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Abstract: The inducible enzyme cyclooxygenase-2 (COX-2) and the subsequent synthesis
of eicosanoids initiated by this enzyme are important molecular players in bone healing.
In this pilot study, the suitability of a novel selective COX-2 inhibitor bearing a nitric
oxide (NO)-releasing moiety was investigated as a modulator of healing a critical-size
bone defect in rats. A 5 mm femoral defect was randomly filled with no material (negative
control, NC), a mixture of collagen and autologous bone fragments (positive control, PC), or
polycaprolactone-co-lactide (PCL)-scaffolds coated with two types of artificial extracellular
matrix (aECM; collagen/chondroitin sulfate (Col/CS) or collagen/polysulfated hyaluronic
acid (Col/sHA3)). Bone healing was monitored by a dual-tracer ([18F]FDG/[18F]fluoride)
approach using PET/CT imaging in vivo. In addition, ex vivo µCT imaging as well as
histological and immunohistochemical studies were performed 16 weeks post-surgery.
A significant higher uptake of [18F]FDG, a surrogate marker for inflammatory infiltrate,
but not of [18F]fluoride, representing bone mineralization, was observed in the implanted
PCL-scaffolds coated with either Col/CS or Col/sHA3. Molecular targeting of COX-2 with
NO-coxib had no significant effect on tracer uptake in any of the groups. Histological and
immunohistochemical staining showed no evidence of a positive or negative influence of
NO-coxib treatment on bone healing.

Keywords: bone healing; inflammation; cyclooxygenase-2; revascularization; molecular
imaging; small animal imaging; positron emission tomography; dual-radiotracer approach;
rat critical bone defect

1. Introduction
Although autologous bone grafting is still the clinical gold standard for treatment of

large bone defects, this approach is limited by the need of an additional surgery, availability
of donor material, and donor site morbidity [1,2]. Therefore, various tissue engineering
strategies aim to develop biomaterials providing an environment mimicking the body’s
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natural bone healing process [3], e.g., by promoting osteogenesis and angiogenesis, by facil-
itating integration with host tissues and load transfer under weight-bearing conditions [2].
Finally, such materials should be bioresorbable [2]. All of these requirements are largely
fulfilled by polycaprolactone-co-lactide (PCL)-scaffolds coated with collagen type I (Col),
the most abundant organic matrix component of bone, and the glycosaminoglycans (GAGs)
chondroitin sulfate (CS) or hyaluronan (HA), which are important multifunctional compo-
nents of the extracellular matrix (ECM) in bone, as demonstrated by previous studies [4–6].
The latter stimulate bone healing by recruiting mesenchymal stromal cells and supporting
their differentiation [5,7]. As the underlying mechanism, binding of growth factors and
cytokines and, thereby, modulation of their availability has been discussed [5,8]. The posi-
tive effect of such coated implants has already been demonstrated both in vitro [9–12] and
in vivo [5,6,13–15], suggesting that the investigated scaffolds could act not just as tempo-
rary matrix for cell migration, proliferation, and differentiation in bone tissue engineering,
but also have a great potential as bone substitutes [14].

During treatment of bone defects, especially in the early phase of bone healing, suffi-
cient pain management is indispensable in view of patient welfare. In this regard, nons-
teroidal anti-inflammatory drugs (NSAIDs) like aspirin, ibuprofen, or naproxen sodium are
highly effective against fever, pain, and inflammation by blocking constitutively expressed
cyclooxygenase (COX)-1 and inducible COX-2. In comparison to NSAIDs, COX-2 selective
inhibitors (coxibs) are characterized by a reduced risk of adverse side effects with regard to
stomach, intestine, and kidney function and, thereby, are to be preferred over non-selective
COX inhibitors at least in patients without pre-existing vascular risk factors. However,
therapeutic modulation of COX-2 function is discussed controversially with regard to bone
healing, especially during its early phase [16], and seems to be challenging due to the
narrow therapeutic window. Nevertheless, COX-2 represents a key factor in inflammatory
processes accompanying bone healing [16–19] and, therefore, this enzyme itself is an ex-
cellent molecular target, as it is strongly expressed primarily in the immediate vicinity of
the local defect. This provides the opportunity to use coxibs as targeting units to pursue
further therapeutic approaches.

Alongside inflammation, angiogenesis is crucial for proper bone healing [20,21]. Be-
sides other factors, the small, hydrophobic, and highly reactive free radical NO• (nitric
oxide; NO), produced by upregulated inducible (iNOS) and endothelial NO synthases
(eNOS) in osteoblasts and periosteal cells, facilitates neovascularization during bone heal-
ing by vasodilatation as well as by delivery of inflammatory cells and cytokines to the
fracture site [22–24]. Moreover, NO mediates bone remodeling and stimulates the produc-
tion of collagen precursors [20,23,25,26]. Therefore, local delivery of NO as a modulator of
both bone healing and vascular reactivity represents an area of growing therapeutic poten-
tial [20]. The effects of both coxibs and NO alone on bone healing have been extensively
reviewed elsewhere [16,21].

We hypothesized that the targeting of COX-2 for the delivery of NO to the fracture
site positively influences (biomaterial-assisted) bone healing. To prove our hypothesis, we
used the potent NO-releasing COX-2 inhibitor [4-Chloro-1-(4-sulfamoylphenyl)-5-(p-tolyl)-
1H-pyrazol-3-yl]methyl nitrate [27], which was previously developed by our group [28]
and is referred to as NO-coxib herein, for adjuvant treatment of a critical-size bone defect
in rats. The structure of NO-coxib is based on the clinically approved COX-2 inhibitor
celecoxib and contains a nitroester moiety at the central pyrazole heterocycle as NO-
releasing functionality. To investigate the efficacy of this approach, various bone healing
scenarios, reflecting different clinical situations, were used as models. While the empty
defect serves as negative control (NC), a mixture of porcine gelatine consisting of collagen
and sodium lauryl sulfate together with autologous bone fragments represents a positive
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control (PC). Both were compared to PCL-scaffolds coated with a mixture of collagen type I
and CS (Col/CS) or high-sulfated HA (Col/sHA3), which are important multifunctional
components of the ECM in bone.

