Ti-18Mo-6Nb-5Ta (wt%)) with non-toxic alloying elements was
successfully fabricated by arc melting, using the MoE as a predictive tool to obtain the
desired β-phase. The resulting alloy showed improved mechanical properties, maintaining
a high hardness (3.4 GPa) and lowering its reduced Young’s modulus (79 GPa) by almost
25% in comparison with the value for the commonly used Ti-6Al-4V (106 GPa). This, in
combination with the biological advantages provided by the replacement of Al and V
with Mo, Nb, and Ta as documented in literature, pointed out the need for fabrication of
a superior β-Ti alloy. Simultaneously, the corrosion behavior of PBS was similar to that
of Ti-6Al-4V. The potential integration of the alloy into the bone was further enhanced
by the functionalization of its surface with a CaP coating produced by electrodeposition.
Structural characterization (SEM, EDX, XRD, FIB, and scratching tests) confirmed the
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formation of a nanocrystalline CDHA coating with a plate/flower-like morphology, a
Ca/P ratio of 1.47, a thickness of 5 μm, and good adhesion to the substrate. Finally, the
cytocompatibility of the new alloy, uncoated and coated with CDHA, was also assessed by
means of cell viability, cell proliferation, cell morphology, and cell adhesion analyses. The
results indicated that the bare alloy and the composite material, i.e., TiMoNbTa/CDHA, do
not produce a toxic effect since cells attach well to their surfaces, forming anchor points
across the area with good morphology. Additionally, the proliferation analysis showed that
the growth rate of cells is higher when cultured on the newly fabricated TiMoNbTa alloy
than on the commercial TiAlV, and this rate increased further when the material was coated
with CDHA, suggesting a higher capacity to promote bone regeneration and growth.
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Abstract: The present study investigated early interactions between three alloplastic materials (cal-
cium phosphate (CaP), titanium alloy (Ti), and polyetheretherketone (PEEK) with human whole
blood using an established in vitro slide chamber model. After 60 min of contact with blood, coagula-
tion (thrombin–antithrombin complexes, TAT) was initiated on all test materials (Ti > PEEK > CaP),
with a significant increase only for Ti. All materials showed increased contact activation, with the
KK–AT complex significantly increasing for CaP (p < 0.001), Ti (p < 0.01), and PEEK (p < 0.01) while
only CaP demonstrated a notable rise in KK-C1INH production (p < 0.01). The complement system
had significant activation across all materials, with CaP (p < 0.0001, p < 0.0001) generating the most
pronounced levels of C3a and sC5b-9, followed by Ti (p < 0.001, p < 0.001) and lastly, PEEK (p < 0.001,
p < 0.01). This activation correlated with leukocyte stimulation, particularly myeloperoxidase release.
Consequently, the complement system may assume a more significant role in the early stages post
implantation in response to CaP materials than previously recognized. Activation of the complement
system and the inevitable activation of leukocytes might provide a more favorable environment for
tissue remodeling and repair than has been traditionally acknowledged. While these findings are
limited to the early blood response, complement and leukocyte activation suggest improved healing
outcomes, which may impact long-term clinical outcomes.

Keywords: biomaterials; human whole blood; coagulation; complement; calcium phosphate

1. Introduction

Today, the majority of reconstructive surgical procedures involve the use of various
alloplastic materials, ranging from the rigid fixation of bone fractures using different tita-
nium constructs to the filling of bony cavities with calcium-phosphate-based bone cement.
The application of these diverse materials is dependent on their interfacial properties
and subsequent interactions with cells and biological fluids, such as blood [1–3]. Post
implantation, blood proteins and platelets immediately adhere to the material’s surface,
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consequently altering the blood clotting pathway. Coagulation occurs through surface-
mediated reactions or tissue factor expression on cells [1,4,5]. Surface-mediated reactions
(intrinsic pathway) occur via biomaterial surface interaction between coagulation factor
XII (FXII) and prekallikrein, whereas tissue factor (extrinsic pathway) originates from pro-
teins released from damaged tissue or expressed on activated immune (e.g., monocytes)
and endothelial cells’ surfaces. The two pathways remain distinct until Factor X activa-
tion, which directs thrombin and fibrin production, culminating in clot formation [6,7].
Additionally, platelet activation is initiated by platelets adhering to the blood protein
layer that develops on the biomaterial surface after implantation [1,6] Existing evidence
suggests that specific coagulation factors and activated platelets are also involved in the
activation of the complement system, [2,3,7,8], consequently creating a communication
link between the coagulation and complement systems [4,5,9–11]. This crosstalk results
in blood-mediated thromboinflammation, which has demonstrated beneficial effects on
regeneration by promoting the homing of leukocytes near the biomaterial implant. This
supports the immune cells, such as monocytes, in switching to pro-inflammatory (M1) or
pro-regenerative (M2) phenotypes based on the cellular signals of the surrounding tissue
under favorable conditions [12]. The nature and intensity of this acute response are crucial
for promoting (or inhibiting) healing. Blood clotting and biomaterial interfacial properties
significantly influence compatibility and tissue healing [13–17].

The pivotal function of blood in bone tissue regeneration is highlighted in a study
by Thor [18], which demonstrates that blood clots on dental implant surfaces undergo
conversion into bone. Nonetheless, the mechanism of action underlying the interaction
between whole blood and biomaterials, particularly during the initial stages, has yet to be
fully understood.

In this study, we focus on the initial stages of material–blood interaction by exposing
three disc-shaped replicas of craniomaxillofacial implants constructed from polyether
ether ketone (PEEK), titanium alloy (Ti), and triphasic calcium phosphate (CaP) to freshly
collected human whole blood in an established in vitro slide model. The aim is to provide
insights into how the early interaction between these materials and whole blood can
contribute to their varying capabilities to promote in situ healing.

2. Materials and Methods

2.1. Material Manufacturing

Medical-grade polyether ether ketone (PEEK) (Batch #6190394, ESSDE AB, Uppsala,
Sweden), titanium (Ti) medical-grade 5, alloy Ti6Al4V (Lot # 01-958, Livallco stål AB,
Stenkullen, Sweden), and triphasic calcium phosphate (CaP) (produced according to the
process outlined by Gallinetti et al. [19]) were used. Each material was shaped into discs
with a diameter of 16 mm and a height of 5 mm. The discs made from Ti and PEEK discs
were cut from rods of the same diameter, polished with silicon carbide paper, and then
subjected to an ultrasonic cleaning procedure to remove any residual particles. The discs
underwent autoclaving for 20 min at a temperature of 121 ◦C (Autoclave Nüve OT 23B,
Biotechlab, Sofia, Bulgaria). The CaP discs were prepared and supplied by OssDsign AB,
Uppsala, Sweden. As experimental controls, polyvinylchloride (PVC) slides were used to
ensure adequate heparinization and experimental reproducibility. The PVC slides were
sterilized for 60 min at no less than 60 ◦C using 5% amoniumperoxidesulphate (APS).

2.2. Material Characterization
2.2.1. Surface Morphology

The surface morphology of the materials was visualized using scanning electron
microscopy (SEM, Zeiss Merlin, Oberkochen, Germany). To acquire high-quality SEM
images, the following steps were performed. First, the samples underwent vacuum drying
at 60 ◦C for 2 h prior to analysis to guarantee their complete dryness. Second, before
observation, the samples were secured to the sample holder using carbon tape, silver tape
was applied to the sides, and a Au-Pd coating was deposited on the surface to prevent
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charging during analysis. The sputter coating process utilized a Polaron SC7640 Sputter
Coater (Thermo VG Scientific, Waltham, MA, USA) with a voltage of 2 kV and a current of
20 mA, operating for a duration of 60 s.

2.2.2. Wettability

The materials’ hydrophilic or hydrophobic properties were assessed using water
contact angle measurements, employing both sessile drop tests with ultrapure water and
captive bubble methods. A macro contact angle meter (DM-CE1, Kyowa, Japan) with
appropriate software (FAMAS, Kyowa, Japan) was used to perform the wettability tests
and calculate the contact angles. The contact angle (θ) was defined as the angle between the
solid phase and the liquid phase as described [20]. Prior to the contact angle experiments
all materials were cleaned in water and dried in a desiccator. For the sessile method, a 2 μL
drop of ultrapure water was dispensed on the surface of the tested sample. With the captive
bubble method, the sample was immersed in water in a small container and a bubble of air
was formed underneath the surface of the tested sample [21]. In both methods, the contact
angles were calculated through the first 20 s of contact of the fluid with the tested surface
to describe the dynamic wettability response. Three measurements were performed for
each type of sample material.

2.3. Study Design

An in vitro slide chamber model developed by Hong et al. [22] was used to investigate
the interaction between whole blood and the materials under investigation. In brief, we
collected 1.3 mL of blood from seven healthy donors and transferred it to a two-well
heparinized slide chamber with the same diameter as the prepared materials’ discs. Every
material tested was subjected to the blood from each individual donor. The heparin-coating
of the chamber surfaces allows blood contact to occur without artificial activation of the
coagulation cascade. Subsequently, the materials were placed atop each well chamber
pre-filled with human whole blood and secured with a clip. The closed chambers were
then incubated for 60 min under rotation on a wheel at 20 rpm in an incubator at 37 ◦C.

At time point 0 min, 1 mL of fresh human blood was collected from each donor into
ethylenediaminetetraacetic acid (EDTA) containing tubes at a final concentration of 4 mM,
to serve as the baseline sample. Each experiment was carried out seven times using the
two-well setup (i.e., fourteen surfaces tested per material) as depicted in Figure 1. None of
the investigated materials underwent pre-treatment or received the addition of exogenous
growth factors.

Figure 1. Schematic design setup of the whole blood chamber model. (A) Blood was drawn from
healthy human donors, followed by the addition of 1.3 mL of fresh blood to each well of 2-well blood
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chambers. (B) Two samples of each material were introduced to the 2-well chambers just prior
to (C) securely sealing the chambers using heparinized ethylene propylene o-rings and a clip.
(D) Thereafter, the chamber was positioned on a rotating wheel at 37 ◦C for 60 min. (E) One mL of
blood from each well was immediately collected and analyzed both before and after incubation, while
the remaining blood was centrifuged, rapidly frozen, and stored at −80 ◦C for subsequent analysis.

2.4. Heparinization and Blood Collection

The tubes and tips used in the blood experiments as well as the slide chamber were
coated with the Corline heparin surface (Corline Systems AB, Uppsala, Sweden) according
to the manufacturer’s recommendation. This resulted in a double-layered heparin coating,
exhibiting a binding capacity of 12 pmol/ cm2 antithrombin, as previously described by
Andersson et al. [23].

Human whole blood was collected from healthy adult donors who had abstained from
taking any medication known to impact blood coagulation (e.g., ibuprofen and aspirin) for
at least two weeks. During blood collection, the blood was partially heparinized through
the use of 50 mL of Falcon tubes with 100 IU/mL heparin (LEO Pharma, Malmö, Sweden),
resulting in a final concentration of 0.25 IU of heparin per ml of blood to partially inhibit
blood coagulation. Blood was used within 20 min after collection at room temperature.

Informed consent was obtained from all blood donors prior to the experiment. Ethical
approval was obtained from the regional ethics committee, with reference number 2008/264.

2.5. Processing of the Blood Samples

For each material, the fluid phase of the blood was collected into tubes containing
ethylenediaminetetraacetic acid (EDTA) at a final concentration of 4 mM and subsequently
processed for platelet count. The supernatants were analyzed with enzyme-linked im-
munosorbent assays (ELISA) for myeloperoxidase (MPO) and eosinophil peroxidase (EPX)
release, coagulation, and complement and kallikrein–kinin markers.

Due to the porous nature of the CaP material, a reduction in the fluid phase was
anticipated for the CaP material; therefore, all measured values were normalized based on
the observed volume reduction. No pretreatment of the CaP material, such as saturation
with saline solution or an equivalent, was performed prior to the study. This choice was
made to mimic clinical use and prevent the introduction of potential confounding factors.

2.6. Analytical Procedures
2.6.1. Macroscopic Visualization of Blood Interactions

Following 60-min incubation in the in vitro model, macroscopic evaluation of blood
clotting was conducted for each material surface included in the study. The CaP discs were
also sectioned using a scalpel to gross examine the internal structure. The results were
captured in photographs.

2.6.2. Platelet Count

Baseline samples were collected at 0 min and the residual whole blood was mixed
with EDTA at a final concentration of 4 mM. Platelet count was determined with the use
of a hematology analyzer (Sysmex XP-300® Corporation, Kobe, Japan). Thereafter, the
samples were centrifuged at 4500× g for 15 min at 4 ◦C to collect plasma for subsequent
analysis. The plasma samples were stored at −70 ◦C until analysis and were measured
in duplicate.

