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Bone morphogenic proteins (BMPs) are the only true osteoinductive molecules. Despite being tremendously potent,
their clinical use has been limited for reasons including supraphysiological doses, suboptimal delivery systems,
and the pro-osteoclast effect of BMPs. Efforts to achieve spatially controlled bone formation using BMPs are being
made. We demonstrate that a carrier consisting of a powder of calcium sulfate/hydroxyapatite (CaS/HA) mixed
with bone active molecules provides an efficient drug delivery platform for critical femoral defect healing in rats.
The bone-active molecules were composed of osteoinductive rhBMP-2 and the bisphosphonate, and zoledronic
acid (ZA) was chosen to overcome BMP-2-induced bone resorption. It was demonstrated that delivery of rhBMP-2
was necessary for critical defect healing and restoration of mechanical properties, but codelivery of BMP-2 and ZA
led to denser and stronger fracture calluses. Together, the CaS/HA biomaterial with rhBMP-2 and/or ZA can poten-

tially be used as an off-the-shelf alternative to autograft bone.

INTRODUCTION
A critical-sized bone defect is defined as the minimum-sized bone
defect, which will not “spontaneously” heal unless other interven-
tions are applied (I). High-energy fractures or recalcitrant fractures
can lead to substantial bone loss and critical bone defects (2). These
defects require mechanical stability and additional healing stimuli
as part of the treatment regime. Mechanical stability is achieved
using internal, external, or intramedullary fixation hardware (2),
while healing stimuli emanate from a bone-grafting material such
as autografts. Autologous bone is the “gold standard” in orthopedic
surgery as it provides (i) a scaffold for bone regeneration, (ii) a rich
source of progenitor cells, and (iii) the necessary biomolecules such
as bone morphogenic proteins (BMPs) to heal the defect (3). De-
spite being appealing, shortcomings including donor-site morbidi-
ty, risk of infection, and lack of adequate graft volume have led to an
increased demand for an off-the-shelf substitute to the autologous
bone (4). On the surgical front, a promising surgical technique for
healing of critical defects in humans, without the use of exogenous
BMPs, is the induced membrane or the Masquelet technique, which
involves a two-stage procedure (5). The technique has shown excellent
results in the treatment of large bone defects (6) but is still limited by
autograft availability, making the development of an oft-the-shelf bone
substitute a necessity. Furthermore, use of a two-stage procedure
causes patient morbidity and increased costs to the health care system.
Biomaterial researchers are constantly trying to develop the
“magic” material to potentially replace autologous bone graft with
benefits of unlimited supply. Biomaterials mimicking the bone struc-
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ture physicochemically have evolved as promising alternatives (7)
to autografts, but functionalizing biomaterials with bone active
molecules in large bone defects in bone tissue engineering is a sine
qua non due to the lack of inherent bone-inducing cytokines. One
of the most promising bone active molecules is the Food and Drug
Administration (FDA)-approved BMP-2 (thBMP-2), the only ap-
proved bioactive molecule for healing of bone defects available in
the market. Spatiotemporal delivery of the protein during the bone
healing phase is mandatory (8) but not achieved with the currently
provided carrier, an absorbable collagen sponge (ACS) (9). Among
other reasons, BMPs are hesitantly used by orthopedic surgeons due
to the supraphysiological clinical doses applied (10) since the carrier
does not provide controlled delivery of the protein. Our group has
experimentally shown that BMPs, in addition to bone formation,
also accelerate premature bone resorption as seen by large but empty
calluses, inferior from a bone mechanics perspective (11). The phenom-
enon of excessive bone resorption can be experimentally counteracted
using bisphosphonates, such as zoledronic acid (ZA), administered
either locally or systemically (12, 13). ZA induces apoptosis of the
osteoclasts within a fracture callus and counteracts the high resorp-
tive drive induced via the RANKL (receptor activator of nuclear
factor kappa-B ligand)-RANK (receptor activator of nuclear factor
kappa-B) system due to BMP usage (14). This has been shown to aid
in achieving a net-positive bone turnover, stronger fracture calluses,
and with reduced rhBMP-2 doses (11, 15). We recently demon-
strated that a clinically approved calcium sulfate/hydroxyapatite
(CaS/HA) biomaterial provides controlled and long-term delivery of
both rhBMP-2 and ZA in an ectopic extraosseous muscle pouch
model (16). The CaS/HA biomaterial used in this study was devel-
oped at the orthopedic biomaterials laboratory at the Lund Uni-
versity and is approved for human use by the regulatory authorities
both in Europe and North America. The material is clinically used
for filling bone voids (17, 18) and for the local delivery of antibiotics
in the treatment of debrided osteomyelitis (19, 20). CaS/HA provides
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a simple platform to be used in surgery and consists of a premixed
powder of 60 weight % (wt %) CaS and 40 wt % HA, which sets into
a hard mass in situ in approximately 15 min when mixed with saline
and/or nonionic radiographic agents. In 2016, our group described
the possibility of using this biomaterial as a carrier for rhBMP-2
and ZA in vivo in the muscle pouch model (13) and later in a tibia
defect model (21). On the basis of our earlier findings, we envisaged
to use the CaS/HA carrier for healing of a critical-sized bone defect
in rats. HA is a key component of the bone known to chemically
interact with both rhBMP-2 (22) and ZA (23).

An important goal of translational research strategies is the fea-
sibility of the proposed approach. Several carriers have been proposed
for the delivery of bone active molecules for critical defect healing.
A majority of them often involve tedious fabrication strategies, and
the preparation in the operating room remains a challenge due to
practical reasons (24). The goal of this study was to use a clinically
tested CaS/HA biomaterial that could provide an easy-to-implement
single-stage platform for the delivery of the bone active molecules
such as ThBMP-2 and ZA in a clinically relevant critical bone defect
model in rats. On the basis of the existing results from earlier studies,
we hypothesized that the CaS/HA biomaterial will provide spatio-
temporal delivery of both rhBMP-2 and ZA, at least during the first
4 weeks of defect healing (16). Furthermore, it was hypothesized that
the biomaterial will provide a congenial matrix for bone ingrowth
considering its favorable in vivo resorption rate (25).