Bone healing was investigated intraindividually over 16 weeks by dual-radiotracer
PET/CT imaging using the clinically established radiotracers 2-[18F]fluoro-2-deoxy-D-
glucose ([18F]FDG) and [18F]fluoride. Positron emission tomography/computed tomogra-
phy (PET/CT) imaging is particularly suitable for such longitudinal studies as it allows
for non-invasive imaging of the target of interest, which can be, depending on the type of
used radiotracer, expression of a certain receptor, activity of transporters or enzymes, or a
metabolic process [29,30]. Both the animal model for biomaterial-assisted bone defect heal-
ing and feasibility of the dual-radiotracer PET/CT imaging for functional characterization
of biomaterial-assisted bone healing have already been validated [6]. Finally, explanted
femora were analyzed by ex vivo CT, histology, and immunohistochemistry to obtain
insights into bone healing, remodeling, vascularization, and the presence of osteoblasts,
osteoclasts, as well as inflammatory cells.

To the best of our knowledge, this is the first preclinical study investigating biomaterial-
assisted bone healing in combination with a novel NO-coxib by non-invasive PET/CT imaging.

2. Results
2.1. First In Vivo Application of NO-Coxib

The first in vivo application of the NO-coxib developed by our group [27,28] was
well-tolerated by the animals. No adverse side effects were observed in male Wistar rats
when applying 10 doses within 14 days with each 5 mg NO-coxib/kg body weight by
s.c. injection in a bio-compatible vehicle solution (50% PEG300, 40% NaCl, 10% DMSO
containing NO-coxib; 1 mL/kg body weight).

2.2. Imaging of Inflammatory Activity by [18F]FDG PET/CT

Cellular activity in the bone defect area was investigated by PET/CT imaging after i.v.
injection of [18F]FDG. [18F]FDG accumulation in tissues is mainly dependent on cellular
glucose uptake by glucose transporters (GLUT) 1 and 3 [31]. Thereby, it is a surrogate
marker for cellular glucose consumption and, in line with this, cellular activity. Besides
tumor cells (“Warburg effect” [32,33]), inflammatory cells also have a high need for glu-
cose [34], whereas no significant uptake of [18F]FDG is observed in healthy bone with the
exception of epiphyses [6].

Four weeks after establishment of the 5 mm femur defect and implantation of the
biomaterials, PET/CT imaging was conducted the first time. At that time, [18F]FDG
predominantly accumulated within the bone defect, especially when an aECM-coated
PCL-scaffold was implanted (Figure 1a, dashed box). In comparison to the NC and PC, a
substantial higher [18F]FDG uptake was observed in the implanted PCL-scaffolds (Col/CS
and Col/sHA3) (Figure 1a). Considerable [18F]FDG uptake in aECM-coated PCL-scaffolds
suggests an increased glucose consumption due to increased cellular activity within these
scaffolds, which indicates a prominent infiltration by inflammatory cells.

For quantification of tracer uptake, standard uptake value (SUV) was determined in
a volume of interest (VOI) comprising the bone defect and adjacent bone tissue, which
was defined as SUVdefect (Figure 1a, dashed box). Determination of SUVdefect between the
two inner screws is superior to analyzing the whole area between the two outer screws
due to enhanced physiological [18F]FDG uptake by epiphyses resulting in overestimation
of inflammation-induced tracer uptake [6]. SUV values were determined at 4, 8, 12, and
16 weeks post-surgery to generate time activity curves (TAC, Figure 1b) over the whole ob-
servation period. Thereby, it became evident that, beginning with latest week 8 post-surgery,
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there is a significantly higher [18F]FDG uptake by bone defects filled with aECM-coated
PCL-scaffolds in comparison to NC and PC (Figure 1b). In NC, PC, and Col/sHA3 groups,
the highest [18F]FDG uptake was found at week 4 with a slight decrease thereafter followed
by a stable phase up to at least week 16 (end of observation period) (Figure 1b), suggesting
inflammatory processes to be most active in the bone defect up to 4 weeks post-surgery.
Only in rats implanted with Col/CS the maximum [18F]FDG uptake was observed slightly
later, at week 8, followed by a fairly stable tracer uptake up to week 16 (Figure 1b). Ana-
lyzing area under the (time activity) curve (AUCSUV) revealed significantly higher total
[18F]FDG uptake in rats implanted with Col/CS (24.6 ± 2.6) or Col/sHA3 (22.5 ± 2.4)
compared to NC (9.6 ± 1.8) or PC (9.6 ± 0.9) (Figure S1E). This confirms previous findings
that the presence of GAGs, especially CS, stimulates recruitment, attachment, and prolif-
eration of mesenchymal stem cells (MSCs) in vitro and cells from bone marrow and the
surrounding defect area in vivo [10,14]. Moreover, CS induced osteogenic differentiation
of human MSCs in vitro without other differentiation additives [10]. In the corresponding
in vivo experiment, coating of PCL-scaffolds with Col/CS resulted in the highest matrix
deposition and bone formation compared to non-coated PCL-scaffolds [14], suggesting that
the investigated scaffolds do not just act as temporary matrix for cell migration, prolifera-
tion, and differentiation in bone tissue engineering, but also have an osteogenic potential
as bone substitutes [14].
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Figure 1. [18F]FDG accumulation in the femur defect after insertion of no material (NC), a mixture
of collagen and autologous bone fragments (PC), or PCL-scaffolds coated with a mixture of either
collagen and chondroitin sulfate (Col/CS) or collagen and polysulfated hyaluronic acid (Col/sHA3).
(a) Representative PET/CT images at 4 weeks post-surgery. (b,c) [18F]FDG accumulation in the
bone defect (dashed box) was determined (SUVdefect) at 4, 8, 12, and 16 weeks post-surgery without
((b), vehicle solution only) or with adjuvant administration of NO-coxib (c). All values are depicted
as mean (symbol) ± SEM (dotted line). Significant differences to the NC and PC are indicated by *
and #, respectively (p ≤ 0.05).
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To test whether NO delivery to bone defect via COX-2 targeting influences bone defect
inflammation and healing, rats were treated at 10 out of 14 days from day 2 to day 14 post-
surgery with either NO-coxib (5 mg/kg per dose) or vehicle solution only by s.c. injection
next to the surgery site. Compared to the vehicle group (Figure 1b), [18F]FDG uptake in NO-
coxib treated rats showed mainly the same SUV levels and time courses (Figure 1c). Direct
comparison within each group (Figure S1A–D) revealed only for PC group at 12 weeks
post-surgery a significant difference between vehicle and NO-coxib-treated rats. By trend,
a lower [18F]FDG uptake was observed in the NC group at week 4 and 8 post-surgery
when rats where treated with NO-coxib (Figure S1A), suggesting a slightly decreased initial
inflammation in the presence of NO-coxib in this group. Nevertheless, due to relatively
high interindividual variations, no further significant differences between the vehicle and
NO-coxib group could be observed. Although total [18F]FDG uptake over time (AUCSUV)
did not significantly differ in any of the groups (Figure S1E), again there was a trend for
a decreased [18F]FDG signal in rats implanted with no material (NC) when treated with
NO-coxib (Figure S1E).