2.6.3. Coagulation and Contact Markers

Thrombin–antithrombin (TAT) was analyzed quantitatively, as an indicator of coag-
ulation activity. Anti-human thrombin pAb was used for capture and HPR-conjugated
anti-human antithrombin pAb was used for detection (Enzyme Research Laboratories,
South Bend, IN, USA). A standard pooled human serum diluted in working buffer served
as a standard for TAT, in an in-house sandwich enzyme-linked immunosorbent assay
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(ELISA) for quantification as described earlier [24]. In summary, the capture antibodies
were coated on Nunc Maxisorp ELISA plates (Thermo VG Scientific, Roskilde, Denmark)
using phosphate buffer saline (PBS) and incubated overnight at 4 ◦C. Subsequently, the
plates were blocked with 1% bovine serum albumin (BSA, Sigma Aldrich, Darmstadt,
Germany) and incubated with samples for 60 min while shaking at room temperature. The
plates were then washed with PBS-0.05% Tween (non-ionic surfactant), and biotinylated
detection antibodies were added, followed by 60-min incubation. Subsequently, the plates
were washed for 15 min with streptavidin–horseradish peroxidase (HRP). Tetramethylben-
zidine (TMB, Surmodics, Eden Prairie, MN, USA) was then added until a bright signal was
obtained, at which point the reaction was stopped by adding 1M H2SO4. Absorbance was
measured via spectrometry at 450 nm.

2.6.4. Myeloperoxidase (MPO) and EPX Release

The release of heme-containing enzymes, myeloperoxidase (MPO), and eosinophil
peroxidase (EPX), was measured using MPO (Invitrogen, ThermoFisher Scientific, Vienna,
Austria) and EPX (Mybioscource, San Diego, CA, USA) according to the manufacturer’s
instructions.

2.6.5. Complement Markers

The complement activation markers, the C3a fragment and soluble complexes C5b-9,
were quantified using in-house sandwich ELISA as outlined in Section 2.6.3. Monoclonal an-
tibody (mAb) 4SD17.3 and biotinylated rabbit polyclonal anti-C3a antibody (pAb) Rb-a-Hu
were used for capture and detection, respectively. For the sC5b-9 ELISA, mAb anti-neoC9
(Diatec Monoclonals AS, Oslo, Norway) was used for capture, while anti-C5 pAb (Biosite
BP373, Täby, Sweden) followed by SA-HRP (GE Healthcare, RPN1231V, Uppsala, Sweden)
served as detection. Standards were prepared from Zymosan-activated serum calibrated
against commercially available kits (MicroVue, Quidel Corp., Santa Clara, CA, USA).

2.6.6. Kallikrein–Bradykinin (KK) Markers

Kallikrein in complex with the C1-inhibitor and anti-thrombin was quantified using an
in-house sandwich ELISA. For the Kallikrein-C1 inhibitor (KK-C1Inh) and Kallikrein- anti
thrombin (KK-AT) complex ELISA, sheep anti-human prekallikrein was used for capture
and either biotinylated denatured anti-C1Inh antibody (alpha-antitrypsin purified) or HPR-
conjugated anti-human antithrombin pAb was used for detection. Premade KK–C1inh
complexes diluted in plasma were used as a standard for quantification.

2.7. Statistical Analysis

All statistical analyses were performed with Prism 9.4.1 (458) for Mac OS X, GraphPad
Software Inc. (Boston, MA, USA). The results are expressed as mean + standard deviation
(SD), unless stated otherwise. Outliers were identified using the nonlinear-regression-based
method (ROUT) and removed. Subsequently, the statistical significance was calculated
using a one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. The
significance levels were set at p ≤ 0.05.

3. Results

3.1. Surface Topography Visualization

Scanning electron microscopy (SEM) unveiled clear differences in the surface topogra-
phy among the studied materials (Figure 2A–C).
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Figure 2. Scanning electron microscopy (SEM) images of the (A) calcium phosphate (CaP),
(B) titanium alloy (Ti), and (C) polyetheretherketone (PEEK) disc surfaces examined in this study.
Magnification of the top-left SEM images—10.00 kx for (A,B), and 5.00 kx for (C). Magnification of
the central images—30.00 kx for (A–C).

The CaP surface displayed a nanoporous architecture with crystal formations smaller
than one micrometer (Figure 2A). In comparison, PEEK (Figure 2B) and Ti (Figure 2C) both
demonstrated relatively consistent surfaces, similar to those found in commercial implants
with only minor superficial grooves, attributable to the cutting and polishing processes.

3.2. Wettability

The wettability of the tested materials was measured using two different methods:
sessile water drop and captive air bubble (Figure 3A,B).

Figure 3. Assessment of wettability for the investigated materials. (A) Water contact angle mea-
surements for calcium phosphate (CaP), titanium alloy (Ti), and polyetheretherketone (PEEK) ob-
tained through sessile and captive methods. (B) Corresponding contact angle presented as the
mean ± SD (n = 3). n.d.—not determined because of being experimentally inaccessible (see the text
for further information).
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CaP cement is a highly hydrophilic and porous material and thus, measurements
of water contact angles of the cement with the sessile drop method were not possible, as
anticipated. This is because the dispensed water drop was fully spread out on the CaP
surface very quickly after contact (<1 s) and subsequently (in the next 1 s) absorbed in the
bulk of the porous cement (Figure 3A).

Similarly, but unexpectedly, in this case, measurements of contact angle with the
CaP cement using the captive air bubble method were not possible. This was because the
delivered air bubble could not displace the water already in contact with the cement surface,
which is strongly indicative of a highly hydrophilic surface (Figure 3A). The inability of
obtaining quantitative values of water contact angles for the CaP material is noted as n.d.
in the table shown in Figure 3B.

A surface is considered hydrophilic if the water contact angle is lower than 90◦ (sessile
drop method). Under this definition, all tested materials are hydrophilic materials. CaP
showed the highest hydrophilicity, as presented in the previous paragraph, followed by Ti
and PEEK. The Ti surfaces were mildly hydrophilic (67.9 ± 1.7◦) and the PEEK surfaces
had water contact angles close to the hydrophilic limit (81.3 ± 1.4◦). In the literature, the
contact angle of the Ti alloy with different topographic finishes and untreated PEEK is
between 30–70◦ and 70–90◦, respectively [25,26].

3.3. Highest Coagulation to Ti

Similar to the conditions in an operating room where implant materials are exposed to
the blood of a patient, this study used human whole blood. Following 60-min exposure to
the surfaces at 37 ◦C in rotating chambers (as shown in Figure 1, in the Section 2), the discs
of each material were inspected for coagulation reactions.

The macroscopic evaluation of the different material surfaces revealed strong activa-
tion and adherence of the blood cells and platelets. A dense blot clot was observed on the
Ti surface, whereas PEEK and CaP displayed less dense blood clot formation (Figure 4A).

Figure 4. Coagulation activation after 60 min of contact with the calcium phosphate (CaP), titanium
alloy (Ti), and polyetheretherketone (PEEK) material discs. (A) Representative macroscopic images of
adherent blood cells and/or components with the surface of the materials. (B) Sectioning of CaP after
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60 min of blood contact. (C) Percentage of platelets remaining in terms of initial values measured
prior to contact at time 0 min. (D) The thrombin–antithrombin complex (TAT) compared to the initial
amount (�—the initial values of TAT are above zero, but due to the scale range applied, it is not
visible). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ANOVA with Tukey’s multiple comparisons
test. Data are the average value of two wells/donor represented as the mean ± SEM (n = 13). All
comparisons not presented are non-significant.

The residual platelet percentage indicates the level of platelet activation and adherence
to the materials. Blood samples were obtained prior to exposure, and the initial number
of platelets was determined. All materials demonstrated a significant platelet reduction
compared to the initial quantity (Figure 4C). The CaP and Ti surfaces displayed comparable
values which were significantly lower than PEEK. Blood clot formation for each mate-
rial was confirmed by the generation of the thrombin–antithrombin (TAT) complex. All
material surfaces initiated TAT, albeit at varying levels (Figure 4D). Ti caused significant
production of TAT complexes (525 ug/mL ± 120) compared to the initial values or the
other materials. CaP and PEEK showed low generation of TAT complexes but this was
not significant compared to the initial amount (TAT levels of 77 ug/mL ± 10 for CaP and
192 ug/mL ± 54 for PEEK).

3.4. Highest Activation of Kallikrein–Bradykinin with CaP

The contact activation system is also linked to the kallikrein–bradykinin (KK) system.
Here, the KK–AT complex was significantly induced by CaP (56 ± 9 nM), Ti (47 ± 8 nM),
and PEEK (51 ± 10 nM) compared with the initial levels (Figure 5A). All materials exhibited
an elevation in KK-C1INH production relative to the initial values; however, only CaP
demonstrated a significant increase (144 ± 29 nM) (Figure 5B). Interestingly, the CaP surface
showed the most pronounced increase in both complexes.

Figure 5. Activation of kallikrein–bradykinin (KK) system mediators after 60-min contact with
the calcium phosphate (CaP), titanium alloy (Ti), and polyetheretherketone (PEEK) material discs.
(A) The kallikrein (KK)–antithrombin (AT) complex. (B) The KK–C1–esterase inhibitor complex
(C1- C1Inh). *** p < 0.001; ** p < 0.01. ANOVA with Tukey’s multiple comparisons test. The data are
the average value of two wells/donor represented as the mean ± SEM (n = 12). All comparisons not
presented are non-significant.

3.5. Highest Activation of Complement C3a and C5b-9 Complexes in CaP

The activation of the complement system was also significantly increased in the other
materials, as shown by the values of C3a (497 ug/L ± 69) and sC5b-9 (304 ug/L ± 54) for
Ti and C3a (461 ug/L ± 74) and sC5b-9 (237 ug/L ± 49) for PEEK, as shown in Figure 6A,B,
respectively.
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Figure 6. Complement system activation after 60 min of contact with the calcium phosphate (CaP), ti-
tanium alloy (Ti), and polyetheretherketone (PEEK) material discs. (A) Quantification of complement
component 3 (C3a). (B) Plasma terminal C5b-9 complement complex. **** p < 0.0001, *** p < 0.001,
** p < 0.01, and * p < 0.05. ANOVA with Tukey’s multiple comparisons test. Data are the average
value of two wells/donor represented as the mean ± SEM (n = 13). All comparisons not presented
are non-significant.

3.6. Highest Release of MPO with CaP

Leukocytes play an important role during blood coagulation and healing processes;
hence, the activation of the most prevalent leukocytes and the release of their granule
content were assessed. The focus was placed on two specific types of leukocytes: neu-
trophils and eosinophils, which are involved in the release of both human peroxidases,
myeloperoxidase (MPO) and eosinophil peroxidase (EPX), respectively. Activation of both
cell types and release of their granule content was confirmed by the activity of the human
peroxidases MPO and EPX, as depicted in Figure 7.

Figure 7. Human peroxidase activity after 60 min of contact with the calcium phosphate (CaP),
titanium alloy (Ti), and polyetheretherketone (PEEK) material discs. (A) Quantification of myeloper-
oxidase (MPO) and (B) quantification of human eosinophil peroxidase (EPX). **** p < 0.0001,
*** p < 0.001, ** p < 0.01, and * p < 0.05. ANOVA with Tukey’s multiple comparisons test. Data
represent the average value of two wells/donor represented as the mean ± SEM (n = 10). All
comparisons not presented are non-significant.
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CaP caused a significant release of MPO (34 ± 7 ng/mL), relative to the initial values,
followed by a non-significant increase by Ti (18 ± 4 ng/mL) and PEEK (16 ± 3 ng/mL), as
shown in Figure 7A.

All materials triggered the activation of eosinophils with a significant release of EPX
compared to the initial values (Figure 7B); however, CaP and Ti exhibited comparable effects.

4. Discussion

In the present study, coagulation is most significantly activated by Ti and PEEK,
whereas CaP appears to trigger blood cascades through complement activation. All materi-
als activate leukocytes (EPX and MPO), with CaP inducing the highest neutrophil response
(MPO). It has previously been assumed that (i) a strong trigger for coagulation and (ii)
subsequent activation of platelets are essential to promote healing following the implanta-
tion of metals, alloys, and plastics [6]. These mechanisms were observed for Ti and PEEK;
however, the blood response to the CaP material suggests that complement activation,
rather than an initial strong coagulation and platelet activation, promotes tissue healing.

Ti exhibited the highest coagulation response of all materials studied (Ti > PEEK > CaP),
as demonstrated by thrombin–antithrombin (TAT). CaP had notably low levels of the
coagulation marker, TAT, despite an equal reduction in free circulating platelets in the
blood as Ti at 60 min. Platelets were likely entrapped in the material’s porous structure,
which is supported by the blood stain observed in the sectioned CaP material. This
aspect is particularly important in the context of healing and repair processes, as CaP
could function as a reservoir of growth factors, emphasizing the importance of the blood
clot [13]. When confined within the pores, platelets could gradually release their content
over time, which encompasses a variety of growth factors such as TGF−β, PDGF, VEGF,
and IGF [27]. These growth factors have been shown to influence both angiogenesis and the
differentiation of osteoprogenitor cells, promoting healing [28]. Upon activation, platelets
have also been shown to regulate the production of monocyte cytokines that counteract
inflammatory responses [29].