RESULTS
A 5-mm critical mid-diaphyseal defect in Wistar rats of 10 to 12 weeks
of age was created (see fig. S1 for surgical procedure), and the defect
was augmented with a CaS/HA biomaterial with or without bio-
active molecules, BMP-2 and ZA. The defect healing was evaluated
at 6 and 12 weeks after surgery. The schematic of the study, time-
lines, and evaluation techniques are shown in Fig. 1 and Table 1.
One specimen from the CaS/HA + ZA group and CaS/HA +rhBMP-2 +
ZA had to be excluded from all analysis at 12 weeks due to infection
and failure to remove the fixation plate around the defect, respec-
tively. Two specimens from CaS/HA + rhBMP-2 + ZA groups (one
defect and one contralateral) had to be removed from the three-point
bending analysis due to technical issues during testing.

Radiographic consolidation at 6 weeks

At 6 weeks, CaS/HA + rhBMP-2 (G4) and CaS/HA + rhBMP-2 + ZA
(G5) groups demonstrated 83 and 100% bridging, respectively (Fig. 2A),
while no bridging was seen in groups G1 to G3 (Fig. 2A shows rep-
resentative x-ray images, while fig. S2 shows all specimens).

Defect consolidation at 12 weeks: Radiography and micro-
computed tomography

No bridging was seen in the empty controls (G1), CaS/HA (G2), or
CaS/HA + ZA (G3) groups (Fig. 2B). The defects in CaS/HA + rhBMP-2
(G4) and CaS/HA + rhBMP-2 + ZA (G5) groups demonstrated
83 and 91% bridging, respectively at 12 weeks. The results from ex vivo
x-ray analysis at 12 weeks are shown in Fig. 2B (see fig. S3 for images
of all specimens).

In the treated legs, the bone volume (BV) within the defect was
significantly higher in both CaS/HA + rhBMP-2 (G4) group and in
the CaS/HA + rthBMP-2 + ZA (G5) group when compared to CaS/
HA (G2) alone or CaS/HA + ZA (G3) (Fig. 3, A and B).
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Fig. 1. Overview of the timeline and the evaluation techniques used in the
evaluation of defect healing in the rat critical femoral defect model. An interim
analysis of bone healing was performed using in vivo x-ray radiography at 6 weeks,
followed by ex vivo analysis of bone healing at the terminal time point of 12 weeks
using x-rays for evaluating radiographic union and using micro—-computed tomog-
raphy (micro-CT) for quantification of new bone volume (BV) and bone mineral density.
Mechanical properties of regenerated bone were studied using three-point bending.
Some of the intact femurs were also studied histologically. Resin-embedded bone
specimens were used to study late mineral apposition, while paraffin histology was
performed to study the type of regenerated bone [using hematoxylin and eosin
(H&E) staining and Goldner's trichrome staining] and distribution of blood vessels
in the regenerated bone tissue (using ac—smooth muscle actin staining). A detailed
description of sample size used for each evaluation technique is provided in Table 1.
RO, region of interest; ELISA, enzyme-linked immunosorbent assay; TRAP5b,
tartrate-resistant acid phosphatase 5b.

The BV in CaS/HA + rhBMP-2 + ZA (G5) was also significantly
higher than CaS/HA + rhBMP-2 (G4). No differences in the BV of
the contralateral legs in the four treatment groups were observed
(fig. S4A). Furthermore, no differences in the bone mineral density
of the treated or the contralateral legs were seen (Fig. 3C and fig. S4B).

Comparison of BV of the defect and the contralateral leg within
each treatment group revealed an increased defect BV only in CaS/
HA + rhBMP-2 (G4) and CaS/HA + rhBMP-2 + ZA group (G5)
(Fig. 3, D and E). The other two groups either had a lower BV in the
defect leg compared to the contralateral leg (CaS/HA; fig. S4C) or
the BV remained unchanged (CaS/HA + ZA) as shown in fig. S4D.
Bone mineral density in the contralateral leg was significantly higher
compared with the defect legs in all treatment groups as shown in
fig. S5 (A to D).

Restoration of bone biomechanical properties

Only CaS/HA + rhBMP-2 (G4) and CaS/HA + rhBMP-2 + ZA (G5)
groups fit the inclusion criteria (defect bridging) for the three-point
bending test. The peak force to fracture the defect leg in the CaS/
HA + rhBMP-2 + ZA (G5) group was significantly higher than that
in the CaS/HA + rhBMP-2 group (G4) (209.1 N, 173.6 to 244.5 ver-
sus 147.6 N, 96.8 to 198.4; P < 0.05; Fig. 4A).
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Table 1. Study overview including treatment groups, doses, evaluation methods, and sample size. Overview of the study with treatment, doses, and
sample sizes used for each evaluation method. Indicated doses of bioactive molecules are dose per animal. n indicates sample number/treatment.

Treatment Sample size X-ray 6 weeks X-ray 12 weeks Micro-CT 12 3-point bending Histology 12 TRAP5b 12
total (n) (n) (n) weeks (n) 12 weeks (n) weeks (n) weeks (n)
G1.Empty 4 4 4 3 0 3 3
G2.CaS/HA 11 6 11 11 0 4 9
G3.CaS/HA +ZA 1 6 1 10 0 4 10
G4. CaS/
HA + rhBMP-2 12 6 12 12 8 4 10
(15 ng)
G5. CaS/
HA + rhBMP-2
(15 ug) + ZA 12 5 11 11 7 4 10
(10 pg)
CaS/HA + ing of the defect regions in the empty (G1), CaS/HA (G2), and Ca$S/
Efgly  CRSHA CaSZ/E“ fﬁg&ﬁ; 'hB“QZ'z" HA + ZA (G3) groups revealed two distinct bands of red (alizarin)
A G G2 G3 G4 G5 and green (calcein) at the extreme end of the cortical defect both
P proximally and distally, indicating ongoing mineral deposition (Fig. 5).
¢ High-magnification imaging of the defect center revealed no signal,
©

[v2)

12 weeks

i

0/4
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Fig. 2. Representative radiological images from groups G1 to G5 at 6 and
12 weeks after surgery. (A) In vivo radiological assessment at 6 weeks after
surgery on living animals. (B) Ex vivo radiological assessment of explanted femora
at 12 weeks after surgery. The arrows point at the defect. The number below each

image represents the number of samples that showed radiographic bridging in
each treatment group. Scale bars, ~5 mm.

