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Abstract

Background: Repair of large-sized bone defects is a challengeable obstacle in orthopedics and evoked the demand
for the development of biomaterials that could induce bone repair in such defects. Recently, UiO-66 has emerged as
an attractive metal-organic framework (MOF) nanostructure that is incorporated in biomedical applications due to its
biocompatibility, porosity, and stability. In addition, its osteogenic properties have earned a great interest as a promis-
ing field of research. Thus, the UiO-66 was prepared in this study and assessed for its potential to stimulate and sup-
port osteogenesis in vitro and in vivo in a rabbit femoral condyle defect model. The nanomaterial was fabricated and
characterized using x-ray diffraction (XRD) and transmission electron microscopy (TEM). Afterward, in vitro cytotoxicity
and hemolysis assays were performed to investigate UiO-66 biocompatibility. Furthermore, the material in vitro capa-
bility to upregulate osteoblast marker genes was assessed using gPCR. Next, the in vivo new bone formation potential
of the UiO-66 nanomaterial was evaluated after induction of bone defects in rabbit femoral condyles. These defects
were left empty or filled with UiO-66 nanomaterial and monitored at weeks 4, 8, and 12 after bone defect induction
using x-ray, computed tomography (CT), histological examinations, and gPCR analysis of osteocalcin (OC) and osteo-
pontin (OP) expressions.

Results: The designed UiO-66 nanomaterial showed excellent cytocompatibility and hemocompatibility and stimu-
lated the in vitro osteoblast functions. The in vivo osteogenesis was enhanced in the UiO-66 treated group compared
to the control group, whereas evidence of healing of the treated bone defects was observed grossly and histologi-
cally. Interestingly, UiO-66 implanted defects displayed a significant osteoid tissue and collagen deposition compared
to control defects. Moreover, the UiO-66 nanomaterial demonstrated the potential to upregulate OC and OP in vivo.

Conclusions: The UiO-66 nanomaterial implantation possesses a stimulatory impact on the healing process of
critical-sized bone defects indicating that UiO-66 is a promising biomaterial for application in bone tissue engineering.
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Background

Bone healing is a coordinating process of synchro-

nized stages aiming to form a new functional bone tis-

sue with normal architecture rather than scar tissue.
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to regenerate spontaneously with de novo bone tissue
because their size surpasses the intrinsic healing poten-
tial are defined as critical-sized bone defects [2]. These
critical-sized bone defects are regarded as an important
health issue with economic significance in veterinary
practice [3, 4].

Traditional clinical strategies, including autogenic and
allogenic bone grafts, are used to repair the critical-sized
bone defect [1, 3, 5]. Autogenous bone grafts are the gold
standard treatment used for this purpose due to their
osteoconductive, osteoinductive, and osteogenic prop-
erties. However, their clinical use has been confined due
to limited sources of autogenous bone tissue, bleeding,
donor site morbidity, and prolonged grafting time [6—8].
Allogenic bone graft is an alternative treatment that com-
monly associated with the risk of immunological rejec-
tion, the transmission of infectious diseases, and limited
incorporation into host bone [8, 9]. Consequently, bone
tissue engineering has attracted significant attention
as a potential alternative solution to overcome these
limitations and fulfill the clinical need [5, 8, 9]. Bone tis-
sue engineering consists of a combination of scaffolds,
seeded cells, and/or growth factors. Scaffolds are consid-
ered a crucial component in bone tissue engineering as
they act as a platform for cellular interaction and provide
a suitable microenvironment with a structural framework
and mechanical cues for the newly formed osseous tis-
sue [1, 5, 9]. Consequently, the scaffold material should
be biocompatible, biodegradable, and mechanically sta-
ble, supporting biological activities such as cell attach-
ment, migration, and growth. Various biomaterials have
been used in bone tissue engineering, such as ceramics,
metals, and polymers; however, these materials have the
disadvantages of poor osteoinductivity, weak bioactivity,
and low biodegradation [10].

Metal-organic frameworks (MOFs)-based materials
have been extensively explored as promising candidates
for biomedical applications such as biosensing, bioimag-
ing, drug delivery, gene delivery, and photodynamic ther-
apy [11, 12]. These MOFs are composed of coordination
between metal ions/clusters and organic ligands/linkers,
and they have the advantages of large specific surface
area, high porosity, high surface acidity and basicity, and
excellent biocompatibility and biodegradability [10, 13—
20]. Furthermore, the nanoscale MOFs in recent years
have gained considerable attention in tissue regeneration
[10]. Several MOFs have been reported to incorporate in
the fabrication of scaffolds or implants used in bone tis-
sue engineering such as zeolitic imidazolate framework-8
[14], iron-based MOFs [21], and zinc-based MOFs [22].
The nanosized MOFs have been reported to create a
favorable extracellular environment that stimulates and
supports mesenchymal stem cells (MSCs) adhesion,
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proliferation, and differentiation [23]. In addition, it has
been suggested that incorporation of nanoscale MOFs to
the designed scaffolds improves the adherence and inter-
actions of MSCs owing to modification of the functional
groups, porosity, roughness, and hydrophilicity of scaf-
folds [10].