Beyond porosity, surface wettability influences platelet adherence and, consequently,
blood clot formation [6,30,31]. Wettable surfaces (i.e., hydrophilic) are generally more
favorable to interactions with blood [32]. This largely accounts for the increased clot
formation on Ti and the smaller clot found on PEEK along with the higher and lower
release of TAT, respectively, as anticipated given the surface wettability of the two materials.
Prior findings by Hong et al. support our data demonstrating elevated levels of TAT
associated with Ti surfaces [24,33]. Increasingly hydrophilic Ti surfaces can upregulate the
deposition of the fibrin matrix, leading to more substantial blood clots [24]. In the context
of bone healing, the hydrophilicity of Ti surfaces has been shown to promote proliferation
and osteoblast precursor differentiation, as well as positively regulate angiogenesis, bone
mineralization, and bone remodeling [34]. Interestingly, we found less clotting on the
CaP material compared to Ti despite its high hydrophilicity. This outcome suggests that
factors beyond wettability such as topography, charge, and intrinsic chemical composition
influence blood coagulation, especially for CaP materials.

Another blood cascade tightly interlinked with the coagulation systems is the kallikrein–
kinin system or the so-called contact activation system [35]. Kallikrein production is regu-
lated by two complexes, kallikrein (KK)–AT and –C1INH, which are ubiquitously present
in plasma. Kallikrein has a dual role: first, it interacts with coagulation elements that
activate it, and second, it generates bradykinin in the kallikrein–kinin system. Bradykinin
promotes tissue regeneration and stimulates the migration of various cell types, including
neutrophils, fibroblasts, and endothelial cells among others [36–39]. In our study, CaP
exhibited the highest production of both complexes, followed by PEEK and Ti with no
significant upregulation observed for Ti or PEEK regarding KK–C1INH complexes.

The complement activation was markedly more pronounced with CaP, followed by
Ti and PEEK as indicated by a significant increase in the production of both C3a and C5a
(evidenced by sC5b-9) complement proteins. These findings align with those reported by
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Klein et al. [40], who demonstrated cleavage of C3 with calcium phosphate powders. Given
the reciprocal relationship between contact and complement system activation as shown by
Huang et al. [3], the significant complement system activation could explain the low values
of the coagulation marker TAT seen for CaP, where fewer protein triggers occur in the
clotting cascade. Furthermore, complement system activation has previously been linked
with enhanced healing following trauma. The proteolytic cleavage of complement proteins
C3 and C5 induces a diverse range of cellular responses, such as chemotaxis, cell activation,
and cell adhesion. In preclinical models, C5aR activation by C5a induced strong chemotactic
activity in osteoblasts [41]. Bone cells express complement components, including C3,
C5, and related receptors, and are responsive to C3a and C5a. During bone healing,
these molecules can promote osteoclast formation in a pro-inflammatory environment.
Additionally, C5a promotes strong chemotactic activity in osteoblasts [2,42–45].

For instance, Ehrnthaller et al. [41] showed that mice deficient in C3 and C5 exhibited
significantly reduced bone formation during the early healing phases, highlighting the
complement systems’ importance for successful healing. The calcium phosphate (CaP) used
in this investigation has demonstrated the ability to undergo resorption and replacement
by bone during the healing process in both preclinical and clinical settings. A considerable
presence of osteoblasts has been observed at early and late stages in preclinical models.
Interestingly, minimal osteoclast activity was observed [19,20,46–48]; instead, a moderate
to substantial presence of material-filled macrophages was observed, which are also re-
sponsive to the complement proteins C3a, C5a, and bradykinin [49]. Contrarily, titanium
meshes [19], solid titanium implants, and PEEK have been found to trigger a foreign body
reaction, leading to chronic inflammation that promotes fibrous encapsulation rather than
bone formation [19,25,50].

Furthermore, the complement system is known for its ability to induce immune
cell activation. Leukocytes, such as neutrophils and eosinophils, express receptors for
complements of C3a, C5a, and other complement molecules [49]. Notably, neutrophils
have more C5a receptors, while eosinophils possess a higher density of C3a receptors [51].

In response to various stimuli, leukocytes can release a variety of granule proteins,
which includes hemeprotein myeloperoxidase (MPO) from neutrophils and human
eosinophile peroxidase (EPX) from eosinophils [52,53]. In this study, the CaP induced
a significant release of both MPO and EPX relative to the baseline values. Concurrently,
both Ti and PEEK induced an increase in MPO and EPX levels, although only the elevation
of EPX was statistically significant. In a study by Burkhardt et al. [17] neutrophils by releas-
ing MPO and reactive oxygen species (ROS) were found to facilitate the initial provisional
fibrin matrix deposition, as well as the secretion of growth factors and cytokines by the first
wave of invading cells, such as blood cells.

Both MPO and EPX peroxidases can stimulate fibroblasts and osteoblasts to migrate,
secrete collagen for normal tissue repair, and exhibit angiogenetic properties such as the
VEGF factor [54–56]. Additionally, MPO and EPX inhibit osteoclast differentiation and
consequently bone resorption [57,58].

Furthermore, MPO and EPX exhibit notable antibacterial properties. Myeloperoxidase
(MPO), the primary component of neutrophil granules, plays a significant role in creating
and maintaining an alkaline environment. This environment is essential for restricting
bacterial proliferation and effectively fighting infections. Neutrophils account for 60 to 70%
of immune cells in the blood, emphasizing their importance in this context [57,59].

Both neutrophils and eosinophils possess bactericidal activity through the production
of reactive oxygen species (ROS). The ROS generated by EPX can attack and damage
various bacterial components, including proteins, lipids, and nucleic acids, ultimately
leading to bacterial cell death. By damaging and killing bacteria, EPX plays a vital role
in controlling and preventing infections, supporting the immune system’s ability to clear
invading pathogens [60].

The results of our investigation, emphasizing the antimicrobial characteristics of these
molecules, may bear clinical relevance. These findings could provide insights regarding
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the relatively lower infection rates associated with the use of CaP implants in craniomax-
illofacial reconstructive procedures [61,62].

Macrophages play a crucial role in the immune system, tissue repair, and regeneration.
Originating from circulating monocytes, macrophages participate in multiple stages of the
tissue healing process, ranging from the initial inflammatory response to tissue remodeling.
It is essential, in the context of tissue regeneration, for macrophages to transition from
the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype. The M1
macrophages are instrumental in the initial inflammatory response to injury or infection,
assisting in eliminating pathogens and damaged tissue. However, a prolonged M1 response
may result in chronic inflammation and subsequent tissue damage. The polarization
of macrophages into an anti-inflammatory M2 phenotype helps ensure that the initial
inflammatory response is followed by a resolution of inflammation and the facilitation
of tissue repair and regeneration. Dysregulation of macrophage polarization can lead to
impaired healing, chronic inflammation, or excessive scarring [63–65].

In addition, monocytes and macrophages, which are essential during inflammation,
also respond to the complement proteins C3a, C5a, and bradykinin [51,66]. Considering the
significant upregulation of C3a especially, as well as C5a in particular, eosinophils are likely
to accumulate at the material surfaces, especially for CaP, which showed the most significant
activation [66]. Eosinophils have been found to induce macrophage polarization from M1
into M2 [57,59], thereby playing a vital role in modulating the pro-inflammatory milieu
into a regenerative environment. PEEK implants generally elicit chronic inflammation
(M1) that causes fibrous encapsulation rather than bone formation and integration [63,64].
Conversely, Ti seems to be able to stimulate the body’s response in various ways depending
on the anatomical location and distance to native bone. In a non-osseous environment or
far from the bone defect (e.g., critical size defects), it generally causes fibrous encapsulation
with no or minimal bone formation, whereas places in a bony cavity, such as in dental
applications, are fully osteointegrated over time [64]. The CaP composition studied here has
been shown to have a higher healing capacity in craniomaxillofacial reconstruction where
it has been shown to be resorbed and replaced by bone during the healing process both in
preclinical and clinical settings without signs of chronic inflammation [19,20,46,48,67–70].
This response seems to be clearly coupled with the material–macrophage interaction over
time [19,20,46,47]. Taken together we, therefore, propose that both the complement and
contact system activating properties of this CaP with blood at implantation initiate both
the activation and recruitment of leukocytes and osteoblasts and inhibit osteoclasts at the
site of implantation.

Considering that implantable materials are temporarily exposed to blood, it is highly
probable that the complement activation is transient and subsides during the first days
of implantation, potentially resulting in reduced neutrophil recruitment. Schmidt-Bleek
et al. [71], who studied immune cell subpopulations of a bone hematoma, found that
the composition of neutrophils exceeded that of peripheral blood 60 min post-surgery.
Nonetheless, the neutrophil numbers returned to levels comparable to those in the circu-
lating blood after 4 h. While neutrophils play an important role in the initial response
to implantable materials, it is equally important to regulate this response over time as
prolonged recruitment of active neutrophils may extend the initial beneficial inflammatory
response and ultimately impair tissue regeneration [58,72].

In summary (Figure 8), this study revealed that upon short contact with circulating
human whole blood (i) CaP primarily activated the complement system and leukocytes
instead of coagulation cascades, (ii) Ti induced coagulation and fewer other blood cascades
and leukocytes, and (iii) PEEK exerted an intermediate influence on all studied systems.
These findings suggest an inverse activation relationship between the coagulation system
and the complement system during the early stages with CaP and Ti materials.
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Figure 8. Schematic overview of local interactions between the different components of blood
cascades and leukocyte responses during the early stages of contact with calcium phosphate (CaP),
titanium alloy (Ti), and polyetheretherketone (PEEK) materials. Further details can be found through
the results and discussion. (The symbol almost equal to (≈) by itself or associated with the symbol
greater (≥) indicates that the values were significant between the data groups).

The limitations of the study are the lack of inclusion of the tissue factor (extrinsic
pathway) and that only one early time point was studied. Furthermore, this study only
includes two types of white cells, neutrophils and eosinophils, as a result of the complement
activation outcomes. Nevertheless, the primary objective of the study is to investigate the
early interactions that arise from the contact between biomaterials and whole blood. Future
studies should aim to explore how the inflammatory response to implantable materials is
modulated over time, concentrating on the recruitment of various specific cells and their
differentiation at various time points.

5. Conclusions

In the current study, coagulation was notably activated by Ti and PEEK, while with
CaP, the complement is the main blood cascade triggered. Contrary to previous concepts
emphasizing strong coagulation and platelet activation for healing following the implan-
tation of metals, alloys, and plastics, the blood response of CaP material suggests that
complement activation may be crucial for tissue healing as an initial event. These findings
offer insights into blood–material interactions and could guide the further development
and optimization of existing implantable materials used in today’s clinical practice. By
modulating the initial immune response, the healing process could be optimized, possibly
resulting in fewer complications and better osteointegration of implant materials.
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Abstract: Calcium phosphate (CaP) coating of zirconia and zirconia-based implants is challenging,
due to their chemical instability and susceptibility to thermal and mechanical impacts. A 3 mol%
yttrium-stabilized tetragonal zirconia polycrystal was subjected to femtosecond laser (FsL) irradiation
to form micro- and submicron surface architectures, prior to CaP coating using pulsed laser deposition
(PLD) and low-temperature solution processing. Untreated zirconia, CaP-coated zirconia, and FsL-
irradiated and CaP-coated zirconia were implanted in proximal tibial metaphyses of male Japanese
white rabbits for four weeks. Radiographical analysis, push-out test, alizarin red staining, and
histomorphometric analysis demonstrated a much improved bone-bonding ability of FsL-irradiated
and CaP-coated zirconia over CaP-coated zirconia without FsL irradiation and untreated zirconia. The
failure strength of the FsL-irradiated and CaP-coated zirconia in the push−out test was 6.2–13.1-times
higher than that of the CaP-coated zirconia without FsL irradiation and untreated zirconia. Moreover,
the adhesion strength between the bone and FsL-irradiated and CaP-coated zirconia was as high
as that inducing host bone fracture in the push-out tests. The increased bone-bonding ability was
attributed to the micro-/submicron surface architectures that enhanced osteoblastic differentiation
and mechanical interlocking, leading to improved osteointegration. FsL irradiation followed by CaP
coating could be useful for improving the osteointegration of cement-less zirconia-based joints and
zirconia dental implants.

Keywords: zirconia; calcium phosphate; femtosecond laser; bone formation; bone-bonding ability

1. Introduction

Ceramic implants, such as zirconia and alumina-zirconia composites, are advanta-
geous over metallic implants, owing to their excellent chemical stability, biocompatibility,
high wear resistance, and artifact-free magnetic resonance imaging (MRI) [1–6]. Meanwhile,
metallic implants have the risk of inducing metal hypersensitivity [7], metallosis [8], and
pseudotumors [9], although they show acceptable biocompatibility and favorable mechani-
cal properties. Metallic implants also cause severe MRI artifacts [5,6], which interfere with
diagnosis or making appropriate treatment decisions in postoperative evaluation of the
implant and surrounding tissues.
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However, zirconia and alumina-zirconia composite ceramic implants present a chal-
lenge for acquiring bone-bonding ability [10]. While bone-bonding ability is simply ob-
tained on metallic implants by thermal spray coating of osteoconductive calcium phosphate
(CaP), the high temperature over 1100 ◦C used to melt CaP deteriorates the mechanical
properties of zirconia, due to crack formation and phase transformation. Thus, zirconia-
based implants are used without CaP coatings. If necessary, bone cement is used in clinical
practice, although such an approach may induce the development of bone cement im-
plantation syndrome [1,11]. Coating zirconia with CaP using a process with low thermal
effect is crucial for improving the bone-bonding ability of zirconia without deteriorat-
ing mechanical properties. Zirconia-based implants have previously been coated by CaP
without severe heating of substrates using aqueous solution processing [12–18], aerosol
deposition [19], magnetron sputtering [20], and ion-beam-assisted deposition [21]. More-
over, the bone-bonding ability of CaP-coated implants improved relative to uncoated ones
in animal studies [12,16,22]. However, achieving a high adhesion strength between the
CaP coating and zirconia-based implant remains a challenge. A low adhesion strength at
the CaP–implant interface eventually causes a low adhesion strength between the bone
and implant.