No differences in the peak force, stiffness, or absorbed energy were
seen in the contralateral legs of both treatment groups (fig. S6, A to C).
No differences in the peak force, stiffness, or absorbed energy of the
defect versus the contralateral legs could be observed in both CaS/
HA + rhBMP-2 (fig. S7, A to C) and CaS/HA + rhBMP-2 + ZA (fig.
S7, D to F) groups, indicating complete restoration of mechanical
properties of the bone.

To ascertain that the three-point bending results represented the
mechanical properties of the fracture callus and not the native bone, we
recorded the location of each fracture as shown in Fig. 4D. Irrespec-
tive of the treatment groups, all fractures in the defect legs occurred
through the callus, while a mixed response of transverse, oblique,
and spiral fractures was seen in the contralateral legs (Fig. 4E).

Microscopic assessment of bone healing

Bone mineral deposition

To study the late mineral apposition in different treatment groups,
we used fluorochromes alizarin red and calcein. Fluorescent imag-
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indicating no further mineralization.

The neocortex of the rhBMP-2 (G4)- and rhBMP-2 + ZA (G5)-
treated groups exhibited relatively weaker bands of red and green,
indicating that the process of mineralization in the cortical bone
might have reached its end. However, some periosteal remodeling
could still be observed. In the two rhBMP-2-treated groups (G4 and
G5), mineral deposition was more homogeneous and also visible in
the defect regions, while in the other groups, it was only concentrated
at the bony ends.

Histological assessment of healing grades and blood

vessel formation

Goldner’s trichrome and hematoxylin and eosin (H&E)-stained im-
ages indicated a visible defect gap in the empty (G1), CaS/HA (G2),
and CaS/HA + ZA (G3) groups, which was filled primarily with
fibrous tissue (Fig. 6A). High-magnification H&E-stained images
of CaS/HA (G2) and CaS/HA + ZA (G3) groups also showed rem-
nants of the biomaterial within the defect. CaS/HA + rhBMP-2 (G4)
and CaS/HA + rhBMP-2 + ZA (G5) groups indicated fully restored
neocortex (Fig. 6A). These groups also demonstrated the presence
of the cancellous bone within the defect and that the trabecular
islands were filled either with CaS/HA remnants or with bone marrow-
like tissue. CaS/HA remnants were also seen in other parts of the
defect, indicating partial resorption of the material at the 12-week
time point. Material degradation appeared to be in synergy with the
rate of bone ingrowth characterized by the presence of lesser CaS/
HA biomaterial remnants in both rhBMP-2-treated groups, con-
solidating that the material does not hinder bone ingrowth. When
comparing G4 and G5, the cortical bone was thinner in G4, and the
defect center was filled with more bone marrow-like tissue and
empty spaces when compared to G5. In G5, potentially because of
the presence of ZA, CaS/HA remnants were more prominent. In
both G4 and G5, the neocortex were composed mostly of the lamellar
bone, while a mix of lamellar and woven bone structures could be
observed in the middle of the defect. Huo et al. (26) classification sys-
tem corroborated the micro-computed tomography (micro-CT) and
gross microscopic results. CaS/HA + rhBMP-2 (G4) and CaS/HA +
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Fig. 3. Micro-CT-based evaluation of critical defect healing 12 weeks after surgery in groups G1 to G5. (A) Representative two-dimensional (2D) slices (top) and 3D
reconstructions (bottom), (B) BV, and (C) density/BV quantified in the defect area in all treatment groups using micro-CT. (D and E) Comparison of the BV measured in the
defect versus contralateral legs of animals treated with CaS/HA + rhBMP-2 and CaS/HA + rhBMP-2 + ZA, respectively. White dashed lines in (A) represents defect gap at
12 weeks. Data are presented as means + SD. *P < 0.05, ***P < 0.001, and ****P < 0.0001. Additional micro-CT data are provided in figs. 4 and 5. Scale bars, 1 mm.

rhBMP-2 + ZA (G5) demonstrated an average histological grade of
defect healing of 9.5, which corresponds to complete defect bridging
with a mixture of mature and immature bone (Fig. 6B).

o-Smooth muscle actin (aSMA) staining revealed that the spec-
imens in the empty (G1), CaS/HA (G2), and CaS/HA + ZA (G3)
groups were predominantly filled with fibrous tissue in the defect
center and contained more blood vessels in the defect area, while the
cortical bone was sparsely vascularized (Fig. 7, A and B). Blood vessels
were also seen in close proximity to the CaS/HA biomaterial. In the
groups that exhibited complete bridging, i.e., CaS/HA + rhBMP-2
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and CaS/HA + rhBMP-2 + ZA, the neocortex had only a few blood
vessels and similar findings applied to the defect center where only
a few aSMA-positive blood vessels were visible, especially in the
intratrabecular spacing, which was filled with bone marrow-like
tissue (Fig. 7B).

Local bisphosphonate treatment does not hinder

bone remodeling

The serum level of tartrate-resistant acid phosphatase 5b (TRAP5b)
was significantly higher in the CaS/HA + ZA (3.6 U/liter, 2.8 to 4.5;
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Fig. 4. Three-point bending of the explanted femora 12 weeks after surgery to
assess the biomechanical properties of the regenerated bone in G4 and G5.
(A) Peak force to fracture, (B) stiffness, and (C) absorbed energy measured in the
defect leg of the two groups. (D) Representative images emphasizing the type of
fracture occurring in the defect and contralateral legs. Notice the straight trans-
verse fracture in the defect leg in all specimens (D and E) and a mix of transverse,
oblique, and spiral fractures on the contralateral leg (D and E). Data are presented
as means + SD. *P < 0.05. Photo credit: Deepak Bushan Raina, Lund University.