Among the various MOF biomaterials, the University
Institute of Oslo-66 (UiO-66) is porous zirconium (Zr)
MOF that has the advantages of low toxicity, porosity,
biocompatibility, and excellent chemical and thermal ten-
ability [24—27]. Thus, UiO-66 has been applied in various
applications, including energy [28, 29] and biomedical
fields such as drug delivery [24, 30] and photothermal
therapy [31].

Zr-containing biomaterials have been used extensively
in orthopedic and dental implants. Zr has the potential to
induce osteogenesis via stimulation of osteoblast attach-
ment, proliferation, and differentiation, enormously
increasing the expression of the osteogenic genes and
enhancing the mineralization process [32]. In the present
study, we hypothesized that UiO-66 nanomaterial has a
positive boosting osteogenic effect in the regeneration
of critical-sized bone defects. Hence, the current study
aimed to evaluate the UiO-66 scaffold’s biocompatibil-
ity and its potential to induce and support osteogenesis
in vitro and in vivo in a rabbit femoral condyle model.

Results

Characterization of UiO-66 nanomaterial

UiO-66 was successfully synthesized, as shown in Fig. 1A.
The solvothermal synthesis of UiO-66 resulted in a white
precipitate. XRD patterns of the synthesized and simu-
lated pattern of UiO-66 were matched very well (Fig. 1B).
TEM image of UiO-66 showed a crystal with a particle
size of 170 nm (Fig. 1C).

Indirect contact cytotoxicity assay

The preconditioned media prepared using UiO-66 nano-
material samples showed few positive cells to ethidium
bromide homodimer staining after 7 days of culture
(Fig. 2A). The cell viability was measured using MTT
assay through investigation of hFOB cells proliferation
using extraction media prepared from different samples.
It showed a non-significant level of cell growth and pro-
liferation between hFOB cells cultured in DMEM (nega-
tive control) and that cultured using preconditioned
extracts from UiO-66 nanomaterial after 1, 3, and 7 days
of culture (Fig. 2B).

Hemolysis assay

As shown in Fig. 2C, the UiO-66 nanomaterial showed
a non-significant hemolysis rate (9.64% +4.58%) com-
pared to the negative control group (4.35% +2.58%). This
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Fig. 1 Synthesis and characterization of UiO-66 nanomaterial. A Schematic representation for the synthesis of UiO-66. B The XRD pattern of UiO-66,
and CTEM image of UiO-66. TEM image is reprinted with permission from Reference 13

indicated that the designed nanomaterials do not have a
hemolytic effect and have good blood compatibility.

qPCR analysis

The expression of Col-I was significantly higher in cells
cultured on Uio-66 nanomaterial compared to that in
the negative control group starting from day 3 till day 28
(Fig. 3A). However, cells cultured on Uio-66 showed sig-
nificantly higher OC and OP expression levels than the
negative control group at different times except on day 28
for OC expression (Fig. 3B) and both day 3 and day 28 for
OP expression (Fig. 3C).

Clinical investigation

As displayed in Fig. 4, the critical-sized bone defects were
established successfully. All animals survived during the
study period without operative or postoperative compli-
cations. They could stand up and walk on the first day
after the operation and returned to their daily activities,
including eating, drinking, and grooming within 48 h
after surgery. The skin wound healed without complica-
tions within 7—-10 days after surgery for both groups.

Radiographic evaluation

The immediate postoperative LM radiographs dis-
played well-demarcated radiolucent bone defects in the
femoral condyles in the control group (Fig. 5A). UiO-66
implanted defects revealed highly radiopaque defects in
the femoral condyles because of their higher radiographic
density than the adjacent cancellous bone (Fig. 5E).

In the control group, the radiographs of the differ-
ent evaluation times still showed a well-defined radiolu-
cent bone defect (Fig. 5B-C). However, on week 12 after
implantation, the bone defects displayed a tiny new bone
formation at their margins (Fig. 5D).

In the UiO-66 treated group, the radiopacity at the
bone defects decreased in a time-dependent manner
(Fig. 5F-H). At week 4 after surgery, the defect margins
were greatly indistinct. However, at weeks 8 and 12 post-
implantation, the radiopacity decreased gradually, and
the UiO-66 scaffolds were still clearly recognized in the
bone defects.

CT examination
In the control group, bone defects appeared empty
and clearly distinguished in the coronal, sagittal, and
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Fig. 2 In vitro assessment of UiO-66 biocompatibility. A Cell viability using Live/Dead assay for hFOBs seeded on UiO-66 nanomaterial for 7 days.
Green cells represent live cells and red color indicates dead cells (Scale =100 um, Magnification = 10x). B MTT cytotoxicity assay for viability
evaluation of hFOB cells cultured using extracts of UiO-66 material for 1, 3, and 7 days compared to the negative control. Error bars represent
means =+ SD (n=8). C Hemolysis assay using extracts of UiO-66 nanomaterial compared to the negative control. Error bars represent means + SD
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Fig. 3 In vitro osteogenic potential of UiO-66. gPCR analysis for the expression level of collagen type-I (Col-l) (A), osteocalcin (OC) (B), and
osteopontin (OP) (C) mRNA in negative control cells and on UiO-66 nanomaterial for 28 days, respectively. Error bars represent means 4 SD; n=3 for
each group and time point. Bars with the same letter represent insignificance values (one-way ANOVA followed by Tukey’s HSD post hoc test)
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Fig. 4 Gross appearance of the critical-sized bone defects. (A) Establishment of critical sized bone defect (@ 5 x 10 mm) in rabbit femoral condyle
(a), implantation of UiO-66 material (b), and wound closure (c). (B) Gross appearance of the rabbit femoral condyle bone defects of control (a-c) and