Recently, surface roughening of zirconia at 100-micrometer scale was carried out to
improve CaP coating adhesion [23–25]. In this technique, a nano-second Nd:YAG laser
was used to produce micro-textures on zirconia, and a CO2 laser was used to sinter a CaP
coating (prepared by dip-coating) on the micro-textured zirconia.

In our previous study, a femtosecond laser (FsL) was used to produce tens-of-micron-
sized craters that had linear submicron grooves on their concave surface on zirconia (3 mol%
yttrium-stabilized tetragonal zirconia polycrystal: 3Y-TZP), thereby improving CaP coating
adhesion [13]. Our previous CaP coating was carried out using a three-step procedure:
(i) FsL irradiation on zirconia substrates; (ii) alternate dipping treatment; and (iii) immersion
in a supersaturated CaP solution (hereafter, referred to as ‘solution process’) [13]. In the
first step of surface roughening, FsL was employed, since FsL irradiation leads to much less
thermal damage to the bulk properties of zirconia compared to nanosecond or longer laser
pulses, despite the transient high temperature (over the melting point: 2115 ◦C) locally at
the surface. This is because ultrashort laser pulses make the thermal transport distance
negligibly short in contrast to that of nanosecond laser pulses [26,27]. In more detail, the
strong electric field or high intensity of FsL pulses causes the nonlinear absorption or
multi-photon absorption and ionizes the surface of the zirconia. The ionized materials
are ejected from the surface through the mechanism known as Coulomb explosion, which
is a nonthermal process. The time required for Coulomb explosion is shorter than that
required for the thermal diffusion; therefore, most of the energy absorbed by the non-
linear absorption is transported to the ablation products. Thus, the thermal effect of FsL
pulses on the ablated surface is small compared with that of nanosecond or longer laser
pulses [27]. Furthermore, the tens-of-micron-sized craters and submicron grooves on the
zirconia enhance the osteogenic differentiation of mesenchymal stem cells [28]. In the
second step, the FsL-irradiated zirconia was alternately dipped in calcium and phosphate
solutions three times for the deposition of a CaP underlayer. In the third step, the thus-
treated zirconia was immersed in a supersaturated CaP solution to increase the thickness
of the CaP coating.

In our previous CaP coating technique describe above, the tens-of-micron- and submicron-
scale surface roughening effectively increased CaP coating adhesion [13], without causing
noticeable phase transformation in the zirconia from tetragonal to monoclinic [29]. How-
ever, the bone-bonding abilities of FsL-irradiated and CaP-coated zirconia substrates have
yet to be clarified. In the present study, we refined our previous CaP coating technique
using pulsed laser deposition (PLD) in place of the alternate dipping treatment (in the
second step) and employing clinically available infusions and injection fluids as sources for
the supersaturated CaP solution (in the third step). The PLD process can precisely control
the composition and structure of CaP [30]. In addition, the PLD process can be used for CaP
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coating on complex-shaped substrates such as zirconia screws [31]. In the present study, the
PLD process was carried out at the substrate temperature of 20–25 ◦C for the deposition of a
CaP underlayer. Clinically available infusions and injection fluids were utilized to improve
the biosafety of coated CaP for clinical applications of CaP-coated zirconia. The infusions
and injections used were water, calcium-containing solutions (two types with different
concentrations), phosphorus-containing solutions (two types with different concentrations),
a NaHCO3 solution (an alkalizer) to increase pH, and saline to adjust ionic strength. CaP-
coated zirconia with and without FsL irradiation (Groups A and B, respectively) along with
untreated zirconia (Group C) were implanted in rabbit tibial metaphyses. This study aimed
to clarify the effect of FsL irradiation on the bone-bonding ability of CaP-coated zirconia
implants in rabbits. After implantation for four weeks, the push-out strength of the implant
and bone-to-implant contact ratio were evaluated. We hypothesized that FsL irradiation
would improve the bone-bonding ability of CaP-coated zirconia.

2. Materials and Methods

2.1. Preparation of Zirconia Implants

Quadratic prism implants of zirconia were prepared by compacting 3Y-TZP powders
(TZ-3YB-E, Tosoh Co., Tokyo, Japan) using a cold isostatic pressing (CIP) technique followed
by sintering at 1350 ◦C for 2 h and cutting. Four rectangular planes with dimensions of
2.4 mm (Y- and Z-directions) × 21 mm (X-direction) were subjected to wet-polishing to
mirror quality surfaces (Ra < 0.05 μm). The implants were ultrasonically washed three
times with acetone and then dried at room temperature (20–25 ◦C).

The implants were divided into Groups A, B, and C, where Group A implants were
subjected to FsL irradiation followed by a CaP coating with PLD and solution processes,
implants of Group B were subjected to the same CaP coating processes (PLD and solution
processes) without FsL irradiation, and implants in Group C were not treated (hereafter
referred to as ‘untreated implants’).

2.2. FsL Irradiation for Tens-of-Micron- and Submicron-Scale Surface Roughening

The method of FsL irradiation has been described elsewhere [13]. The implants were
irradiated through FsL using a Ti:Sapphire chirped-pulse amplification system with a
stamp-scan mode at a peak laser fluence Fpeak of approximately 4 J/cm2 per pulse. The
laser system generated 810 nm centered 80 fs full width at half maximum (FWHM) pulses at
a 570 Hz repetition rate. The direction of laser polarization was set parallel to the Y-direction
of the implant, as shown in Figure 1. After each spot was irradiated with 40 pulses, the
irradiation position was moved by 60 μm in the X-direction. When the laser reached the
end of the X-direction, the irradiation position was moved by 30 and 90 μm in the X- and
Y-directions, respectively, to irradiate the next row. The 60 μm stepwise irradiation was then
restarted in the X-direction, to fully fill the interstices of elliptical craters. The irradiation
was repeated until the length of the irradiated area reached 20 mm in the X-direction. In
this laser treatment, five samples were placed side by side and the 12.0 mm (Y) × 20 mm
(X) plane was irradiated at the same time. All four rectangular planes of the implant were
irradiated. After the laser irradiation, the samples were cleaned with cellulose wiper wetted
with ethanol, washed ultrasonically three times with acetone, and then air dried.

FsL irradiation generated elliptical craters with a lateral dimension of 90 μm (Y-
direction) × 60 μm (X-direction) and a maximum depth of 6.7–7.0 μm, as measured using a
confocal laser microscope (VK-9700, Keyence Co., Osaka, Japan) and a scanning electron
microscope (SEM; S-4800, Hitachi High-Tech Corporation, Tokyo, Japan). Linear submicron
grooves parallel to the Y-direction with a period of around 840 nm (Figure 1a) were formed
on the concave surface of the craters (Figure 1b). Approximately half of the surface
area exhibited linear submicron grooves, while the other half showed a non-periodic
submicron roughness.
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Figure 1. (a) High magnification scanning electron microscope (SEM) image of the implant surface,
showing linear submicron grooves formed through FsL irradiation. (b) Low magnification SEM image
of the implant surface. (c) Schematic diagram of a crater. (d) Schematic diagram of the quadratic
prism zirconia implant. The white arrow in (a) indicates the length (~4.2 μm) of 5 periods, which
means that the length of one period is approximately 840 nm.

2.3. Pulsed Laser Deposition of CaP Underlayer

The zirconia implants with and without FsL irradiation (for Groups A and B, respec-
tively) were subjected to PLD for depositing a CaP underlayer using the 4th harmonics
of an Nd:YAG laser system (Quanta-Ray Pro-350, Spectra-Physics, Milpitas, CA, USA,
wavelength: 266 nm, pulse duration: 10 ns, repetition rate: 10 Hz). A disk of β-tricalcium
phosphate (β-TCP: Ca3(PO4)2), 14 mm diameter and 1 mm thick, was used as the target.
This experimental configuration for PLD has been described elsewhere [30]. The disk
targets were prepared by compacting and sintering β-TCP powders (Olympus Terumo
Biomaterials Corp., Tokyo, Japan) at 1100 ◦C for 1 h in air. The laser beam was focused
onto a β-TCP disk target using a planoconvex lens (f = 400 mm) at an incident angle of 45◦,
and the focused beam size on the target was elliptical with major and minor axis lengths
of 270 and 150 μm, respectively. The laser energy was controlled to approximately 19 mJ
using a polarizer and a half wave plate, which corresponded to 60 J/cm2 with a stability
within ±5% on the target surface. The target was moved 60 μm after each shot in the raster
scan. Ablated particles were ejected intermittently toward the samples placed 20 mm away
from the β-TCP target surface. Four samples placed side by side were treated at the same
time at room temperature (20–25 ◦C), and all four rectangular planes of each sample were
coated. Water vapor was introduced into the process chamber to control the stoichiometry
of the coating, as discussed below. The water vapor pressure was controlled using a water
vapor supply system consisting of a water cell at 20 ◦C, a capacitance manometer (Type
627A01 (1 Torr full scale), MKS instruments Inc., Andover, MA, USA), and a pressure
controller (Type 250, MKS instruments Inc., Andover, MA, USA) with a low flow metering
valve, as well as a butterfly valve at the inlet port of the vacuum pump. Depending on
the water vapor pressure, the process chamber vacuum was in the range from 1 × 10–5

to 0.7 Torr. In a preliminary study using a copper substrate, the Ca/P molar ratio of the
CaP coating, measured using an X-ray fluorescence analyzer (SEA5120A, SII NT Co., Chiba,
Japan), decreased with increasing water vapor pressure. Based on this preliminary result,
the water vapor pressure for the PLD of zirconia implants was set to 0.093 Torr to obtain a
CaP underlayer with a Ca/P molar ratio of 1.60–1.67, which is slightly lower than that of
stoichiometric hydroxyapatite.

2.4. Solution Processing for CaP Growth

After PLD (deposition of the CaP underlayer), the implants for Groups A and B were
subjected to the solution process; they were immersed in a supersaturated CaP solution to
grow CaP, as described previously [32]. The supersaturated CaP solution was prepared by
mixing clinically available infusions and injection fluids using the same method as in [32]:
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7% MEYLON® injection (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan); water for injection
(FUSO Pharmaceutical Industries, Ltd., Osaka, Japan); Klinisalz® (KYOWA CritiCare Co.,
Ltd., Tokyo, Japan); dibasic potassium phosphate injection 20 mEq kit (TERUMO Co.,
Tokyo, Japan); Ringer’s solution OTSUKA (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan);
calcium chloride corrective injection 1 mEq/mL (Otsuka Pharmaceutical Co., Ltd., Tokyo,
Japan); and OTSUKA normal saline (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). All
samples in Groups A and B were immersed in 200 mL of the solution at 37 ◦C for 48 h.

2.5. Surface Characterization of the Implants

The implant surface was analyzed using a SEM (S-4800, Hitachi High-Tech Corpora-
tion, Tokyo, Japan) equipped with an energy-dispersive X-ray analyzer (EDX; EMAX x-act,
HORIBA, Ltd., Kyoto, Japan). The calcium and phosphorus contents of the coating were
analyzed using an inductively coupled plasma atomic emission spectrometer, after acid
dissolution of the coating (ICP: SPS7800, Seiko Instruments, Inc., Chiba, Japan). The thick-
ness of the CaP underlayer (after PLD) and that of the final coating layer (after subsequent
solution process) were measured using a laser confocal microscope (VK-X3000, Keyence
Co., Osaka, Japan), only for Group B samples. The measurements could not be carried out
on Group A samples because of the craters on the sample surface due to FsL irradiation. In
addition, since the coating process was the same for both Groups A and B, the thickness
of the coating should have been the same for both groups. Prior to the measurements,
straight-line portions of the surface layers were scratched using a knife blade, to expose the
zirconia surface. The thicknesses of the layers were measured using 3D surface profiles.
Five different points per cross-sectional height profile, and five different cross-sectional
height profiles were used to calculate average and standard deviation of the thickness of
each layer (N = 25).

2.6. Implantation in Rabbit Tibia

Eight implants in Groups A, B, and C were randomly implanted in both proximal
tibial metaphysis of twelve male Japanese white rabbits (weight range: 2.5–2.8 kg, 14 weeks
old) by a single physician who was blinded to the sample identifications. Three implants in
each group were used for histomorphometry analysis and five for radiographical analysis,
followed by push-out test.

After an intravenous injection of barbiturate (40 mg/kg body weight), small (10 mm)
incisions were aseptically made in the skin at the medial proximal tibia. Bone tunnels
3.5 mm in diameter were then drilled bicortex in both proximal tibial metaphysis. The
implants were manually inserted into the tunnels, from the medial to lateral cortex of the
tibia (Figure 2). After the implantation, the skin was sutured with a 2-0 nonabsorbable
suture. Postoperatively, each animal was allowed free activities in its own cage. All animals
were then sacrificed four weeks after the operations.