P < 0.05) and CaS/HA + rhBMP-2 + ZA (4.4 U/liter, 3.8 to 4.9;
P < 0.001) groups when compared to CaS/HA control (2.1 U/liter,
1.4 to 2.8; Fig. 6C). No differences between only CaS/HA + rhBMP-2
and other treatment groups were observed.

DISCUSSION

The aim of this study was to establish a simple, one-step surgical
intervention to enable healing of a critical femoral defect in rats,
which eventually could be translated clinically. This was achieved
using a CaS/HA-based bone substitute as a carrier for the controlled
delivery of FDA-approved bioactive drugs. The ability of biomaterials
in regenerating large volumes of the bone is limited and hinders their
clinical translation. This is why the delivery of osteoinductive rhBMP-2
was hypothesized to be necessary (27). Further, local codelivery of
ZA would aid in hindering the pro-osteoclastic effects of rhBMP-2
(12). Atthe end of 6 and 12 weeks, the results of this study indicated
that radiographic union could only be achieved in groups where
rhBMP-2 was delivered. Further, at 12 weeks, the combined delivery
of rhBMP-2 + ZA not only led to complete bridging but also led to
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CaS/HA + rhBMP-2 + ZA CaS/HA + rhBMP-2

Fig. 5. Representative histological images of the defect from groups G1 to G5
analyzed under fluorescent light. Red (alizarin, injected 7 days before euthana-
sia) and green (calcein, injected 3 days before euthanasia) bands indicate mineral
apposition fronts, which can be seen between the green (calcein) and red (alizarin
red) arrows. LM, light micrograph; FM, fluorescent image. Scale bars (overview
images) 1.5 mm, (magnified images of the cortical bone and the defect center)
100 micrometer.

the production of a denser and stronger callus compared to rhBMP-2
delivery alone as seen from micro-CT, mechanical testing, and his-
tology. Thus, the hypothesis that codelivery of rhBMP-2 + ZA would
aid in complete bridging of the defect and would lead to stronger
fracture callus was verified.

In light of the results of this study, it is important to emphasize
that achieving spatiotemporal release of both rhBMP-2 and ZA from
the CaS/HA biomaterial was an important prerequisite for critical
defect healing. The in vivo release kinetics of rhBMP-2 and ZA from
the CaS/HA biomaterial has been well characterized, and the existing
data showed that after a 4-week implantation period, the biomaterial
releases 60% rhBMP-2 and 20% ZA (16), which is superior to the
release kinetics of hBMP-2 achieved from the current FDA-approved
ACS for rhBMP-2 delivery (9). Codelivery of rhBMP-2 in the presence
of ZA does not have any effect on the biological activity or release
profile of thBMP-2 (28). In a preceding study, our group carried out
a head-to-head comparison of the CaS/HA-based biomaterial with
the ACS biomaterial in an ectopic muscle pouch model in rats (15).
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Fig. 6. Representative histological images of the defect legs in groups G1 to
G5 stained with Goldner’s trichrome and H&E and quantification of serum
TRAP5Db levels as a surrogate marker of bone remodeling. Black dashed lines in
(A) indicate the region where the defect is not bridged. In trichrome-stained images,
green color indicates bone, and purple/red shows fibrous tissue, muscle, or bone
marrow. In H&E images, asterisks (*) indicate old cortical bone, number signs (#)
indicate new bone, FT indicates fibrous tissue, and M indicates remnants of the
CaS/HA biomaterial. (B) Fracture healing score according to Huo et al. (26) where a
score of 1 represents fibrous tissue in the defect and score of 10 indicates bony
union filled with the mature bone. (C) Levels of osteoclast biomarker TRAP5b mea-
sured in the serum of all animals at the 12-week time point using ELISA. Data are
presented as means + SD. ***P < 0.001. Scale bars, 100 um.

The aim of the study was to compare the ability of both the carriers
in delivering rhBMP-2 and the eventual bone formation in a chal-
lenging experimental model. It was elucidated that the rhBMP-2
release kinetics and net bone formation are tightly coupled and the
CaS/HA-based scaffold led to significantly higher bone formation
than the ACS biomaterial when same doses of rhBMP-2 (10 ug)
were delivered from both the biomaterials. It is also noteworthy to
mention that the ACS biomaterial is a poor carrier of ZA due to the
lack of a ZA-binding domain in the ACS biomaterial (such as HA)
as shown by Murphy and co-workers (29), thus making it less effi-
cient for codelivery of both rhBMP-2 and ZA (15). The major Ca$S
component of the CaS/HA biomaterial resorbs within a period of
6 weeks (25), implying that the release of rhBMP-2 is coupled with
the rate of degradation of the biomaterial. However, ZA strongly binds
to HA and does not show a similar release pattern (16). Loosely
bound ZA embedded in the CaS/HA biomaterial is released within
a month, while the remaining ZA stays bound to HA. This is an
advantage in a fracture healing scenario. hBMP-2 is known to pre-
maturely resorb the bridging callus (11), which may lead to decreased
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Fig. 7. Representative immunohistochemical staining of the blood vessels
(using aSMA as a marker) in the defect legs in groups G1 to G5 groups analyzed
under a light microscope. (A) Arrows point to aSMA-positive cells and blood vessels
(red color). (B) Data from the quantification of blood vessels per square millimeter
in each treatment group. Data are presented as means + SD. Scale bars, 100 um.

strength and, by speculation, a reason for the clinical shortcoming
and limited use in patients. Availability of ZA locally, at the site of
the bone formation, can aid in preventing this event as elucidated
by the micro-CT and biomechanical testing results in this study.