In order to reduce interindividual variations, various attempts have been made to
normalize tracer signal in the bone defect to either “background” tracer uptake in the
reference tissue muscle (target-to-background ratio; TBR) or to tracer input function in
blood (standard uptake ratio; SUR). In addition, Patlak analysis has been performed to
determine the metabolic uptake rate Km. However, none of the normalized values were
superior to SUV with regard to data variation within the groups (Figure S2). With the
exception of Km, all of them showed the same trends with regard to time course and
differences between experimental groups. Both TBR and Km confirmed a slightly, although
not significantly, decreased [18F]FDG signal in the NC group when treated with NO-coxib in
comparison to the vehicle group (AUCNO-coxib vs. AUCvehicle: TBR: 22.1 ± 2.7 vs. 28.7 ± 5.7;
Km: 0.06 ± 0.02 vs. 0.09 ± 0.02). This indicates that inflammatory activity in the non-filled
femur defect seems to be slightly decreased by NO-coxib administration.

One reason for missing measurable effects of NO-coxib in rats of Col/CS and
Col/sHA3 group could be that aECM-coated PCL-scaffolds already attract a variety of
cells. Especially for Col/CS-coated scaffolds, it has already been discussed that they seem
to have such good bone-healing effects that seeding with mesenchymal stem cells (MSCs)
does not have an additional benefit, although their presence could be demonstrated even
up to 12 weeks after implantation [14].

2.3. Imaging of Bone Mineralization by [18F]Fluoride PET/CT

Bone mineralization within the femur defect was analyzed by PET/CT imaging after i.v.
injection of [18F]fluoride. [18F]Fluoride is transported to the skeletal system in proportion
to bone blood flow and osteoblastic activity and, finally, accumulates as a function of
fluorine-to-hydroxyapatite exchange [35,36].

Due to the different targeting mechanisms, [18F]fluoride accumulates, contrary to
[18F]FDG, at the bone defect margins in close proximity to the 5 mm femur defect, where
highest new bone formation and mineralization is expected (Figure 2a). Only in the PC
group, where a mixture of collagen and autologous bone fragments has been implanted,
[18F]fluoride accumulation was found in the entire defect (Figure 2a). Obviously, autologous
bone fragments allow for a more evenly distributed formation of new bone.

When analyzing TACs (Figure 2b), it became evident that, at 4 and 8 weeks post
implantation, [18F]fluoride accumulation was comparable in all four groups and, with the
exception of Col/CS, decreased from week 4 to 12. From 12 weeks forward, substantial
differences between the different groups became apparent. While [18F]fluoride accumula-
tion in NC and especially in PC was increased at week 16 post-surgery compared to week
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12, suggesting an active bone formation at that time, [18F]fluoride signal in rats implanted
with Col/CS was already increased at 12 weeks post-surgery, but afterwards stabilized
(Figure 2b). By contrast, [18F]fluoride signal in rats implanted with Col/sHA3 continuously
decreased from 4 weeks post-surgery, suggesting the lowest bone mineralization of all.
Analyzing AUCSUV from TACs (Figure S3E) revealed highest tracer uptake over the entire
observation period in rats of Col/CS (2962 ± 1260) and PC group (2533 ± 889), whereas
AUCSUV for Col/sHA3 (1882 ± 176) was lower and comparable to NC (1917 ± 718). How-
ever, with the numbers available, no significant differences could be detected due to high
interindividual variations.
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Figure 2. [18F]Fluoride accumulation in the femur defect after insertion of no material (NC), a mixture
of collagen and autologous bone fragments (PC), or PCL-scaffolds coated with a mixture of either
collagen and chondroitin sulfate (Col/CS) or collagen and polysulfated hyaluronic acid (Col/sHA3).
(a) Representative PET/CT images at 4 weeks post-surgery. (b,c) [18F]Fluoride accumulation in the
bone defect (dashed box) was determined (SUVdefect) at 4, 8, 12, and 16 weeks post-surgery without
((b), vehicle solution only) or with adjuvant administration of NO-coxib (c). All values are depicted
as mean (symbol) ± SEM (dotted line). No significant differences could be observed.

Adjuvant treatment with NO-coxib (10 doses, 5 mg/kg per dose) did not significantly
influence bone mineralization-related [18F]fluoride uptake in NC, PC, and Col/CS group
(Figure S3A–D). However, at 12 weeks post-surgery, there was a trend towards a higher
[18F]fluoride uptake in these groups when treated with NO-coxib (Figure S3A–C). This
was also true for rats implanted with Col/CS at week 16 (Figure S3C), resulting in highest
overall tracer uptake over time (AUCSUV 3918 ± 1419, Figure S3E). This suggests that
adjuvant treatment with NO-coxib might have positive effects on bone formation in non-
filled defects (NC), but also in defects filled with autologous bone (PC) or a suitable
biomaterial (Col/CS). Interestingly, these effects manifest mostly at later phases of bone
healing (later than week 8 post-surgery), although they are supposed to be initiated in
the early phase of bone healing because NO is a highly reactive free radical (NO•) with
a correspondingly short half-life. By contrast, implantation of PCL-scaffolds coated with
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Col/sHA3 resulted in lowest overall bone formation (AUC 1882 ± 176), which was further
significantly diminished by subcutaneous injection of NO-coxib next to the surgery site
(AUC 1445 ± 323, p = 0.007) (Figure S3D,E).

According to [18F]FDG uptake, [18F]fluoride signal has been normalized to either
“background” tracer uptake in the reference tissue muscle (TBR) or to tracer input function
in blood (SUR, Patlak analysis). However, none of the normalized values were superior to
SUV with regard to data variation within the groups.