 

Figure 2. Schematic diagram of implantation of the implant into the proximal tibial metaphysis in a
rabbit. (a) Front view of the 2.4 mm × 2.4 mm square plane of the implant in the bone tunnel with a
diameter of 3.5 mm. (b) An overall view of the implant in the proximal tibia.
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All the animal experiments and breeding were performed according to conditions
approved by the ethics committees of both Ibaraki Prefectural University of Health Sciences
and National Institute of Advanced Industrial Science and Technology (AIST), and were
in accordance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

2.7. Radiographical Analysis

Radiographs of proximal tibial metaphyses containing the zirconia implants were
recorded on imaging plates (Fuji Film, Tokyo, Japan) using a medical Roentgen diagnostics
system (DR-150-1, Hitachi Inc., Tokyo, Japan). An X-ray was irradiated perpendicular
to the rectangular plane of the implant using a universally rotating sample holder. The
bone-to-implant contact ratio was evaluated for the radiographs by a physician blinded to
the sample identifications using Image J ver. 1.48. The bone-to-implant contact ratio was
defined as the percentage of the length of direct contact between the bone and the implant
surface in the total length of the implant within the bone on X-ray radiographs. The length
of direct contact was the bone formed on the surface of the implant placed inside the bone
and was the sum of the length that was continuous with the bone cortex and in direct
contact with the implant. Moreover, bird’s-eye views were prepared from the radiographs
by plotting the intensity of X-ray absorption at each X-Y point on the Z-axis.

2.8. Push−Out Tests

After radiographical analysis, the failure load of the bone–implant interface was
measured in push-out tests using a universal testing machine (Type EZ-L, Shimazu Co.,
Kyoto, Japan). The proximal tibial metaphyses containing zirconia implants were fixed
on a tilting stage. A compressive load was applied to the implant at a cross-head speed
of 2 mm/min in the direction of its X-axis with the use of a square socket with a steel
ball. Failure strength was calculated by dividing the failure load (Fmax) by the area of the
implant surface within the bone tunnel (S). The surface area was estimated by measuring
the four lengths (in the X-direction) of the implant within the bone tunnel using a caliper
and multiplying the sum (sum of the four lengths) by 2.4 mm.

2.9. Alizarin Red Staining of the Zirconia Implant

After measuring the failure load, the zirconia implants were carefully removed from
the tibial metaphyses by cutting the bone just above the proximal side of the implants. The
removed implants were immersed in 10% phosphate-buffered formalin solution for 10 days
to fix the tissue, rinsed twice with calcium- and magnesium-free phosphate-buffered saline
(PBS (-)), immersed in a 1% alizarin red solution at pH 6.35 for staining calcium ions with
alizarin red, and finally rinsed with PBS (-). Thickness of the alizarin red stained area was
measured using a laser confocal microscope (OLS-4100, Olympus, Tokyo, Japan). Images
of the stained implants were captured using a stereoscopic microscope (SZX16, Olympus
Co., Japan), and analyzed for stained area using Image J ver. 1.48.

2.10. Histomorphometric Analysis through SEM

The proximal tibial metaphyses containing zirconia implants were fixed in 10%
phosphate-buffered formalin solution, dehydrated in serial concentrations of ethanol (70,
80, 90, and 99.5 vol%) and acetone, and then embedded in an acrylic resin (poly(methyl
methacrylate)) through polymerization. The cured resin specimens were cut parallel to the
X-Z plane of the implant and perpendicular to the bone axis using a micro-cutting machine
(BS-300CL, EXAKT Advanced Technologies, Norderstedt, Germany). The cutting blade
was inserted at a position slightly away from the center line of the Y-Z plane considering
the cutting allowance (~0.4 mm), so that the longitudinal rectangular section at the center
of the implant (~1.2 mm distant from the X-Z plane) was exposed. The surfaces of the resin
specimens including the half-cut implants were polished to mirror quality using a micro-
grinding machine (MG-400 CS, EXAKT Advanced Technologies, Norderstedt, Germany)
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and #4000 polishing paper. The interfaces of the bone and implant in 2 mm regions (four
regions per resin specimen) from the outer edges of the cortical bone were observed using
SEM in backscattered electron imaging mode, and the captured images were analyzed
using Image J. The bone-to-implant contact ratio was calculated as the percentage of the
length of the bone-contacting implant surface of the total length of the implant surface in
the test region. The bone-contacting implant surface was determined as the implant surface
where the gap with the bone was ≤5 μm.

2.11. Statistical Analysis

All the data from each group were analyzed using generalized linear models. Statistical
analysis was performed using IBM SPSS 28.0, with a 5% level of statistical significance.

3. Results

3.1. Surface Characterization of the Implants

The implants in Groups A and B were fully coated with CaP layers with similar
surface morphology and chemical composition. Figure 3 shows 3D profiles (from a laser
confocal microscope) of the partially scratched implant (Group B) surfaces after (a) PLD and
(b) subsequent solution processing in false color. The diagonal straight lines with blue color
are the scratched portions with exposed zirconia surface on the implants. Representative
cross-sectional height profiles of the CaP under-layer (after PLD) and final coating layer
(after subsequent solution process) including the scratched portions are shown in Figure 3c.
Micron-scale protrusions observed on the final coating layer correspond to the particles
(red dots) on its 3D surface profile (Figure 3c). According to the quantitative analysis, the
CaP underlayer on the implant deposited through PLD was 204 ± 22 nm thick, which
increased to 992 ± 195 nm after the subsequent solution process.

The resulting implants in both Groups A and B showed micro-rough surfaces
(Figure 4a,b,d,e), whereas those in Group C showed a flat surface (Figure 4c,f). On the
implants in Group A, the linear submicron grooves formed by FsL irradiation (Figure 1a)
were invisible due to the overlaid CaP layer, although the elliptical crater-like structures
were barely recognizable, as shown in Figure 4d. The CaP-coated crater had a size of about
90 × 60 μm in diameter and 5 μm in depth.

EDX analysis revealed that the surface layers on the Group A and B implants were
composed of CaP (Figure 5). Detailed analysis of the peak positions of P and Zr in the
range 1.7–2.3 keV confirmed the presence of P on the surfaces of these implants (Figure 5d).
No noticeable differences in chemical composition and morphology of the CaP layers were
found between Groups A and B (Figure 5a,b); the critical difference was the presence
(Group A) or absence (Group B) of surface waviness, which reflected the tens-of-micron-
sized craters formed by FsL irradiation. The quantitative analysis of Ca and P using ICP
showed Ca and P contents of 132.4 μg and 58.1 μg, respectively, with a Ca/P molar ratio of
1.76 for Group A, and 171.4 μg and 73.3 μg, respectively, with a Ca/P molar ratio of 1.81
for Group B.

3.2. Radiographical Analysis

Typical radiographs of the proximal tibial metaphyses containing the implants in
Groups A, B, and C are shown in Figure 6a–c, respectively. In the radiographs of Groups
B and C, significant radiolucent lines were observed around the implant, whereas no
clear radiolucent line was found around the implants in Group A. Radiolucent lines are
often associated with intervening fibrous tissue formation between an implant and bone.
The bird’s-eye views in Figure 6d–f visualize the relative intensity of X-ray absorption in
Figure 6a–c, respectively. The views of Groups B and C show valleys of low intensity in
the close vicinity of the implants (corresponding to the radiolucent lines in Figure 6b,c) as
shown in Figure 6e,f; on the other hand, no such valley was apparent in the vicinity of the
Group A implants (Figure 6d). These results suggest that the Group A implants showed
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better bone-to-implant contact in the rabbit tibias than the implants in Groups B and C,
which was confirmed through quantitative radiographical analysis, as described below.

Figure 3. Three-dimensional profiles (from a laser confocal microscope) of the partially scratched
implant (Group B) surfaces after (a) PLD and (b) subsequent solution processing in false color, and
(c) representative cross-sectional height profiles of the CaP underlayer (after PLD) and those of the
final coating layer (after subsequent solution process) including the scratched portions.

Figure 4. SEM images, with (a–c) high and (d–f) low magnifications, of the surfaces of the (a,d) CaP-
coated implant with FsL irradiation (Group A), (b,e) CaP-coated implant without FsL irradiation
(Group B), and (c,f) untreated implant (Group C).
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Figure 5. EDX spectra of the surfaces of the (a) CaP-coated implant with FsL irradiation (Group
A), (b) CaP-coated implant without FsL irradiation (Group B), and (c) untreated implant (Group C).
(d) Magnified EDX spectra of (a–c) and of sintered hydroxyapatite (HAp) in the range 1.7–2.3 keV.

Figure 6. X-ray radiographs of the implants in Groups A (a), B (b), and C (c) in the tibias, and their
bird’s-eye views, where the brightness (related to the intensity of X-ray absorption) of each X-Y
plane in (a–c) was converted into height in (d–f), respectively. The yellow arrows are part of the
radiolucent line.

According to the radiographical analysis, the bone-to-implant contact ratios were
33.8 ± 8.0, 19.4 ± 13.5, and 17.4 ± 12.0% for Groups A, B, and C, respectively, as shown in
Figure 7. The bone-to-implant contact ratio for Group A was significantly higher than those
for Groups B (p = 0.027) and C (p = 0.012). No significant difference was found between
Groups B and C (p = 0.754).

3.3. Push−Out Tests

Typical load−displacement curves are shown in Figure 8. A sawtooth pattern invari-
ably only appeared on the curve for Group A. The distance between the two neighboring
sawtooth peaks was approximately 56 μm, which is almost the same as the distance of
60 μm between the centers of the elliptical craters generated through FsL irradiation.
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Figure 7. Bone-to-implant contact ratio of Groups A, B, and C measured through radiographical
analysis.

Figure 8. Typical load−displacement curves in the push−out tests for Groups A, B, and C.

The failure strength (× 104 Pa) in the push-out test was 51.1 ± 30.6, 8.3 ± 3.7, and
3.9 ± 3.6 for Groups A, B, and C, respectively. The failure strength for Group A was
significantly higher than that for Groups B (p < 0.001) and C (p < 0.001), as shown in
Figure 9. No significant difference was found between Groups B and C (p = 0.667, Figure 9).
These results indicate that the Group A implants showed higher adhesion strength with
the bone tissue compared to the implants in Groups B and C.

3.4. Alizarin Red Staining of the Implants after Push-Out Tests

After the push−out tests, the Group A implants removed from the tibial metaphyses
were more widely and strongly stained with alizarin red (calcium indicator) than those
of Groups B and C (Figure 10). The implants in Group A had a strongly stained region
on a large part of the surface (Figure 10 right). The stained portion on the implants in
Group A had a thickness from 5 to 10 μm, which was thicker than the estimated initial
thickness of the CaP coating layer (approximately 1 μm). Thus, the main component of this
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stained portion was likely fractured bone tissue. In contrast, the implants in Groups B and
C were hardly stained with alizarin red (Figure 10 right), suggesting that the amount of
bone tissue on their surfaces was relatively small. The ratio of stained area for Group A
was significantly larger than that for Groups B (p < 0.001) and C (p < 0.001) (Figure 10 left).
No significant difference was found between Groups B and C in the ratio of the stained
area (p = 0.144, Figure 10 left).

Figure 9. Failure strength of the implants in Groups A, B, and C in the push−out tests.

Figure 10. Ratio of the alizarin red stained area to the whole surface area of the implants in Groups
A, B, and C after push−out tests (left). Typical macroscopic image of alizarin red stained implants in
Groups A, B, and C after push-out tests (right).

3.5. Histomorphometric Analysis through SEM

Histomorphometric analysis through SEM revealed better contact of the cortical bone
with the implant in Group A than for the implants in Groups B and C. Figure 11 shows
typical SEM images of the histological sections, showing the interfaces between the cortical
bone and zirconia implants. The bone tissue directly contacted the implant surface in a
wider region for Group A than for Groups B and C. In Group A, bone tissue was even
observed in the elliptical craters on the implant surface created through FsL irradiation. An
electron-sparse layer was seen between the zirconia and bone in Groups B and C. As shown
in Figure S1, the electron-sparse layer was rich in carbon and contained no calcium. Thus,
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the electron-sparse layer was that of an intervening soft tissue. Such an electron-sparse
layer was scarcely seen between the zirconia and bone in Group A.

 

Figure 11. SEM images (backscattered electron images) of the histological sections showing the
bone–implant interface of Groups A, B, and C.

According to the SEM and EDX analyses, residual CaP layers were not clearly identi-
fied on the implants for either Group A or B. As shown in Figure 12, the bone-to-implant
contact ratio of Group A was significantly higher than that of Groups B (p < 0.001) and C
(p < 0.001). The bone-to-implant contact ratio of Group B was also significantly higher than
that of Group C (p < 0.001).

Figure 12. Bone-to-implant contact ratio of Groups A, B, and C.