This is the first experimental study describing the use of CaS/HA
biomaterial in combination with BMP-2 and ZA for treatment of a
critical-sized defect. Several critical defect models have been de-
scribed in rats recapitulating intramembranous and endochondral
ossification. In the rat femur, a defect size of >4 mm is considered to
be critical (30), meaning that it will not heal without an external
intervention in the form of surgery and defect augmentation. The
rat femoral defect model is a well-accepted and clinically relevant
model of bone formation as the healing undergoes endochondral
ossification and large defect volumes can be achieved to create a
challenging environment for bone regeneration (31, 32). The radio-
logical follow-up 12 weeks after operation of the small set of animals
(n = 4) belonging to the empty group indicated no bridging in any
of the specimens, consolidating the critical size of the defect used in
this study.

The FDA-approved dosage of hBMP-2 delivered via the ACS is
1.5 mg/cm’ (33). The volume of a CaS/HA cylinder used to fill the
defect in this study was approximately 0.063 cm® per defect, indicat-
ing a dose reduction of approximately six times compared to the
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maximum recommended dose for orthopedic trauma in humans when
normalized by scaffold volume [maximum recommended dose
normalized to scaffold volume (94.5 ng) versus rhBMP-2 dose used
in study (15 pg)]. No abnormal bone cysts were observed in the
bone defect as reported earlier in the literature when rhBMP-2 with
>22.5 ug of doses was used (34). In addition, it is important to men-
tion that the dose of rhBMP-2 used in this study did not lead to
heterotopic ossification, a common side effect of supraphysiological
rhBMP-2 dose delivered clinically (10). Krishnan et al. (35) showed
that delivery of 30 pg of rhBMP-2 in a rat femur defect model using
either the ACS material or a self-developed alginate-based delivery
system led to ectopic bone formation around the defect. It remains
unknown whether this is a problem associated with the carrier per
se, which deforms and leaks into the surrounding tissue, or if supra-
physiological doses are responsible for this phenomenon. Accord-
ing to a recent study, the heterotopic ossification is more likely to be
related to the carrier, and efficient sequestration of high-dose BMP-2
in heparin microspheres did significantly reduce ectopic bone for-
mation (31). Apart from high rhBMP-2 doses and uncontrolled
spatiotemporal release of rhBMP-2, another potential cause of hetero-
trophic bone formation around the implanted carrier could be the
mechanical properties of the carrier. Collagen sponges do not have
sufficient mechanical properties per se and undergo deformation in
wet state (15) contrary to the CaS/HA biomaterial, which allows for
filling of complex geometries before setting into a hard mass. Segredo-
Morales and co-workers (24) reviewed studies using BMP-2 delivery
for treatment of femoral defects and indicated a dose range of 1 to
50 pg for treatment of critical femoral defects in rats experimentally.
Either the studies conducted with low-dose (1 pg) rhBMP-2 reported
radiographic bridging only, without any qualitative analysis of
the functional properties of the regenerated bone such as bone
mechanics (36), or results showed no difference in the biomechanical
properties (35).

In this study, three-point bending was chosen over torsional
testing. As reported in a previous study from our group comparing
a torsion testing setup with a three-point bending setup, the fracture
callus in BMP + ZA-treated animals was stiffer than the native bone.
This led to breaking of the femur proximal or distal to the fracture,
in parts of the intact femur weaker than regenerated callus (37), and,
therefore, did not reflect the biomechanical properties of the regen-
erated bone. In this study, all specimens from the defect leg fractured
through the callus, thus representing the true mechanical characteristics
of newly regenerated bone/material composite. Another noteworthy
observation to discuss is that in the rhBMP-2 and rhBMP-2 + ZA
groups, the peak force to fracture in the defect legs was similar to the
contralateral leg, indicating complete restoration of the mechanical
properties. From these results, one could also conclude that by
codelivery of rhBMP-2 + ZA via the CaS/HA biomaterial, it might
be possible to further lower the thBMP-2 doses and still achieve full
restoration of biomechanical properties of the bone at the same time.

We surveyed the literature to find the lowest effective dose of a
growth factor used to heal a critical femoral defect in rats. A recent
study by Zhang et al. (32) indicated a dose of 0.4 ug of BMP-2/7
heterodimer per animal to heal a 5-mm critical defect in rats. Direct
comparison of homodimer BMP-2 and heterodimer BMP-2/7 doses
is not possible, but studies have shown the heterodimer to be sig-
nificantly more potent than the homodimers of BMP-2 and BMP-7
alone (38). Further studies are warranted for clinical use of the het-
erodimer BMP-2/7 as inflammatory responses have been indicated
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to be a reason of concern with BMPs in general (10). Further, the
heterodimer protein is not approved by the FDA for clinical use.

ZA is a potent bisphosphonate, which is administered systemi-
cally to retard the excessive bone resorption in osteoporosis. In ex-
perimental studies, systemic treatment of ZA has been combined
with local BMP delivery to achieve dense and strong fracture unions
(11, 12), but the treatment with systemic ZA comes with its own
downsides such as myalgia/flu-like symptoms, reduced overall bone
remodeling, atypical cortical bone fractures (39), and less common
osteonecrosis of the jaw with prolonged usage in patients given ZA
the first time (40, 41). Circumventing these side effects while main-
taining the antiosteoclast effect could be relevant clinically. Local
use of ZA, particularly around implants, has shown promising re-
sults with increased bone-implant anchorage (16). Our group also
demonstrated that locally delivered ZA in a rat tibia defect model
had a profound effect on the cancellous bone regeneration, but rather
unexpectedly, it did not enhance cortical bone healing (42). The ZA
group in this study did not demonstrate any effect on the critical
defect healing either. Keeping these findings in mind, one can con-
clude that the cortical and cancellous compartments of the bone not
only are structurally different but also involve different healing
stimuli. Usage of local ZA could be criticized since it alters the phys-
iological bone remodeling process, especially at the high doses
achieved by local delivery. To test this hypothesis, we also evaluated
serum TRAPS5D levels, an osteoclast-specific biomarker in all animals
(43). Rather unexpectedly, the results indicated elevated TRAP5b
activity in both the ZA-treated groups (G3 and G5) compared to
CaS/HA control group. This could imply that the physiological bone
remodeling is not impaired with local ZA delivery at the doses used
in this study. This emphasizes the importance of using a biphasic
material for codelivery of both rhBMP-2 and ZA. ZA released from
the fast-resorbing CaS phase prevents early bone resorption, but
once released, the remaining ZA bound to the HA phase does not
affect further remodeling. However, it is imperative to perform a
longitudinal assessment of serum TRAPS5D as the levels of TRAP5b
in the CaS/HA + rhBMP-2 group after 12 weeks had returned to
baseline. This could mean that the BMP-2-induced osteoclastogenesis
and elevated TRAP5b levels might be detected at earlier time points
such as at 6 weeks.