2.4. Quantitative Analysis of Bone Defect Closure by High-Resolution CT and µCT Imaging

In addition to functional PET imaging, newly formed bone volume as an endpoint
marker was investigated at 16 weeks post-surgery, when rats passed all in vivo imaging
experiments. Explanted femora were analyzed by both high-resolution CT (Figures S4A
and 3a) and µCT imaging (Figures S4B and 3b) to finally assess bone formation within
the femur defect. To avoid metal-based CT artifacts, plate and screws had to be removed
before CT imaging even though this bears the risk of damage to the newly formed bone
tissue. Especially for Col/CS, which tended towards bone bridging in close proximity to
the plate, this often happened and, therefore, bone defect closure in the Col/CS group
is likely to be underestimated by ex vivo CT imaging. Moreover, when bone bridging is
still fragile and the femora are subject to bending, bone volume within the defect area
determined by a computer-based method may be under- or overestimated. Therefore, we
decided to determine bone healing by a simple scoring method (Figure S4C) in addition
to image-based determination of ratio between bone volume (BV) and total volume (TV)
(Figure S4D).

After 16 weeks, in all of the investigated groups, a healing of the femur defect could
be observed. However, interindividual variation within the groups was quite high. While
in two animals complete defect closure (score 7) could be observed, there were also 10 rats
still without any defect bridging (score 1) (Figure 3a). Despite some significant differences
and trends in [18F]FDG and [18F]fluoride uptake, respectively, there were no significant
differences with respect to defect bridging between the groups, probably due to data
variability within the groups regardless of the method used (Figure 3a,b). Even in the PC
group, reflecting the current clinical gold standard, defect bridging varied from score 2 to
7. Implantation of PCL-scaffolds coated with Col/CS did not result in higher bone defect
closure, as expected from the highest bone mineralization rates suggested by [18F]fluoride
imaging. On the other hand, implantation of Col/sHA3-coated PCL-scaffolds, which
was characterized by lowest [18F]fluoride uptake overall, did not result in a significantly
reduced bone defect bridging compared to the other groups.

Treatment with NO-coxib did not show any measurable effects on defect bridging
analyzed by high-resolution CT or µCT (Figure 3). However, there are some trends towards
higher defect bridging in NO-treated rats. In general, there was a good correlation between
determination of defect bridging by manual scoring (high-resolution CT) and software-
based calculation (µCT) (Figure 3).
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ratio (bone volume (BV)/total volume (TV)) was calculated with software.

2.5. Qualitative Characterization of Bone Defect Closure by Histology

CT measurement only detects mineralized/calcified bone tissue and, thereby, may not
recognize or at least underestimate defect bridging with cartilage and pre-mature bone
tissue. Therefore, explanted femora were also investigated by histology and immunohisto-
chemistry basically according to previously published methods [37].

In hematoxylin and eosin staining, mature bone, appearing as a compact structure in
dark red, can be discriminated from connective tissue, displayed as a structured network
of cells and collagen fibers in light pink, or cartilage, in gray-pink (Figure S5A). This allows
for the newly formed tissue in the defect area to be examined for the amount of calcified
bone and cartilage as well as the distribution of cells and blood vessels. Defect bridging
in the NC group, for example, varied from still completely separated bone ends to almost
complete bone defect closure with only a narrow strip of connective tissue, which is in line
with the results obtained by ex vivo CT. Since rats were obtained by the same supplier and
even as one cohort, this emphasizes individual variability in bone defect healing capacity
of the used rats.

Movat’s pentachrome staining allows for a more detailed analysis of bone healing
progression as well as the type of bone formation (direct, or desmal, ossification vs. endo-
chondral ossification) [37]. While mature bone can be identified by its compact structure
in dark yellow, fibrous tissue and cartilage appear in light yellow and green, respectively
(Figure S5B). Thereby, newly formed bone in NC and PC could be characterized as wo-
ven bone with bone marrow already (Figures 4a,b and S5B). Implanted PCL-scaffolds,
recognizable by the white spots in the histological sections [27], were for the most part
still present in rats after 16 weeks (Figure 4c,d), which may delay bone healing in the
used rat model. On the other hand, the degradation behavior of PCL-scaffolds is op-
timized for human application and is considered to be fully biodegradable in patients.
Beforehand, aECM-coated PCL-scaffolds provide osteoconductive, osteoinductive, and
osteogenic properties ([5] and references therein). While bone defect healing in NC and
PC was characterized predominantly by either endochondrale (NC, Figure S6A) or di-
rect ossification (PC, Figure S6B), bone defect bridging in rats implanted with Col/CS or
Col/sHA3 occurred by both endochondral and direct ossification in parallel (Figures 4c
and S6C). Using Movat’s pentachrome staining, cells within the bone defect can be clearly
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identified by their red-brown nuclei staining in contrast to yellow collagen and, moreover,
the active stage of bone formation can be verified by newly formed osteoid colored in
red [37].

With Masson–Goldner trichrome staining, mature bone appears in dark blue to
turquoise, connective tissue in light turquoise to green, and muscle as well as cytoplasm
in red, providing again a good method to distinguish between areas of mineralized bone
from premature bone or connective tissue (Figure S5C).
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Figure 4. Representative images of Movat’s pentachrome stain and, in an enlarged section (dotted
box), blood vascular endothelial cells (αSMA, alpha-smooth muscle actin), M1 macrophages (CD68),
and osteoblasts (TNAP, tissue-nonspecific alkaline phosphatase) in femur defect 16 weeks after inser-
tion of (a) no material (NC), (b) collagen together with autologous bone (PC), or a PCL-scaffold coated
with (c) Col/CS or (d) Col/sHA3 (Col = collagen, CS = chondroitin sulfate, sHA3 = polysulfated
hyaluronic acid). Mature bone within PCL-scaffolds is indicated by arrows. Bar = 1 cm.

By contrast to the trends found by in vivo PET/CT imaging using [18F]fluoride and ex
vivo CT measurements, no clear differences between rats treated with NO-coxib or vehicle
solution could be observed by histology (Figure 5). This is most likely caused by the limited
number of histological specimens per group (n = 3–4) and interindividual variation, even
in rats investigated within one experiment. Moreover, by contrast to in vivo PET and ex
vivo CT imaging, histological characterization represents only one particular section of the
bone defect and, therefore, may be less representative for assessment of complete bone
defect bridging.
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Figure 5. Representative images of Movat’s pentachrome stain comparing proportion of mature bone
within the defect area 16 weeks after insertion of (a) no material (NC), (b) collagen together with
autologous bone (PC), or a PCL-scaffold coated with (c) Col/CS or (d) Col/sHA3 (Col = collagen,
CS = chondroitin sulfate, sHA3 = polysulfated hyaluronic acid) in rats treated with either vehicle or
NO-coxib. Circles mark the previous position of the inner screws and dotted lines cover the original
defect area. Bar = 1 cm.