4. Discussion

FsL irradiation followed by CaP coating on zirconia improved the bone-bonding
ability of zirconia. In Group A, FsL irradiation followed by CaP coating generated a micro-
ruggedness consisting of partially-overlapped elliptical craters and an approximately 1 μm-
thick CaP coating layer on the zirconia. The same CaP coating thickness was deposited on
the Group B implants without FsL irradiation. The four different in vivo analyses conducted
in the present study (radiographical analysis, push−out test, alizarin red staining, and
histomorphometric analysis) demonstrated a much improved bone-bonding ability of
zirconia in Group A over that in Groups B and C. In the histomorphometric analysis
through SEM (Figure 11), the bone-to-implant contact ratio was higher in Group B than in
Group C, most likely because of the CaP coating layer. However, no significant differences
between Groups B and C were observed in the radiographical analysis, push-out test, and
alizarin red staining. Therefore, FsL irradiation played a critical role in enhancing the
bone-bonding ability of CaP-coated zirconia.
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FsL irradiation generated a surface architecture that enhanced the osteogenic differen-
tiation of mesenchymal stem cells (MSCs). Studies have shown that surface architectures
and roughness similar to that of an osteoclast resorption pit are sensed by MSCs in contact
with proteins adsorbed on an implant surface, causing MSCs to undergo osteogenic dif-
ferentiation [28]. An osteoclast resorption pit has an area of approximately 700–7800 μm2,
lateral diameter of 30–100 μm, and depth of ~10 μm [33]. Elliptical craters formed through
FsL irradiation on zirconia under conditions similar to those of the present study had
an area of approximately 5000 μm2, lateral diameter of ~80 μm, and depth of ~10 μm,
enhancing the osteogenic differentiation of MSCs [28]. In the present study, the CaP-coated
craters on zirconia had an area of approximately 4200 μm2, lateral diameter of 90 × 60 μm,
and depth of ~5 μm.

The surface architecture generated through FsL irradiation supported the osteocon-
duction of the CaP layer, which resulted in an improvement in the osteointegration of the
zirconia in the present animal model. Osteointegration is defined as the formation of direct
contact between the implant surface and bone tissue without intervening fibrous tissue,
being a key factor for the long-term success of the implant [34]. In the animal experiment, a
quadratic prism implant was inserted into a cylindrical bone tunnel (see Figure 2). Thus,
the implant was not fixed tightly in the bone tunnel at the time of implantation; the gap
between the implant and the inner wall of the bone tunnel was from 0.05 mm to 0.55 mm.
Even under such loose-contact conditions, the zirconia in Group A showed significantly
higher failure strengths than those in Groups B and C in the push-out test 4 weeks after
implantation. This was because the zirconia in Group A was integrated more firmly into the
newly formed bone. Although it is unclear whether the CaP layer remained unresorbed and
whether osteoconduction was involved four-weeks after implantation, enhanced osteointe-
gration was achieved on the zirconia in Group A. In contrast, the zirconia in Groups B and C
exhibited limited osteoconduction or osteointegration, as evidenced by the radiolucent line
around the implant in the radiographical analysis, and the lower bone-to-implant contact
ratios and electron-sparse layer in the histomorphometric analysis. A radiolucent line and
the electron-sparse layer are often associated with intervening fibrous tissue-formation,
which means no osteoconduction occurred where the fibrous tissue was formed.

FsL irradiation of zirconia also improved the mechanical interlocking, to enhance the
adhesion strength between the zirconia and the CaP layer, as well as between the zirconia
and bone. FsL irradiation of zirconia not only induced tens-of-micron-sized craters and
submicron grooves but also surface wetting via ablation plasma, enabling the zirconia
to completely and strongly bond to the CaP layer [13]. The strong adhesion may also be
attributed to the mechanical interlocking effects due to the surface architecture generated
by FsL irradiation [13]. Moreover, new bone was formed in the elliptical craters in Group A
(Figure 11). The resulting mechanical interlocking structure contributed to the improved
adhesion strength between the zirconia and bone, as evidenced by the higher failure
strength in the push-out test. Putative schematic diagrams of the failure mode in the
push-out tests for Groups A, B, and C are illustrated in Figure 13. In Group A, cracks
were generated both in the newly formed bone and at the bone–implant interface. The
resulting protruding bone and the craters on the implant caused the sawtooth pattern
in the load–displacement curve after fracture, due to improved mechanical interlocking
(Figure 8). However, in Groups B and C, the cracks were mostly generated at the bone–
implant interface, as shown in the righthand diagram of Figure 13. In the subsequent
alizarin red staining, the zirconia in Group A had a larger stained area than those in Groups
B and C. Furthermore, the stained portion of zirconia in Group A was 5–10-times thicker
than the CaP layer coated on the zirconia. Therefore, the stained portion in Group A mainly
consisted of bone tissue detached from the host bone because of fractures within the host
bone. The bone-to-zirconia adhesion strength in Group A was as high as that inducing
host bone fracture in the push-out test. This enhanced bone-to-zirconia adhesion strength
was partly due to the improved mechanical interlocking caused by the surface architecture
generated through FsL irradiation.
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Figure 13. Putative schematic diagrams of failure mode in the push−out tests (upper three rows)
and subsequent alizarin red staining (bottom row) for Group A (left column) and Groups B and C
(right column).

Clinically, a zirconia knee prosthesis requires cementation for fixation with the bone
tissue. However, fixation with bone cements involves the risk of complications (bone
cement implantation syndrome) such as hypoxia, hypotension, consciousness disturbance,
and death in the worst case [11]. The incidence of bone cement implantation syndrome is
24% in total hip arthroplasty (THA) and 28% in total knee arthroplasty (TKA) [11]. Various
CaP coating techniques have been proposed to improve the bone-bonding ability of zirconia-
based implants, thereby realizing cement-less zirconia joints [12–21]. Compared to previous
techniques, the present surface modification technique utilizing FsL irradiation followed
by CaP coating has the advantages of strong coating adhesion [13], supporting osteogenic
cell-differentiation [28], and a mechanical interlocking effect, ensuring firm osteointegration
without using any toxic reagents such as hydrofluoric acid [12]. The disadvantage of FsL
irradiation is the negative impact on the mechanical properties of zirconia [35]. However,
this disadvantage can be overcome by improving the manufacturing process of zirconia,
reaching mechanical and crystallographic properties that meet the ISO 13556:2015 standard
after FsL irradiation (Tables S1 and S2, and Figures S2–S5). As verified in the push-out
tests (Figures 9 and 10), the Group A implants showed strong adhesion with the bone
tissue, even without cementation. Strong bone-to-implant adhesion is essential for reducing
the risk of loosening and ensuring long-term survival. Taken together, application of the
present surface modification technique to the bone-contacting region of zirconia-based
implants might successfully lead to the development of cement-less zirconia-based joints
and zirconia dental implants.

This study had several limitations. Animal experiments were carried out on a small
number of rabbits. In the future, the number of animals must be increased, and the
experiments must be conducted on larger animals prior to clinical trials. Moreover, this
study was limited to a short follow-up period; long-term evaluation is necessary in the
future. Third, implants with FsL irradiation and without CaP coating were not considered.
In this study, CaP-coated zirconia with and without FsL irradiation was tested to verify the
effect of FsL irradiation. The effect of FsL irradiation alone could be a topic for future study.

158



J. Funct. Biomater. 2024, 15, 42

5. Conclusions

FsL irradiation was carried out on zirconia to produce micro-/submicron surface ar-
chitectures, followed by CaP coating using PLD and solution processes. The FsL-irradiated
and CaP-coated zirconia (Group A) showed improved osteointegration and stronger adhe-
sion with the bone tissue in rabbits than the untreated zirconia (Group C) and CaP-coated
zirconia without FsL irradiation (Group B). The bone-to-zirconia adhesion in Group A
was so strong that host bone fracture occurred in the push-out test. The present surface
modification technique could be useful for developing cement-less zirconia-based joints
and zirconia dental implants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb15020042/s1, Figure S1: SEM image and EDX line scan profiles
(carbon and calcium signals) of the histological section for the bone-implant interface of Group B;
Figure S2: Four-point bending strength for zirconia compacted using the additional HIP technique
with and without subsequent FsL irradiation, and using the cold isostatic pressing (CIP) technique
with and without subsequent FsL irradiation. The compacted temperature was set at 1350 ◦C for
CIP in ambient air and at 1300 ◦C for the additional HIP treatment in a 147-MPa Ar atmosphere.
The four-point bending strength was measured in accordance with ISO 14704 standard (left). FsL
irradiation was made on one of the rectangular surfaces. The FsL-irradiated surface was set on the
tension side in the bending test (left). Four-point bending strength of zirconia compacted using
the additional HIP technique with subsequent FsL irradiation meets the ISO 13556:2015 standard
requirement for zirconia implants (right). Reprinted and slightly modified from [36] Copyright 2017,
and [37] Copyright 2019 with permission from Japan Laser Processing Society; Figure S3: Four-
point bending strength for zirconia compacted using the additional HIP technique and subjected
to accelerated aging in hot water (HIP+HW) and that compacted using HIP and subjected to FsL
irradiation and accelerated aging in hot water (HIP+FsL+HW). Set-up of specimens and four-point
bending test were the same as those in Figure S2. The accelerated aging in hot water was performed
in accordance with ISO 13556:2015 standard. After accelerated aging, four-point bending strength of
zirconia compacted using the additional HIP technique and subjected to FsL irradiation meets the
requirement of ISO 13556:2015 standard for zirconia implants; Figure S4: X-ray diffraction (XRD)
patterns for zirconia compacted using the additional HIP technique (HIP), and that subsequently
subjected to only FsL irradiation (HIP+FsL) or both FsL irradiation and accelerated aging in hot
water (HIP+FsL+HW). The labels “t” and “m” indicate the tetragonal and monoclinic crystal phases,
respectively. The monoclinic and tetragonal phases were identified based on the data from The
International Centre for diffraction data (ICDD) 01-070-8379 (Baddeleyite, syn) and ICDD 01-081-1544
(Zirconium Oxide), respectively; Figure S5: Monoclinic crystal phase ratio Rm for zirconia compacted
using the additional HIP technique (HIP), and that subsequently subjected to only Fs irradiation
(HIP+FsL) or Fs irradiation plus accelerated aging in HW (HIP+FsL+HW). Each Rm was calculated
from the XRD peak areas for monoclinic and tetragonal phases using ref. [38]. The peak areas
for monoclinic and tetragonal phases were analyzed using XRD analysis software (PDXL, Rigaku
Co., Tokyo, Japan) with ICDD 01-070-8379 (Baddeleyite, syn) and ICDD 01-081-1544 (Zirconium
Oxide), respectively. The Rm data for HIP+FsL were reproduced from [36]. The Rm values meet
the ISO 13556:2015 standard requirement for zirconia implants; Table S1: Weibull parameters of
four-point bending strength in Figure S2 for zirconia compacted using the additional hot isostatic
pressing (HIP), and those subsequently subjected to FsL irradiation (HIP+FsL). Weibull parameters
for “HIP+FsL” meet the requirements of ISO 13556:2015 standard for zirconia implants; Table S2:
Number of fractured specimens after cyclic fatigue test in accordance with ISO 13556:2015 standard
for zirconia implants reproduced from [37].
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Abstract: Understanding bone surface curvatures is crucial for the advancement of bone material
design, as these curvatures play a significant role in the mechanical behavior and functionality of
bone structures. Previous studies have demonstrated that bone surface curvature distributions could
be used to characterize bone geometry and have been proposed as key parameters for biomimetic
microstructure design and optimization. However, understanding of how bone surface curvature dis-
tributions correlate with bone microstructure and mechanical properties remains limited. This study
hypothesized that bone surface curvature distributions could be used to predict the microstructure
as well as mechanical properties of trabecular bone. To test the hypothesis, a convolutional neural
network (CNN) model was trained and validated to predict the histomorphometric parameters
(e.g., BV/TV, BS, Tb.Th, DA, Conn.D, and SMI), geometric parameters (e.g., plate area PA, plate
thickness PT, rod length RL, rod diameter RD, plate-to-plate nearest neighbor distance NNDPP,
rod-to-rod nearest neighbor distance NNDRR, plate number PN, and rod number RN), as well as
the apparent stiffness tensor of trabecular bone using various bone surface curvature distributions,
including maximum principal curvature distribution, minimum principal curvature distribution,
Gaussian curvature distribution, and mean curvature distribution. The results showed that the
surface curvature distribution-based deep learning model achieved high fidelity in predicting the
major histomorphometric parameters and geometric parameters as well as the stiffness tenor of
trabecular bone, thus supporting the hypothesis of this study. The findings of this study underscore
the importance of incorporating bone surface curvature analysis in the design of synthetic bone
materials and implants.

Keywords: surface curvature; trabecular bone; histomorphometric parameters; stiffness tensor;
geometric parameter; deep learning; convolution neural network

1. Introduction

Trabecular bone, characterized by a sponge-like structure, comprises a network of
plates and rods at the microstructural level [1]. The microstructure of trabecular bone is
essentially important for determining bone’s resistance to fractures [2]. Currently, the major
method for clinical assessment of bone microstructure is mainly based on dual-energy
X-ray absorptiometry (DXA)-based trabecular bone score (TBS) [3,4], an indirect method
based on bone mineral density known for its limited accuracy. Recent advancements in
micro-CT technology have led to the development of micro-CT image-based reconstruction
methods for evaluating trabecular bone microstructure [5,6]. This method encompasses
a full set of histomorphometric parameters, including degree of anisotropy (DA), bone
volume fraction (BV/TV), connectivity density (Conn.D), bone surface area (BS), structure
model index (SMI), and trabecular thickness (Tb.Th), offering an overall evaluation of bone
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microstructure [7]. However, the histomorphometric parameters are scalar and averaged
measures of trabecular microarchitecture at global levels, thus could not fully capture the
variance of microarchitectural properties and their influence on mechanical properties
of trabecular bone [8]. In addition, Columbia University has developed an Individual
Trabeculae Segmentation ITS technique to characterize the geometric parameters of tra-
becular bone, allowing for the segmentation of trabecular bone into individual plates and
rods [9]. Consequently, the description of bone microstructure could encompass param-
eters related to size (plate area PA, plate thickness PT, rod length RL, rod diameter RD),
spatial arrangement (plate-to-plate nearest neighbor distance NNDPP, rod-to-rod nearest
neighbor distance NNDRR), trabeculae number (plate number PN, rod number RN), and
orientation, thus providing more microarchitectural features of bone microstructure that
contribute to the mechanical competence of trabecular bone. However, these geometric
parameters only provide detailed information about individual trabeculae but interpreting
these parameters in the context of bone mechanical competence can be challenging. Conse-
quently, the fundamental microarchitectural characteristics of trabecular bone remain to be
fully explored.