We believe that there are a few open questions that we could not
address in the current study. Because of the large number of study
groups, we were restricted to have only one complete follow-up of
bone healing using all evaluation techniques, although radiographic
evaluation indicated healing in rhBMP-2 and rhBMP-2 + ZA groups
already after 6 weeks. It is difficult to speculate whether the biome-
chanical properties of the bone also were restored at that early time
point. Nevertheless, we can conclude that codelivery of rhBMP-2
and ZA is superior to delivering rhBMP-2 alone. To speculate whether
this combination also could accelerate, the critical defect healing
would require an early time point. Using the current study setup, we
could not elucidate the source of cells responsible for healing of the
critical defect, and more sophisticated tissue isolation techniques
and lineage tracking studies would be required. Last, a future aim
would be to find out the lowest effective dose of rhBMP-2 required
to heal the defect. In this study, we chose a dose range high enough
to promote bone healing and simultaneously avoid side effects such
as ectopic ossification. Further studies are warranted to establish the
minimum effective rhBMP-2 dosage and additional larger animal
studies warranted before clinical translation.
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In this study, a critical-sized femoral defect model in rats was
used to investigate a CaS/HA-based biomaterial functionalized with
bioactive molecules rhBMP-2 and ZA alone or in combination to
obtain controlled delivery of drugs enhancing bone regeneration.
With a defect size of 5 mm, the model was critical, and the specimens
in the empty, CaS/HA, and CaS/HA + ZA groups did not heal. After
6 weeks, the defects in the BMP-2 and BMP-2 + ZA groups already
bridged radiographically, and almost 100% defect bridging was seen
in these two groups at the terminal time point of 12 weeks. The use
of ZA, together with rhBMP-2, made the fracture calluses stronger
and denser, and the restoration of mechanical properties of the defect
leg was achieved in both groups. All measurements were verified by
histological analysis, which showed viable bone even in the center
of the defect. We demonstrate that a synthetic biomaterial combined
with rhBMP-2 and ZA can be used as an off-the-shelf alternative to
the autologous bone in critical bone defects in rats. Since all ingre-
dients are approved for clinical use, the combination may replace or
even supersede the effect of conventional bone grafting techniques
in the near future. This would facilitate surgery for nonunion and
critical defects to a large extent.

MATERIALS AND METHODS

Preparation of CaS/HA biomaterial

The CaS/HA biomaterial (provided by the manufacturer BONESUPPORT
AB, Sweden) was prepared by mixing CaS/HA with iohexol, an
iodine-based radiographic contrast agent, at a liquid-to-powder ratio
of 0.43 ml/g of CaS/HA powder. A total of four different formula-
tions of the CaS/HA biomaterial were prepared, which were based
on the experimental groups. The first type consisted of pure CaS/HA,
and the biomaterial was prepared by mixing 500 mg of CaS/HA
powder with 215 pl of liquid (62.5 pl of saline + 152.5 pl of contrast
agent) in a well of a sterile 48-well plate. After thorough mixing for
1 min, the slurry was transferred into a 1-ml syringe using a spatula and
extruded into four cylindrical wells of a silicone mold (@ = 4 mm
and h = 6 mm). Each well was fully filled, and the material was al-
lowed to set for 30 min before recovering it by cutting the silicone
mold using blades. Because of surface tension, the material con-
caved at the top, thereby producing a cylinder of approximately
5 mm in height and 4 mm in diameter. This process was repeated
another two times to achieve a total of 12 cylindrical grafts. The
second variant of the CaS/HA biomaterial contained ZA (Novartis,
Switzerland; original concentration, 0.8 mg/ml reconstituted in sa-
line). Same steps as described above were followed except that the
mixing solution contained 62.5 pl of ZA solution (50 pg) and 152.5 pl
of contrast agent. This liquid was mixed to 500 mg of CaS/HA
powder to obtain four cylindrical grafts of CaS/HA + ZA biomaterial
containing 10 ug of ZA per cylinder. The process was repeated two
more times to obtain 12 cylindrical grafts. The third composition
consisted of the CaS/HA biomaterial containing rhBMP-2 (part of a
InductOs bone graft kit, Medtronic, Dublin, Ireland). A total of 75 pg
of BMP-2 was mixed with 62.5 ul of saline and 152.5 ul of contrast
agent to form the BMP solution (concentration, 0.35 mg/ml), which
was mixed with 500 mg of CaS/HA powder to achieve four cylinders
of CaS/HA + rhBMP-2 biomaterial containing 15 pg of rhBMP-2
per graft. Cylinders were casted in the same way as described above,
and the process was repeated until 12 scaffolds were achieved. Last,
the last composition of the CaS/HA biomaterial was composed of
CaS/HA + rhBMP-2 + ZA. A total of 75 ug of BMP-2 was mixed
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with 62.5 ul of ZA (concentration, 0.8 mg/ml) and 152.5 ul of con-
trast agent to form the BMP + ZA solution (concentration, 0.35 mg/ml),
which was mixed with 500 mg of CaS/HA powder to achieve four
cylinders of CaS/HA + rhBMP-2 + ZA biomaterial containing 10 ug
of ZA + 15 ug of rhBMP-2 per graft. CaS/HA slurry for approxi-
mately one graft volume was always wasted partly during transfer-
ring the contents into the syringe and partly in the syringe used for
extrusion, explaining why ZA and rhBMP-2 were calculated for five
grafts in each mixing procedure. Preparation of the biomaterial
scaffolds was performed under sterile conditions in a laminar airflow
bench, and the grafts were implanted within 48 hours of casting the
biomaterial.