2.6. Qualitative Characterization of Bone Defect Closure by Immunohistochemistry

With immunohistochemistry, the presence of osteoblasts (Figure S5D; tissue-nonspecific
alkaline phosphatase (TNAP)), osteoclasts (tartrate-resistant acid phosphatase, TRAP),
macrophages type I (Figure S5E; CD68), macrophages type II (CD163), and blood vessels
(Figure S5F; alpha-smooth muscle actin (α-SMA)) were analyzed.

At 16 weeks post-surgery, the highest TNAP activity could be found in the Col/CS
and Col/sHA3 groups (Figure 4c,d). TNAP is an enzyme that plays a crucial role in bone
formation and is produced by osteoblasts. TNAP increases the local concentration of
inorganic phosphate by hydrolyzing molecules containing phosphate groups and, thereby,
enhances precipitation of calcium phosphate, a key component of hydroxyapatite. In
bone regeneration, TNAP expression is elevated, especially in the phase of soft callus
formation and during the transition from soft to hard callus [38]. While osteoclasts and
M2 macrophages were almost absent in the analyzed bone defect specimens, suggesting
bone healing being not yet in the remodeling phase, M1 macrophages could be observed
especially at the border line of bone and connective tissue (Figures 4a,b and S5E).

As expected, advanced defect bridging could be observed in most of the analyzed rats
from the PC group in contrast to the NC group. In PC, bone margins were in close proximity
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and there was only a narrow strip of connective tissue in between, pervaded by blood
vessels, M1 macrophages, and osteoblasts (Figures 4b and S5E,F). PCL-scaffolds coated with
either Col/CS or Col/sHA3 were well-penetrated with connective tissue and, in most cases,
only minor parts of the PCL-scaffold were surrounded by mature bone, as demonstrated
by Masson–Goldner and Movats’ pentachrome staining (Figure 4c,d, arrows). In general,
many osteoblasts could be found within the defect area (Figures 4c,d and S5D), suggesting
an active bone mineralization occurring, accompanied by the presence of M1 macrophages
especially at the borderline of bone and connective tissue (Figures 4 and S5E). In all groups,
blood vessels could be observed within the defect area (Figure 4), mainly limited to areas
of connective tissue.

However, due to the limited number of histological specimens and heterogenous
bone regeneration even within the individual groups, no measurable influence of adjuvant
therapy with NO-coxib on the investigated markers could be observed.

To distinguish mature (type I) and immature (type II/III) collagen, in representative
samples, Herovici’s Collagen stain for collagen differentiation (Figure S7A) as well as
staining with antibodies specific for collagen I (Figure S7B) or collagen II (Figure S7C)
was performed. Whereas collagen I could be detected in the entire bone defect, alongside
with the presence of osteoblasts (Figure S7B,D), collagen II was restricted to areas filled
with mature bone, as identified by Movat’s pentachrome stain (Figure S7C,E, arrows).
Since collagen type II is specific for cartilage tissue, this can be interpreted as a marker for
endochondrale ossification in these areas.

3. Discussion
Bone healing is a complex, multi-phase process that involves a series of cellular events

aimed at restoring bone integrity following bone injury. It can be broken down into four
main phases: inflammatory phase, soft callus formation, hard callus formation, and re-
modeling [39]. The inflammatory phase is initiated by tissue damage and blood vessel
rupture that result in the formation of a hematoma at the injury site. This hematoma
triggers an inflammatory response, with immune cells, e.g., macrophages, clearing debris
and pathogens. Macrophages secrete cytokines and growth factors that initiate the healing
process. During chondrogenesis, fibroblasts and chondrocytes migrate to the fracture site,
forming a cartilage matrix (“soft callus”) that bridges the bone defect. Mesenchymal stroma
cells (MSCs) differentiate into chondrocytes and osteoblasts, promoting the formation of
periosteal bone. MSC-derived osteoblasts replace the cartilage with woven bone through a
process known as endochondral ossification. The resulting “hard callus” provides tempo-
rary stability. Osteoclasts resorb the cartilage and mineralized bone to reshape and organize
the newly formed tissue. The final remodeling phase involves the gradual replacement of
woven bone with lamellar bone, restoring the bone’s original structure and strength. This
last phase is driven by bone-forming osteoblasts and bone-resorbing osteoclasts, refining
the bone’s architecture and adapting its strength to the mechanical load.

COX-2 represents a key factor in inflammatory processes accompanying bone healing
by promoting the recruitment of cells required for proper remodeling, e.g., osteoclasts and
osteoblasts [17–19]. While an appropriate course of inflammatory processes is essential
for bone repair, excessive inflammation can interfere with healing. Therefore, reducing
excessive inflammation by coxibs could potentially improve bone healing, particularly in
situations of chronic inflammation. However, therapeutic modulation of COX-2 function is
discussed controversially with regard to bone healing, especially during its early phase,
because of the narrow therapeutic window [16,40]. Nevertheless, since COX-2 plays
an essential role during bone healing, we hypothesize that targeting of COX-2 for the
delivery of NO positively influences (biomaterial-assisted) bone healing. The importance
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of NO for bone function is well known. It is involved in neovascularization, delivery
of inflammatory cells and cytokines to the fracture site [22–24], production of collagen
precursors [20,23,25,26], as well as in appropriate osteoblast development [41]. In line
with this, enhanced bone healing was achieved in a 5 mm rat femur defect model filled
with demineralized bone matrix when the NO donor nitroso-bovine serum albumin (NO-
BSA) was added directly to the implanted bone matrix [42]. Interestingly, the effect could
be achieved by only a single dose of NO-BSA despite its short half-life of 5 h. It has
been discussed that S-nitrosothiols, formed of NO and molecules containing sulfhydryl
functional groups, e.g., serum albumin, retain the biological effectiveness of NO due to their
substantially longer half-life compared to NO, resulting in a slow but continuous release
of NO to the plasma [42]. In line with this, binding of NO-releasing moiety to lipophilic
compounds like coxibs is hypothesized to enable prolonged release of NO.