Recently, a novel methodology utilizing surface curvatures has been proposed for
the comprehensive characterization of cancellous microstructure [10]. Various surface
curvatures, such as maximum principal curvature, minimum principal curvature, Gaussian
curvature, and mean curvature, offer a direct means of assessing the local geometry of
bone in terms of convexity and concavity. Moreover, research has demonstrated a strong
correlation between surface curvatures, SMI, and Euler number (which can be used to
quantify the connectivity of trabecular bone) [11], underscoring the significance of bone
surface curvatures as a pivotal metric for delineating both local and global bone geometry
and effectively capturing diverse spatial structural aspects. Given the intimate relationship
between bone structure and its mechanical properties, the implications of surface curva-
tures on bone mechanical behavior are noteworthy. Hence, understanding bone surface
curvatures is crucial for bone material design as well as prediction of the mechanical behav-
ior and functionality of bone structures. Nevertheless, to the best of our knowledge, few
studies have been conducted to investigate how the surface curvatures are quantitatively
related to the bone microarchitecture as well as its mechanical properties.

In order to characterize the surface geometry of trabecular bone, it is essential to
quantify bone surface curvature distributions [11]. This leads to the technical question
of how to describe the surface curvature distributions by utilizing specific parameters
and establishing the relationships between bone surface curvature distributions and bone
microstructure. Our previous studies [12–14] have shown that a 2D projection image can
be used to describe its 3D bone microstructure and mechanical properties by using a deep
learning (DL) approach. Inspired by the aforementioned applications, we proposed to
describe the curvature spatial distributions through a 2D projection image-based approach
and employ a DL model to establish relationships between surface curvature distributions
and bone microstructure as well as its mechanical properties.

In this study, we hypothesized that there exists a strong correlation between bone
surface curvature distributions and the microstructure as well as mechanical properties of
trabecular bone, and hence bone surface curvature distributions could be used as a holistic
indicator for prediction of both bone microstructure and mechanical behavior. To test the
hypothesis, the spatially distributed surface curvatures across the surface of trabecular
bone were projected onto a two-dimensional plane, and then a deep learning model was
developed to predict the histomorphometric parameters, geometric parameters, as well as
mechanical properties of trabecular bone using the above two-dimensional projections of
bone surface curvature distributions.
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2. Materials and Methods

2.1. Preparation of Trabecular Bone Specimens and Micro-CT Image-Based Reconstruction

A total of six cadaveric proximal femurs were collected from six different donors (three
males and three females, with a mean age of 48.5 ± 24 years) with Institutional Biosafety
Committee (IBC) approval (IBC#B94-01-21). All proximal femurs were scanned using a
micro-CT system (Sky-Scan 1173, Bruker, Billerica, MA, USA) with a resolution of 35 μm,
which was able to capture the trabecular microstructure. Then, a total of eight hundred
and sixty-eight trabecular cubes, each with the dimensions of 6 mm × 6 mm × 6 mm, were
dissected out from the micro-CT images of the six proximal femurs to serve as representative
volume elements (RVEs). It should be noted that trabecular cubes with low BV/TV and/or
minimal trabeculae, as well as those containing cortical bone, were excluded from this
study. Finally, all trabecular cubes were constructed digitally using STL format.

2.2. Calculation of Bone Surface Curvatures

Surface curvatures of trabecular bone were computed utilizing the STL format of
the reconstruction of trabecular bone. A previous study demonstrated that bone surface
curvatures, including the principal curvatures, mean curvatures, and Gaussian curvatures,
could distinguish bone microstructure across different locations, suggesting their poten-
tial for predicting bone failure [10]. Therefore, the maximum and minimum principal
curvatures, as well as the mean and Gaussian curvatures (Figure 1), were employed to
define the surface curvature of the trabecular bone in this study, as these surface curvatures
could capture the most fundamental shape details [10]. Specifically, the maximum and
minimum principal curvatures (K1, K2) of the trabecular bone surface were computed on
the triangle meshes of the trabecular bone surface using a finite-differences approach [15].
Subsequently, Gaussian curvature K and mean curvature H were defined as follows:

K = K1K2 (1)

H = (K1 + K2)/2 (2)

Figure 1. The schematic represents trabecular bone surface curvature using maximum principal
curvature (K1), minimum principal curvature (K2), mean curvature (H), and Gaussian curvature (K).

The above four types of surface curvatures were computed for each vertex of the
triangle meshes in each trabecular cube using MATLAB R2023a (The MathWorks, Inc.,
Natick, MA, USA).
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2.3. Characteristics of Trabecular Microarchitecture

To describe the microarchitecture of trabecular bone globally, six histomorphometric
parameters were measured from the micro-CT images of the trabecular bone cubes using
ImageJ (1.52 h) and BoneJ (https://bonej.org/). These six histomorphometric parameters
included bone volume fraction (BV/TV), bone surface area (BS), trabecular thickness
(Tb.Th), structure model index (SMI), the degree of anisotropy (DA), and connectivity
density (Conn.D). Using these six histomorphmetric parameters, trabecular bone mass,
trabecular size, number, structure types (either plate-like or rod-like), and trabecular
orientation can be defined accurately.

Moreover, the geometric parameters of trabecular bone cubes were also assessed uti-
lizing a novel individual trabecula segmentation (ITS) technique [9]. With recent advance-
ments in biomedical image processing technologies, the microarchitecture of trabecular
bone can be segmented into individual trabecular plates and rods, allowing describing
the microarchitecture of trabecular bone using trabecular number (plate number PN, rod
number RN), trabecular size (mean plate thickness PT, mean plate area PA, mean rod
diameter RD, mean rod length RL), trabecular arrangement (mean plate-to-plate nearest
neighbor distance NNDPP, mean rod-to-rod nearest neighbor distance NNDRR), and tra-
becular orientation [8,16]. Using the above parameters, the geometry of trabecular bone
could be precisely defined.

2.4. Determination of the Mechanical Properties of Trabecular Bone Using the Micro-FE Method

The anisotropic mechanical behavior of trabecular cubes can be described in terms of
the apparent stiffness tensor. The stiffness tensor of trabecular cubes, which is a fourth-rank
tensor and is considered elastically orthotropic with three mutually perpendicular planes
of symmetry [17,18], can be simplified as

C =

⎡
⎢⎢⎢⎢⎢⎢⎣

C11 C12 C13
C21 C22 C23
C31 C32 C33

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

C44 0 0
0 C55 0
0 0 C66

⎤
⎥⎥⎥⎥⎥⎥⎦

(3)

where C12 = C21, C13 = C31, and C23 = C32. In this study, trabecular cubes with the dimension
of 6 mm × 6 mm × 6 mm dissected out from the various anatomic regions of the femurs,
such as the femur head, neck, and greater trochanter regions, were used as RVEs, and
the stiffness tensor of trabecular cubes was assessed using micro-CT-based finite element
(FE) simulations. The FE analysis was conducted using Abaqus 2021/Standard software
package. Specifically, a direct voxel conversion method was employed to transform each
voxel of the digitized trabecular cubes into first-order tetrahedral elements (C3D4), gen-
erating approximately 0.5 to 2.5 million tetrahedral elements for each trabecular cube.
Trabecular bone was assumed to be homogeneous, linearly elastic, and isotropic material,
with a Young’s modulus of 15 GPa and a Poisson’s ratio of 0.3 [19]. Then, six uniform
boundary conditions, including three uniaxial compression tests along the three orthogonal
coordinate axes and three pure shear tests in the three orthogonal planes, were applied
to the FE model sequentially to assess the stiffness matrix. Finally, the stiffness tensor
was obtained by rotating the fabric coordinate axes of the stiffness matrix to its principal
axes [20] using the MSAT (a toolkit for the analysis of elastic and seismic anisotropy) in a
MATLAB environment.

2.5. Development of DL Model
2.5.1. Characterization of Bone Surface Curvature Distributions Using a 2D Projection
Image-Based Approach

In this study, the spatial distributions of bone surface curvatures on each vertex of the
triangle mesh of trabecular bone were characterized by projecting the surface curvatures
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onto a 2D plane (Figure 2). Our previous studies have shown that the 2D projection
of properties effectively captures their 3D spatial distribution and could be effectively
learned by the DL model. Thus, we projected the bone surface curvatures, including
maximum principal curvature, minimum principal curvature, Gaussian curvature, and
mean curvature, onto four different 2D planes for each trabecular cube using custom
MATLAB scripts (MathWorks, Natick, MA, USA). Briefly, the 2D plane was meshed at the
resolution of 172 pixels (bins) × 172 pixels (bins), matching the resolution of the micro-
CT images for each trabecular cube. Next, the trabecular cubes were meshed along the
projection direction with a thickness of one voxel, generating n = 172 planer layers. Then,
the curvature values at each vertex in each planer layer of the trabecular cubes were
projected to the 2D plane. The curvature values at each bin were obtained by summing all
the curvature values falling onto the bin using the following equation:

K(x, y) =
1
n

n

∑
z=1

k(x, y, z) (4)

where, K is the curvature value of the bin at the location (x, y) on the 2D projection
plane; k is the summation of the curvature values at the location (x, y, z) in the trabecular
cube; n is the number of plane layers of the trabecular cube in the projection direction
(n = 172). Finally, the 2D projection plane was converted into a 2D image. In this study,
the 2D projection images of maximum principal curvature, minimum principal curvature,
Gaussian curvature, and mean curvature were used as input to train the DL model.

Figure 2. The schematic framework DL model based on 2D projections of trabecular surface cur-
vatures (maximum principal curvature (K1), minimum principal curvature (K2), mean curvature
(H), and Gaussian curvature (K)). (A). Projection of trabecular surface curvatures onto a 2D plane.
(B). The architecture of the CNN model with the 2D projection images of curvatures as input and the
histomorphometric parameters/geometric parameters/stiffness tensor as output.th.

2.5.2. Convolutional Neural Network (CNN) Modeling

In order to explore the correlations between bone surface curvature distributions
and the microstructure and mechanical properties of trabecular bone, one CNN model
was developed and trained in this study to predict the histomorphometric parameters,
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geometric parameters, as well as mechanical properties of trabecular bone based on the
2D projection images of bone surface curvatures. The architecture of the proposed CNN
model is illustrated in Figure 2, consisting of multiple convolutional layers, max-pooling
layers, and a fully connected neural network followed by the outputs. During the training
process, the 2D projection images of bone surface curvatures were used as input, while the
histomorphometric parameters, geometric parameters, and the apparent stiffness tensor
were used as output, respectively. The mean square error (MSE) was utilized as a loss
function throughout the training process. Furthermore, hyperparameter optimization was
conducted to meticulously refine the architecture of the CNN model to achieve optimal
performance across the training process. The parameters assessed in the CNN architecture
comprised the number of hidden layers, the number of filters, the number of convolutional
layers, kernel size, the optimizer functions, the learning rates, the number of epochs, and
the dropout rate. Finally, the details of the optimized architecture of the CNN model were
shown in Table 1.

Table 1. Optimized architecture of CNN model in prediction of histomorphometric parameters,
geometric parameters, and stiffness tensor using bone surface curvature distributions.

Models Input
Kernel

Size
Pool
Size

Convolutional
Layers

# of Hidden
Layers

Learning
Rates

No. of
Epochs

No. of
Filters

Drop-Out Output

#1

Bone surface
curvature

distributions

3 × 3 2 × 2 (8, 16, 32) 3 0.0001 200 128 ×
64 × 6 0.3 Histomorphometric

parameters

#2 5 × 5 2 × 2 (16, 16, 64) 3 0.0001 300 128 ×
64 × 8 0.4 Geometric

parameters

#3 3 × 3 2 × 2 (16, 32, 64) 3 0.0001 250 128 ×
64 × 9 0.5 Stiffness tensor

In addition, in order to minimize the effect of different scales on the results, all output
parameters were normalized by using rescaling (min-max normalization) before training
the CNN model using the following formula:

x′ = x − min (x)
max(x)− min (x)

(5)

where x is the original value, x′ is the normalized value.
In this study, 80% of the datasets were randomly selected as training datasets, while

the remaining 20% were used as testing datasets. The CNN model was programmed in
Python using the Keras library with a TensorFlow backend and was trained on a Dell
desktop computer (XPS 8930, Intel Core i9-9900k 8-Core Processor, 64 GB Memory, NVIDIA
R GeForce® GTX 1080 with 8 GB GDDR5X Graphic Memory, Dell, Round Rock, TX, USA).