Critical defect model and surgery

Ten- to 12-week-old male Wistar rats (weight, 398 + 25 g; range,
356 to 480 g) were purchased from JANVIER LABS (France). The
rats were anesthetized using a mixture of isoflurane (3%) and O,
maintained at a flow rate of 2 liter/min. Then, animals were placed
in prone position on a 37°C warm heating pad, isoflurane was lowered
to 2 to 2.5%, which was maintained during the entire duration of
the surgery, and buprenorphine (Temgesic, 30 ng/kg; Indivior Europe
Ltd., Dublin, Ireland) was injected subcutaneously for analgesia. The
right hind limb of the animal was shaved and disinfected, and an
approximately 3-cm-long skin and fascia incision was made along
the length of the right femur [fig. S1, A and B (i)].

Another 2-cm incision was made between the musculus tensor
fasciae latae femoris and the musculus vastus lateralis to expose the
deeper muscle layers. Blunt separation of the musculus rectus femoris
and the musculus vastus lateralis was performed using spatulas (fig.
S1B, ii), and the femur was exposed (fig. S1B, iii). After thoroughly
cleaning the femur laterally from soft tissue, a customized five-hole
internal fixation plate (@ of 1.5-mm straight locking plate, stainless
steel; LCP Compact Hand System, DePuy Synthes, Warsaw, USA)
was applied to the lateral aspect of the femur and held in place using
forceps and a clamp. At this point, the plate was permanently fixed
to the bone using two proximal and two distal screws (@ of 1.5-mm
locking screws, stainless steel; outer screws, 7 mm in length; inner
screws, 6 mm in length; DePuy Synthes). Screw holes were created
in the femur using drill sleeves and a 1.1-mm @ drill bit (DePuy
Synthes). A custom-made, three-dimensional (3D) printed saw guide
(fig. S1C, i) was then placed on the lateral femur above the third
empty hole of the plate, and a 5-mm osteotomy was performed using
two Gigli wires (0.44 mm; RISystem AG, Landquart, Switzerland).
The piece of mid-diaphyseal bone was carefully removed (fig. S1C, ii),
and the wound was thoroughly rinsed with saline to remove metallic
remnants of the Gigli wires. A defect of approximately 5 mm was
achieved in all animals, which was calculated by measuring the length
of the removed piece of bone (means + SD, 4.55 + 0.3 mm; range,
4.0 to 5.4 mm) and the thickness of the Gigli wire. The defect was
then treated as follows: (G1) empty, (G2) CaS/HA, (G3) CaS/HA + ZA,
(G4) CaS/HA + rhBMP-2, and (G5) CaS/HA + rhBMP-2 + ZA
(see Table 1 for sample size). The cylindrical grafts were push-fitted
and not secured with any sutures (fig. S1C, iii and iv). In some cases,
the implant was scraped at one end using a scalpel to ensure good
fitting into the defect. The wound was closed in a layered fashion
using resorbable sutures (Vicryl 4-0, Ethicon, Somerville, USA)
by closing the muscle first (continuous interlaced suture), followed
by closing the skin (Donati suture). After wound closure, animals
were transferred back into their cage and allowed to wake up under
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an infrared lamp. Animals started load bearing immediately after
surgery.

Some animals from each group were subjected to in vivo x-ray
analysis 6 weeks after operation, whereas all animals received two
different fluorescent fluorochromes 1 week before euthanizing (Fig. 1).
All animals were euthanized 12 weeks after operation. Anesthesia
was induced by isoflurane inhalation (3%), followed by blood sam-
pling from each animal collected via the intracardiac route. Anes-
thetized animals were then euthanized by CO, asphyxiation, and both
femora (defect and contralateral) were harvested before being sub-
jected to x-ray, micro-CT, three-point bending, and histology. An
overview of the timelines and evaluation techniques is also provided
in Fig. 1, and a detailed description of the experimental groups and
number of specimens used for each evaluation technique is provided
in Table 1.

In vivo x-ray radiography at 6 weeks

At 6 weeks after surgery, randomly selected animals (1 = 4 to 6 per
group; Table 1) were anesthetized using isoflurane (3%) and placed
in a right lateral decubitus position. Both hind limbs were secured
to the bottom x-ray plate using adhesive tape before obtaining a lower
body x-ray using a movable x-ray device (AMX 4 Plus, GE Medical
Systems, Chicago, USA) with an x-ray tube voltage of 50 kV and
1-mA-s electric charge. X-rays were judged to be bridged or not bridged
by two orthopedic surgeons. A specimen was judged to be bridged if
complete cortical healing along the length of the defect was observed.

Ex vivo x-ray radiography and micro-CT at 12 weeks
Harvested, native femora from each animal were placed in pairs and
imaged using a microradiography device (MX-20, Faxitron, Tucson,
USA) with 30-kV operating voltage and an exposure time of 5 s.
After acquiring the x-ray, the internal fixation plate was carefully
removed from each specimen to void disturbing the tissue formed
in the defect. Each sample was then wrapped with cling film, indi-
vidually placed in a test tube and imaged in a micro-CT instrument
(vivaCT 40, Scanco Medical, Wangen-Briittisellen, Switzerland) with
an isotropic voxel size of 21 um. The most proximal and distal screw
holes were used to define the micro-CT scanning area, which corre-
sponded to a volume of interest of approximately 11 mm (525 slices).
After the scans were completed, samples were randomly divided for
either three-point bending or histological analysis. Histology specimens
were fixed in neutral buffered formalin (4%), while the specimens
for three-point bending were frozen at —80°C until the day before
testing. Micro-CT image sets from each sample were analyzed using
the SCANCO Medical software suite. An approximately 8-mm (380 slices,
starting from the end of the proximal drill hole nearest to the defect
to the beginning of the distal drill hole nearest to the defect) cylin-
drical region of interest (ROI) was defined to quantify the bone re-
generated in the defect. The same was performed for the nontreated
contralateral legs, and the mid-diaphysis was chosen as the ROI After
calibration according to manufacturer’s protocols, a threshold of 400 mg
of HA/cm® was used to identify the bone and was kept constant for
all specimens. BV and tissue mineral density (density/BV) were used
as the two outcome variables of the micro-CT assessment.