Moreover, it has been shown in vitro that NO-releasing derivatives of aspirin (NCX-
4016) and naproxen (HC-3012), by contrast to their parental compound aspirin and
naproxen, respectively, or celecoxib, do not alter proliferation and differentiation of os-
teoblasts. Moreover, these NO-NSAIDs reduced the activity of matrix-modifying enzymes
relevant for bone remodeling, namely plasminogen activator, metalloproteinases, and
cathepsin B. Again S-nitrosylation of molecules like albumin was discussed as the underly-
ing pharmacological mechanism [43].

Although autologous bone grafting, reflected by the positive control in this study, is
still the clinical gold standard for the treatment of large bone defects, implantation of adap-
tive biomaterials is required in a situation when autologous bone is not sufficient. Thanks
to its good biocompatibility, biodegradability, and mechanical elasticity, the FDA-approved
synthetic linear polyester PCL provides a robust basis for scaffold development in bone
tissue engineering [44,45]. A better interaction with the surrounding tissue, resulting in
an optimized scaffold bioactivity, can be achieved by modification of the PCL-scaffolds’
surface, for example with natural ECM components [45]. In this regard, immobilization of
collagen (Col) together with glycosaminoglycans (GAGs) like chondroitin sulfate (CS) or
hyaluronan (HA), which are important multifunctional components of the extracellular
matrix (ECM) in bone [4–6], offers beneficial effects on tissue integration and bone healing
by binding of growth factors and cytokines as well as by recruiting MSCs and supporting
their differentiation [5,7,8,46]. Via integrin-mediated binding to its arginylglycylaspartic
acid (RGD) sequence, collagen (Col) promotes adhesion and differentiation of osteoblasts
and osteoclasts but also their precursors, e.g., MSCs [8,47–49]. Moreover, Col serves as
a substrate for collagenases and matrix metalloproteinases and, thereby, increases bone
remodeling [8]. The precise action of GAGs varies according to their structural composition,
mainly their degree of sulfation and polymer length, both of them also changing during
bone remodeling processes [50,51]. In the present study, we included the most promising
GAGs found in previous studies [5,14] resulting in an intense recruitment of cells, most
likely MSCs, osteoblasts, and macrophages to the defect area, which could be confirmed by
a significantly increased [18F]FDG uptake in Col/CS and Col/sHA3 group. Nevertheless,
this does not result in an increased [18F]fluoride accumulation as an indicator for bone min-
eralization. This is in line with the controversial discussion on how much osteoblast activity
is involved in [18F]fluoride uptake [36,52,53]. Nevertheless, both the increased presence of
CD68-positive inflammatory cells and osteoblasts in the Col/CS and Col/sHA3 groups
was confirmed by immunohistochemistry. Maybe due to this already highly cell-promotive
effect we, by contrast to Baldik et al. [42], could not observe a measurable beneficial bone
healing by NO delivery. This is supported by the fact that there is a trend towards an
increased [18F]fluoride uptake in the groups without aECM-coated PCL-scaffolds, namely
our negative and positive control, when rats were treated with NO-coxib. Following an
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injury, COX-2 expression increases within one day [54], which was the reason to start COX-
2-targeted delivery of NO-coxib at day 2 post-surgery. However, COX-2 expression can also
last longer, depending on the individual bone healing progress [54]. In a previous study,
we could confirm COX-2 expression in the same 5 mm critical size femur defect model even
after 8 weeks, especially in defects treated with aECM-coated PCL-scaffolds [6]. The fact
that we could not demonstrate any significant effects of the NO-coxib on bone healing may
support the hypothesis that NO compensates the negative effects often observed with the
use of coxibs [16,55]. Thereby, such a dual-drug approach could change the therapeutic
window of coxibs in a way that they could be used for fine-tuning of inflammatory pro-
cesses in bone healing. Further studies would then have to include dose optimization and
determination of the most favorable treatment period.

Non-invasive imaging techniques are particularly suitable to longitudinally investi-
gate bone healing on an intraindividual level [56,57]. Especially in preclinical research,
deep insights into (biomaterial-assisted) bone healing could be obtained by the use of
single photon emission tomography (SPECT) or PET imaging [58–63], which paves the
way also to their clinical application in this field [64,65]. In comparison to the morpho-
logical information obtained by CT, PET using, e.g., [18F]fluoride provides a functional
information about osteoblast activity and bone mineralization and, thereby, can also be
of prognostic value [36]. Findings of in vivo imaging techniques, reaching 3D to 4D level,
can be supported by 2D histology and immunohistochemistry, which still is the gold stan-
dard technique for quantitative evaluation of biomaterial degradation and bone formation,
although limited by its invasive and destructive character. By contrast to histology, µCT
imaging most likely underestimates the amount of newly formed, still non-mineralized
bone tissue. A promising technique to bridge the gap between µCT and histology in visu-
alization of the bone regeneration process is micromagnetic resonance imaging (µMRI) if
used in combination with µCT [66]. Although µMRI shows a richer tissue contrast than
µCT, it is very labor- and evaluation-intensive, which may limit its broad application.