2.6. Data Analysis

The correlations between the distributions of bone surface curvature and the histo-
morphometric parameters, geometric parameters, as well as the mechanical properties of
trabecular bone were evaluated by quantifying the prediction accuracy of the DL model in
predicting those parameters. By performing the linear regression analyses, the prediction
accuracy of the DL model was assessed using the Pearson correlation coefficient (R2), with
significance determined at p < 0.05. All the statistical analyses were performed using IBM
SPSS software (version 29, IBM, Chicago, IL, USA).

3. Results

3.1. Correlation between Bone Aurface Curvature Distributions and Histmorphometric Parameters
of Trabecular Bone

The linear regression analyses were performed to assess the prediction accuracy of
the surface curvature-based DL model in predicting the histomorphometric parameters
(Figure 3). The results showed that the histomorphometric parameters predicted by the
surface curvature-based DL model were consistent with those measured directly from
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micro-CT images. The Pearson correlation coefficients (R2) were 0.96, 0.94, 0.90, 0.79,
0.57, and 0.11 for bone surface (BS), bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), structural model index (SMI), connectivity density (Conn.D), and the degree of
anisotropy (DA), respectively, with all the p-values < 0.0001. Employing R2 as an indicator
of predictive accuracy of the surface curvature-based DL model, the results suggest that
bone surface curvature distributions were significantly correlated with BS, BV/TV, Tb.Th,
SMI, and Conn.D, with the exception of DA. Moreover, bone surface curvature distributions
exhibited the highest Pearson correlation coefficient with BS among the histomorphometric
parameters, whereas a weak correlation was observed between bone surface curvature
distributions and DA.

Figure 3. Regression plots of the microstructural parameters predicted by the curvature-based DL
model vs. measured by micro-CT images.

3.2. Correlation between Bone Surface Curvature Distributions and Geometric Parameters of
Trabecular Bone

The linear regression analyses were also used to assess the prediction accuracy of
the geometric parameters, including trabecular size, spatial arrangement, and trabecular
number (Figure 4). The results indicated the surface curvature-based DL model exhibited
reasonably high accuracy in predicting plate area (PA), plate thickness (PT), and rod
length (RL), with Pearson correlation coefficients R2 of 0.80, 0.63, and 0.79, respectively.
However, the model demonstrated lower prediction accuracy for rod diameter (RD), plate-
to-plate nearest neighbor distance (NNDPP), and rod-to-rod nearest neighbor distance
(NNDRR), with R2 values of 0.36, 0.36, and 0.10, respectively. These findings indicated
strong correlations between bone surface curvature distributions and PA, PT, and RL but
weak correlations with RD, NNDPP, and NNDRR. Additionally, the Pearson correlation
coefficients R2 were 0.83 for plate number PN and 0.34 for rod number RN, suggesting a
strong correlation between bone surface curvature distributions and plate number but a
weak correlation with rod number.

3.3. Correlation between Bone Surface Curvature Distributions and Apparent Stiffness Tensor of
Trabecular Bone

The prediction accuracy of the bone surface curvature-based DL model in predicting
the constant components of the apparent stiffness tensor was assessed by comparing the
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DL-predicted stiffness tensor with the ground-true values measured using FE simulations.
The Pearson correlation coefficients (R2) were 0.89, 0.89, 0.88, 0.90, 0.90, 0.90, 0.87, 0.87, and
0.86 for the apparent stiffness tensor constants C11, C22, C33, C44, C55, C66, C12, C13, and C23,
respectively, with all the p-values < 0.001 (Figure 5), suggesting high correlations between
bone surface curvature distributions and the apparent stiffness tenor of trabecular cube.
These findings imply that bone surface curvature distributions could be used to predict the
anisotropic mechanical behavior of trabecular bone with high accuracy.

Figure 4. Regression plots of the geometric parameters predicted by the curvature-based DL model
vs. measured by micro-CT images.

Figure 5. Regression plots of the stiffness tensor predicted by the curvature-based DL model vs.
measured by micro-CT images.
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4. Discussion

This study investigated the correlations between bone surface curvature distributions
and trabecular microstructure as well as mechanical properties using a DL approach. A
surface curvature-based CNN model was developed and trained to predict the histomor-
phometric parameters, geometric parameters, and the apparent stiffness tensor of trabecular
bone. The results demonstrated that bone surface curvature distributions were not only
highly correlated with the major histomorphometric parameters and geometric parameters,
but also with the apparent stiffness tensor of trabecular bone. These findings supported the
hypothesis that bone surface curvature distributions can serve as a holistic parameter for
predicting bone microstructure and mechanical behavior with reasonably high accuracy,
underscoring the significance of incorporating bone surface curvature analysis in the design
of synthetic bone materials and implants.

Previous studies have indicated that bone surface curvatures primarily capture the
local geometry of trabecular bone [11]. However, our study reveals that bone surface curva-
ture distributions could be used to effectively predict the histomorphometric parameters of
trabecular bone using the DL model, suggesting that bone surface curvature distributions
can be used to evaluate the overall changes of bone microstructure. The results in this
study demonstrated bone surface curvature distributions exhibited the strongest correlation
coefficients with bone BS (R2 = 0.96) and Tb.Th (R2 = 0.90) among the histomorphometric
parameters. Previous studies have shown that BS is a function of the integration of bone
surface curvature [11]. Given the strong correlation between bone surface curvatures and
BS as well as Tb.Th, it is reasonable to infer a similarly strong correlation with bone volume
fraction (BV/TV) (R2 = 0.94). Indeed, by plotting the distributions of bone curvature of
trabecular cubes with different BV/TV values (Figure 6), BV/TV can be clearly identified by
the distributions of bone surface curvatures. In addition, serval studies have demonstrated
the correlation between bone surface curvatures and SMI [11]. This study is the first attempt
to predict SMI using bone surface curvature distributions with high accuracy (R2 = 0.79).
Furthermore, this study also finds a reasonable correlation between bone surface curvature
distributions and Conn.D. but a low correlation between bone surface curvatures and DA.
Nonetheless, this study demonstrated bone surface curvature distributions could accu-
rately predict the major histomorphometric parameters of trabecular bone with reasonable
accuracy, suggesting the significance of bone surface curvature distributions in assessing
the overall microstructural changes of trabecular bone.

This study also investigated the correlations between bone surface curvature distri-
butions and the geometric parameters measured using individual trabecula segmentation
(ITS) analysis, such as trabecular size, spatial arrangement, and trabecular number. These
parameters describe the local microstructural features of trabecular bone as well as its
mechanical properties [8]. High correlations were found between bone surface curvature
distributions and parameters such as PA, PT, and RL, with R2 values of 0.80, 0.63, and
0.70, respectively, suggesting that bone surface curvature distributions are sensitive to
the changes in trabecular plate area, plate thickness, and rod length. However, a low
correlation was observed between bone surface curvature distributions and rod diameter
(RD) (R2 = 0.18), implying that bone surface curvature distributions might not be able to
accurately capture the changes in rod diameter. In addition, it is interesting to find that
there were strong correlations between bone surface curvature distributions and plate
number (R2 = 0.83), an important parameter closely related to the onset of osteoporosis.
It has been observed that plate-like trabeculae were seriously depleted in patients with
osteoporotic fractures [21]. The results in this study further demonstrated that bone surface
curvature distributions are able to pick up the local changes in bone microstructure during
the onset of osteoporosis.

To the best of our knowledge, this study represents the first attempt to predict the
mechanical properties of trabecular bone using a DL model based on the distributions of
bone surface curvatures. The strong correlations between bone surface curvature distribu-
tions and stiffness tensors of trabecular bone (R2 = 0.89–0.91) demonstrated the capability
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of surface curvature distributions in predicting the anisotropic mechanical properties of
trabecular bone. This suggests that bone surface curvature distributions can serve as a
novel parameter for governing the mechanical behavior of trabecular bone. Previous
studies have shown that the structure-function of trabecular bone is mainly attributed to
a full set of histomorphometric parameters [14,22], such as BV/TV, SMI, Conn.D, Tb.Th,
BS, and DA. However, the changes in individual histomorphometric parameters might
not be able to fully reflect the changes in mechanical behavior. Instead of using a full set
of histomorphometric parameters, the high correlations between bone surface curvature
distributions and the microstructure as well as mechanical properties allow bone surface
curvature distributions to be a holistic parameter in capturing the subtle changes in bone
microstructure as well as bone mechanical properties.

Figure 6. Probability distribution of surface curvatures (maximum principal curvature K1, minimum
principal curvature K2, Gaussian curvature K, and mean curvature H) vs. bone volume fraction
(BV/TV).

Indeed, the spatial distributions of bone surface curvatures could reveal various
geometric characteristics of bone microstructures (Figure 7). By examining the spatial
distributions of bone surface curvatures, the maximum principal curvature and mean
curvature seem to effectively characterize the overall framework of bone microstructure,
while the minimum principal curvature and Gaussian curvature are more appropriate for
capturing local topological characteristics. Moreover, previous studies have shown that
mean curvature describes the local convexity or concavity of a surface, whereas Gaussian
curvature delineates different surface types, including saddle-shaped regions (K < 0),
intrinsically flat regions (K = 0), and sphere-shaped regions (K > 0) [10]. Additionally, this
study investigated the correlations between individual surface curvature distributions
and the histomorphometric parameters of trabecular bone using DL models. The results
(Table 2) showed that DL models based on maximum principal curvature distribution and
mean curvature distribution demonstrated higher prediction accuracy in predicting bone
surface area, whereas Gaussian curvature-based DL models demonstrated higher prediction
accuracy in predicting trabecular thickness, thus suggesting that maximum principal
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curvature and mean curvature are more closely correlated with bone surface area while
Gaussian curvature is more strongly correlated with trabecular thickness. Furthermore,
the results indicated that the prediction accuracy of DL models using individual surface
curvature as input is comparable to that of DL models using all four surface curvatures
as input, implying that each surface curvature distribution contains the major geometric
characteristics regarding bone microstructure.

Figure 7. Plots of surface curvatures (maximum principal curvature K1, minimum principal curvature
K2, Gaussian curvature K, and mean curvature H) over trabecular surface.

Table 2. Comparison of prediction accuracies of microstructural parameters of trabecular bone using
different inputs for DL model.

Inputs for DL Model
Prediction Accuracy (R2)

BS BV/TV Tb.Th SMI Conn.D DA

K1 0.94 0.92 0.86 0.77 0.42 0.11

K2 0.91 0.91 0.85 0.76 0.44 0.11

G 0.84 0.92 0.91 0.77 0.37 0.08

H 0.94 0.91 0.88 0.76 0.47 0.06

K1, K2, G, H 0.96 0.94 0.90 0.79 0.57 0.12

Moreover, surface curvatures have been extensively applied in various fields. Several
studies have been conducted on applying bone surface curvatures for segmenting and label-
ing bone surface regions due to their reliable detection of geometric features [23–26]. Fur-
thermore, researchers have applied bone surface curvature to fabricate tissue scaffolds [27],
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indicating that bone surface curvature allows to create a library of mathematically designed
scaffolds, showing its potential for regeneration of anisotropic bone structure. Guo et al.,
proposed a deep learning approach for designing structures with targeted surface curva-
ture [28], which could be designed to promote mechanical behavior. Researchers further
examined the effects of the curvature of the femur and tibia on biomechanical behavior
during unloaded uphill locomotion [29], highlighting the strong correlation between bone
curvature and locomotor function, as well as underlying skeletal structure. These findings
demonstrated the significant role of bone surface curvature in governing the structure and
mechanical behavior of bone.

Several limitations should be acknowledged in this study. Firstly, training a robust
DL model typically necessitates a comprehensive dataset. However, this study included
only six proximal femurs from six distinct donors, which might not represent the general
population’s bone surface curvatures. Nonetheless, the findings of this study are still
valid to support the hypothesis of this study. Secondly, the projection of bone surface
curvature distributions onto a 2D plane might not fully capture the spatial distributions of
surface curvature by DL model. Future studies could investigate the prediction of bone
microstructure as well as mechanical behavior using 3D surface curvature distributions as
input for the DL model.

5. Conclusions

This study is the first to quantitatively correlate bone surface curvature distributions
with both the microstructure and the mechanical behavior of trabecular bone using a deep
learning (DL) model, demonstrating that bone surface curvature distributions can serve
as a novel parameter governing the microstructure and mechanical behavior of trabecular
bone. The DL model based on the surface curvature distributions demonstrated a high
fidelity in predicting the microstructure as well as the mechanical properties of trabecular
bone, thus verifying the hypothesis of this study. In addition, the following conclusions
could be achieved: Firstly, the maximum principal curvature and mean curvature could
effectively capture the overall framework of bone microstructure, whereas the minimum
principal curvature and Gaussian curvature are better suited for capturing the local topo-
logical features. Secondly, each surface curvature distribution contains the major geometric
characteristics regarding bone microstructure. Finally, bone surface curvature could serve
as a holistic parameter in describing the bone microstructure and mechanical behavior. The
findings of this study underscore the significance of incorporating bone surface curvature
analysis in the design of synthetic bone materials and implants.
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