Biomechanical testing

Samples that either exhibited complete or partial bridging were
chosen for mechanical testing. One day before the three-point bending
tests, samples were thawed at 4°C overnight before bringing them to
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room temperature 1 hour prior testing. The samples were then placed
on a custom-made three-point bending jig consisting of a bottom
holder with two brass indenters that are 16 mm apart (Fig. 1).
Digital images of all specimens were captured. The top indenter
was connected to the 15-kN sensor of the Instron load frame
(8511 biaxial model, High Wycombe, U.K) operated by MTS Flex
Test 40 Controller (MTS TestSuite Multipurpose Elite Software,
MTS, Eden Prairie, USA). An automated algorithm was defined
on the controller program, which allowed to load the samples at a
rate of 1 mm/s until fracture. After failure, all specimens were photo-
graphed again and analyzed by three independent observers to
classify and document the fracture into three categories: (i) straight,
(ii) oblique, or (iii) spiral.

Histological assessment of critical defect healing

After the micro-CT imaging, four treated femora from each group
were randomly selected for histological examination. Each bone
was cut along the sagittal plane and perpendicular to the screw holes
in two almost equal halves. As seen in Fig. 1, one half was embedded
in Technovit 9100 (Kulzer GmbH, Wehrheim, Germany) and used
for fluorescent analysis, whereas the other one was decalcified with
EDTA, embedded in paraffin (Engelbrecht, Edermiinde, Germany),
and used for (immuno-)histological staining.

Fluorescent staining for mineral apposition

To assess bone formation and remodeling in vivo, animals received
two fluorescent calcium-binding dyes 1 week before euthanizing.
The first fluorophore, alizarin (2 wt % in 2 wt % NaHCO3, 20 mg/kg;
Fluka, Honeywell, Morristown, USA), was injected 7 days before
euthanasia, and the second fluorophore, calcein (2 wt % in 2 wt %
NaHCOj3, 20 mg/kg; Fluka), was injected 3 days before euthanasia
of the animals. Both fluorophores were injected intraperitoneally.
All animals were euthanized at the 12-week time point, femora were
explanted, cut, embedded in Technovit 9100, grinded to a thickness
of 50 to 100 pm, and imaged using a Keyence BIOREVO BZ-9000
microscope (Keyence, Osaka, Japan; alizarin: tetramethyl rhodamine
isothiocyanate filter, excitation: 545/25, emission: 605/70; calcein: green
fluorescent protein filter, excitation: 470/40, emission: 525/50).

Goldner’s trichrome and H&E staining

Decalcified, paraffin-embedded, specimens were cut to a thickness
of 2.5 um and stained with Goldner’s trichrome and H&E (Merck,
Darmstadt, Germany) using standard procedures and digitized on a
Keyence BIOREVO BZ-9000 microscope. The grade of defect healing
was evaluated by three independent observers on three representa-
tive H&E stained sections per animal according to Huo et al. (26)
using a scale ranging from fibrous tissue only (grade 0) to woven
bone (grade 10).

SMA staining for visualization of blood vessels

Vascularization of the defect area was analyzed using a mouse anti-
SMA antibody (dilution of 1:750; catalog no. M0851, Dako, Santa
Clara, USA) following detection with the InmPRESS-AP Anti-Mouse
Immunoglobulin G Detection Kit (Vector Laboratories, Burlingame,
USA) with Romulin (Biocare, Pacheco, USA) as chromogen. To en-
sure examination of the same area for all samples, the space between the
inner holes of the screws was determined with a 2x objective. Using
the software of the microscope (BZ-II Viewer), this area was separated
in squares. In every square, the vessels present in the defect area were
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counted using a 10x objective. Vessels of surrounding muscles or
soft tissue were not included.

Serum assessment of TRAP5b

Blood was collected from all animals described in Table 1 at the time
of euthanasia via the intracardiac route. Serum was separated from
the whole blood by centrifugation (2000 rpm for 10 min) and frozen
at —80°C until a day before the assay. All samples were allowed to
thaw at 4°C overnight and diluted with saline by mixing 25 pl of the
sample with 75 ul of normal saline on the day of the assay. After this,
the manufacturer’s assay guidelines (Immunodiagnostic Systems,
document no. SB-TR102, version 08) were followed to perform the
assay. All samples were analyzed in duplicate and averaged at the end
to calculate the effective concentration of TRAP5b per sample. A set
of four standard protein concentrations were used for plotting a
standard curve, and a spiked rat serum sample containing known
amount of TRAP5b was used for calculation of percent recovery. The
standard and the spiked sample were provided by the manufacturer.

Animal ethics

The animal experiment was approved by the Local Animal Care
Committee of Dresden University Hospital (protocol number:
DD24-5131/354/10), and guidelines set by the National Institutes of
Health for the use of experimental animals were followed.

Statistical methods

All data were tested for normality using the Shapiro-Wilk normality
assessment test. Differences between multiple groups were tested
using one-way analysis of variance (ANOVA) with Tukey’s post
hoc method in case of normally distributed data. Its nonparametric
equivalent Kruskal-Wallis test with Dunn’s multiple comparison
method was chosen for data not following Gaussian distribution
(micro-CT data). Two independent groups were tested using Student’s
t test with Welch’s modification (three-point bending data). Paired
data analysis was performed using paired samples ¢ test. P < 0.05
was set as the limit for statistical differences. All data are expressed
as means + SD. All statistical analyses were performed using GraphPad
Prism [Prism 8 for macOS, v8.2.0 (272), GraphPad Software Inc.,
San Diego, USA].

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/48/eabc1779/DC1
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