4. Materials and Methods
4.1. Synthesis of NO-Coxib

[4-Chloro-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1H-pyrazol-3-yl]methyl nitrate (NO-coxib,
Figure 6a) was synthesized starting from methyl 1-(4-sulfamoylphenyl)-5-(4-tolyl)-1H-
pyrazole-3-carboxylate following the previously established synthetic route [27,28]. In brief,
methyl 1-(4-sulfamoylphenyl)-5-(4-tolyl)-1H-pyrazole-3-carboxylate (5.14 g, 13.84 mmol)
was reacted under nitrogen atmosphere at room temperature with LiAlH4 (2.4 M in THF,
7.71 mL) in dry THF (250 mL) for 90 min, quenched with water (20 mL) and extracted
from an acidified aqueous solution with EtOAc (4 × 300 mL). The combined organic
phases were dried with Na2SO4, filtered, and evaporation under reduced pressure gave
4-[3-(hydroxymethyl)-5-(4-tolyl-1H-pyrazol-1-yl]benzenesulfonamide (4.72 g, 98.9%). Then,
4-[3-(hydroxymethyl)-5-(4-tolyl-1H-pyrazol-1-yl]benzenesulfonamide (4.72 g, 13.73 mmol)
was reacted at 80 ◦C in dichloroethane (200 mL) with SOCl2 (addition of 6.54 g, 4.0 mL,
4 eq. at t = 0 h, t = 32 h, t = 48 h, and t = 72 h at room temperature) using UPLC-MS to
follow reaction progress. After removal of SOCl2 and dichloroethane as reported, column
chromatographic purification (silica gel, EtOAc/n-hexane 1/1) furnished 4-[4-chloro-3-
(chloromethyl)-5-(4-tolyl)-1H-pyrazol-1-yl]benzenesulfonamide (2.20 g, 40%). Finally, 4-
[4-chloro-3-(chloromethyl)-5-(4-toly)-1H-pyrazol-1-yl]benzenesulfonamide was reacted
in batches (A: 902 mg, 2.28 mmol; B: 1200 mg, 3.03 mmol; C: 900 mg, 2.27 mmol; D:
800 mg, 2.02 mmol;) with AgNO3 (A: 1.16 g; B: 1.54 g, C: 1.15 g, D: 1.03 g, 3 eq.) in
acetonitrile (A, C, D: 70 mL; B: 100 mL) by heating to reflux at 80 ◦C for 24 h under
protection from light. Subsequent solvent evaporation, dissolution in EtOAc, filtration,
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evaporation, and purification by column chromatography (Biotage select SFär HC silica
gel, acetone/n-hexane 29/71 → 47/53) provided crude NO-coxib (A: 954 mg; B: 1273 mg;
C: 937 mg; D: 836 mg). Final column chromatographic purification (Biotage Select C18
60 g; gradient of acetonitrile/water from 16/84 → 100/0) of combined crude product
(4.0 g) furnished analytically pure [4-chloro-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1H-pyrazol-
3-yl]methyl nitrate (NO-coxib) as white solid (2.58 g, 64%). Purity according to HPLC
was monitored at 254 nm and found to be 98% for NO-coxib (Figure S8). Analytical data
such as melting point (mp), retention factor (Rf) in thin-layer chromatography (TLC), data
from nuclear magnetic resonance (NMR), and ultra-pressure liquid chromatography-mass
spectrometry (UPLC-MS) obtained from intermediate compounds and NO-coxib as final
product were in accordance with previous findings [27,28].

4.2. Rat Femur Defect Model and Adjuvant Therapy with NO-Coxib

All animal experiments were carried out according to the guidelines of the German
Regulations for Animal Welfare. The protocols were approved by the local Ethical Commit-
tee for Animal Experiments (25-5131/449/39, date of approval: 9 September 2018). The
femur defect model in male Wistar rats (Janvier Inc., Le Genest Saint Isle, France), aged
10–12 weeks and with an average weight of 300 g, was established as published elsewhere
in detail [6]. In brief, a 5 mm femoral shaft defect was surgically created and bridged with
a plate (Figure 6a) in 58 rats. Rats were randomly divided into four groups: (1) negative
control (NC, defect was left empty), (2) positive control (PC, defect filled with a porcine
gelatine consisting of collagen and sodium lauryl sulfate (spongostan®, Ethicon/Johnson
& Johnson Medical GmbH, Norderstedt, Germany) and autologous bone fragments from
the same femur) as well as group (3) and (4), where the femoral defect was filled with
polycaprolactone-co-lactide (PCL)-scaffolds coated with either collagen and chondroitin
sulfate (Col/CS) or collagen and polysulfated hyaluronan (Col/sHA3), respectively, as
detailed elsewhere [6]. At 4 weeks post-surgery, one rat of the Col/sHA3 group had to be
euthanized because of osteosynthesis failure found by PET/CT imaging.

For animal experiments, NO-coxib (Figure 6a) was dissolved in DMSO (50 mg/mL)
and diluted 1:10 in a bio-compatible vehicle solution of 0.9% NaCl and PEG300 (v/v 4.5/5.5)
to a concentration of 5 mg/mL for s.c. injection. Again, rats were randomly divided into
two groups and treated with either NO-coxib solution (5 mg/kg, 1 mL/kg body weight) or
the vehicle solution (50% PEG300/40% NaCl/10% DMSO, 1 mL/kg body weight). Rats
were treated 10 out of 14 days from day 2 to day 14 post-surgery by s.c. injection of NO-
coxib or vehicle solution next to the surgery area. The total number of animals within each
group receiving either NO-coxib or vehicle solution are shown in Figure 6b.
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Tracer uptake was quantified in a volume of interest (VOI) comprising the bone defect and adjacent 
bone tissue between the two inner screws. At 16 weeks post-surgery, when rats passed all imaging 
experiments, animals were euthanized, femora were explanted and analyzed by ex vivo CT, histol-
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Figure 6. (a) Schematic overview of the study design. (1) The right femur was surgically exposed
and a 5-hole plate was fixed with 4 screws. A 5 mm defect was created at the femur midshaft (upper
arrow) using a wire saw. The defect was randomly filled with no material (negative control, NC), a
mixture of collagen and autologous bone fragments (positive control, PC), or PCL-scaffolds (lower
arrow) coated with a mixture of either collagen and chondroitin sulfate (Col/CS) or collagen and
polysulfated hyaluronic acid (Col/sHA3). After adjuvant treatment with NO-coxib (2) bone defect
healing was investigated by PET/CT imaging every 4 weeks for up to 16 weeks post-surgery (3).
Tracer uptake was quantified in a volume of interest (VOI) comprising the bone defect and adjacent
bone tissue between the two inner screws. At 16 weeks post-surgery, when rats passed all imaging
experiments, animals were euthanized, femora were explanted and analyzed by ex vivo CT, histology,
and immunohistochemistry to obtain insights into bone healing, remodeling, vascularization, and
the presence of osteoblasts, osteoclasts, and inflammatory cells (4). (b) Number of rats within each
group was comparable for adjuvant therapy with NO-coxib and vehicle injection (NC: 5; PC, Col/CS,
Col/sHA3: 7–8).

4.3. In Vivo PET/CT Imaging and Data Processing

Bone healing was investigated intraindividually over 16 weeks by PET/CT imaging
using the clinically established radiotracers 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) and
[18F]fluoride (Figure 6a), both produced under GMP conditions at the Helmholtz-Zentrum
Dresden-Rossendorf. Dual tracer PET/CT imaging and data processing essentially followed
the protocol published elsewhere [6]. In brief, PET/CT imaging (nanoScan PET/CT, Mediso,
Budapest, Hungary) was performed at 4, 8, 12, and 16 weeks post-surgery. PET/CT
imaging is particularly suitable for such longitudinal studies as it allows for non-invasive
imaging of the target of interest, which can be, depending on the type of used radiotracer,
the expression of a certain receptor, activity of transporters or enzymes, or a metabolic
process [29,30]. While [18F]FDG accumulates as a function of cellular glucose consumption
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and activity, and thereby reflects bone defect inflammation, [18F]fluoride uptake is a marker
for osteoblast activity and bone mineralization.

Volumes of interest (VOI) for bone defect (VOIdefect) as well as reference tissues blood
(VOIblood) and muscle (VOImuscle) were determined using the software Rover (Version
3.0.61, ABX GmbH, Radeberg, Germany) with the fixed threshold method (percent of
maximum radiotracer uptake) with manual adjustment, if necessary, at dedicated time
frames with dedicated thresholds (VOIdefect: 50–60 min p.i., 35%; VOImuscle: 30–60 min p.i.,
≤45%; VOIblood: 0–80 s, 15%). Femur defect was confined by the two inner screws (VOIdefect,
Figure 6a). VOImuscle was determined at the contralateral healthy leg and VOIblood was
placed over middle and lower third of vena cava. For all VOIs, the mean standardized
uptake value (SUVmean = mean activity concentration × body weight/injected dose) was
computed and analyzed for a tracer kinetic-dependent time frame ([18F]FDG: 50–60 min
p.i., [18F]fluoride: 50–60 min p.i.). In addition, SUV in bone defect was normalized to either
tracer uptake in reference tissue muscle (target-to-background ratio; TBR) or tracer input
function in blood (target-to-blood ratio; SUR [67]). Moreover, Patlak analysis [68] was
performed to determine the metabolic uptake rate Km.

4.4. High-Resolution CT and µCT Imaging

After 16 weeks, when rats passed all imaging experiments, animals were sacrificed
under desflurane anesthesia using CO2. Femora were resected and soft tissue as well as
plate and screws were carefully removed. Femora were fixed by incubation in 4% buffered
formaldehyde at 4 ◦C for at least 3 days. During this time, high-resolution CT imaging
(35 kVp, 980 µmA, voxel size 39 µm) using nanoScan PET/CT system (Mediso, Budapest,
Hungary) was performed to investigate femur defect bridging. In addition, µCT imaging
(70 kVp, 114 µmA, voxel size 10.5 µm, 200 ms integration time) was carried out using
vivaCT40 (Scanco Medical AG, Brüttisellen, Switzerland). While high-resolution CT data
were analyzed by a scoring system, µCT data were used for determination of bone volume
ratio (bone volume (BV)/total volume (TV)) at the femoral mid-diaphysis according to
international guidelines [69].

4.5. Histology and Immunohistochemistry

For histological investigation, formalin-fixed femora were decalcified for 21 days with
EDTA-based Osteosoft® (Merck, Darmstadt, Germany). Afterwards, specimens were semi-
automatically washed, dehydrated, and embedded in paraffin using the Thermo Scientific
STP 420ES Tissue Processor (Microm International, Dreieich, Germany). Sequential sections
(2 µm) were made in parallel to the longitudinal axis of the femur. Samples were stained
with hematoxylin and eosin (HE; VWR, Darmstadt, Germany), Movat’s Pentachrome
staining kit (Movat Pentachrom nach Verhöff, Morphisto, Offenbach am Main Germany),
and Masson–Goldner staining kit (Gold; #1.00485, Merck, Darmstadt, Germany).

For immunohistochemical staining, bone specimens were incubated with antibodies
against Tissue-Nonspecific Alkaline Phosphatase (TNAP; E-AB-93077, 1:200, Biozol, Ham-
burg, Germany), Tartrate-Resistant Acid Phosphatase (TRAP; GTX30018, 1:150, GeneTex,
Irvine, CA, USA), α smooth muscle actin (α-SMA; M0851, 1:750, Agilent Dako, Santa Clara,
CA, USA), CD68 (clone ED-1, MCA341R, 1:100, Bio-Rad, Feldkirchen, Germany), or CD163
(LS-C393444, 1:35, Lifespan Biosciences, Newark, CA, USA). Primary antibodies were
detected with BrightVision Goat Anti-Mouse AP kit (for α-SMA and CD68; Medac, Wedel,
Germany) or BrightVision Goat Anti-Rabbit AP kit (for TNAP, TRAP, and CD163; Medac,
Wedel, Germany). Finally, immune reaction was visualized by Histofine DAB-2V (Medac,
Wedel, Germany; for TNAP) or Permanent AP-Red Kit (Zytomed, Bargteheide, Germany).
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4.6. Statistical Analysis

First, all data were subjected to a Dixon outlier test. Afterwards, statistical analysis
was performed using software GraphPad Prism 9 (version 10.4.1, GraphPad Software,
Boston, MA, USA). The effects of both the type of bone defect filling (NC vs. PC, Col/CS,
or Col/sHA3) and the adjuvant treatment (NO-coxib vs. vehicle) at individual time points
were estimated by two-way ANOVA with Geisser–Greenhouse correction and Bonferroni
or Holm–Šídák post hoc test. Total tracer uptake over the entire observation period (AUC)
was analyzed for significant differences with an unpaired T test. Statistical significance was
set at p < 0.05.

5. Conclusions
With the in vivo and ex vivo approaches presented here, we aimed to investigate

the essential hallmarks of bone defect healing in the presence of different biomaterials
in combination with treatment by a novel NO-coxib. While in vivo PET/CT imaging
allows for longitudinal investigation of functional markers like glucose consumption and
bone mineralization, ex vivo analysis of bone specimens by CT imaging, histology, and
immunohistochemistry is limited to a single time point per animal and, therefore, represents
only one aspect of bone healing with regard to temporal and spatial resolution. However,
these methods can give information up to a cellular level and, therefore, support in vivo
investigations. By combining all of them, we could show that the delivery of NO to the
defect area by targeting COX-2, a key molecular player during the inflammatory phase
of bone healing, does not significantly influence bone healing in any of the experimental
groups, reflecting different clinical situations. This supports the hypothesis that NO
compensates for the negative effects of the coxib moiety and, thereby, opens the therapeutic
window of coxibs for treatment of post-traumatic or post-operative pain and inflammation.
As an example for biomaterial-assisted bone healing, PCL-scaffolds coated with either
Col/CS or Col/sHA3 significantly increased the recruitment of cells, most likely osteoblasts
and inflammatory cells, which could be demonstrated by both significantly higher [18F]FDG
uptake in vivo and immunohistochemistry ex vivo. Non-invasive imaging techniques like
PET are particularly suitable for such a longitudinal investigation of bone healing on an
intraindividual level and, thereby, would be of added value also in clinical practice.
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