Week 12

transverse planes (Fig. 6A-C). Conversely, UiO-66
implanted defects were appeared filled partially with
newly formed bone with incomplete degradation to
the scaffold in the different planes (Fig. 6E-G). Further-
more, in the lateral 3D-CT images, bone defects were
clearly demarcated in the control group (Fig. 6D), while
in the UiO-66 implanted group, the depth of the bone
defect diminished with distinguishable defects’ margins
(Fig. 6H).

Gross evaluation of the femoral condyle bone defects

As shown in Fig. 4B, the specimens of different groups
did not show any evidence of tissue infection in the adja-
cent soft tissues grossly. At week 4 after surgery, the mar-
gins of the defects were clearly demarcated in control
and UiO-66 implanted groups. The bone defects of the
control group were covered with blood clots and/or fatty
tissue, while the UiO-66 implanted defects were covered
with the yellow UiO-66 material. The UiO-66 scaffolds
were well incorporated into bone defects and appeared

integral to the surrounding host bone with undetectable
interface between the scaffold and host bone.

On 8 and 12 weeks after surgical operation, the mar-
gins of the bone defects in the control group were still
well-defined without any notable changes in the bone
defects’ diameters, however; the UiO-66 implanted
defects showed less distinguishable margins, decreased
bone defects’ diameters, and partial repair of the bone
defects with bridging smooth bone-like tissue connecting
the rims of the bone defects.

Histological assessment
Histological examination of the femoral condyle bone
defects harvested on the postoperative 4, 8, and 12 weeks
was carried out to investigate the osteogenic potential of
UiO-66 nanomaterial to stimulate bone formation in the
critical-sized bone defect model.

On week 4, the control group revealed empty defects
or filled with fat cells and a few hematopoietic stem cells
and MSCs (Fig. 7Aa & Ba,d). The UiO-66 implanted
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Fig. 5 Radiographic evaluation of the defect site. Lateromedial radiographs of the defect site of control (A-D) and UiO-66 implanted (E-H) groups
at different post-implantation times. Red circles: defect site
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Fig. 6 Computed tomography examination of the defect site. Coronal (A, E), sagittal (B, F), transverse (C, G) CT planes, and 3D CT images (D, H) of
control (A-D) and UiO-66 implanted (E-H) groups at week 12 postoperatively

defects were occupied by dispersed UiO-66 nanomate-  centripetal direction of osteo-regeneration (Fig. 7Ad &
rial separated by osteoid tissue, osteogenic cells, osteo-  Bg). Furthermore, neovascularization, lymphoid aggrega-
blasts, osteoclasts, collagen fibers, and fibroblasts and tion, and macrophages were seen near the scaffold mate-
surrounded by spongy bone trabeculae (Fig. 7Ad &  rial in the implanted bone defect area (Fig. 7Bj).

Bg,j). Newly formed woven bone and some MSCs were On week 8, bone defects in the control group
observed in the periphery of the bone defects with a remained filled with fatty bone marrow (Fig. 7Ab &
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Fig. 7 Hlstologlcal assessment of critical-sized bone defect repair in rabbit femurs (A) and (B) femoral condyle sections stained with Hematoxylin
and Eosin from the control and UiO-66 implanted groups at weeks 4, 8, and 12 after surgery. (C) PAS & Hematoxylin- stained bone defect sites in
control (a-c) and UiO-66 implanted (d-f) groups at different evaluation times. MSC: mesenchymal stem cell; Ob: osteoblast; Oc: osteocyte; Ocl:
osteoclast; Og: osteogenic cells; Os: osteoid tissue; BM: bone matrix; SB: spongy bone; WB: woven bone; LB: lamellar bone; M: macrophage; L:
lymphocyte; black asterisks: implanted UiO-66 nanomaterial; red arrows: newly formed bone. The scale bars in (A)=1 mm, (B a-c,g-i) = 100 um, and

in (B d-f, j-I) and (C) =50 um

Bb,e). The UiO-66 implanted defects displayed more
bone tissue formation and less scaffold material. The
peripheral zones of bone defects were surrounded by
the newly formed spongy bone trabeculae, whereas
in the central zones, the remaining scaffold materials
were surrounded and separated by osteoid tissue and
newly formed woven bone trabeculae. Additionally,
the implanted bone defect area still showed lymphoid

infiltration and neovascularization near the scaffold
material (Fig. 7Ae & Bh,k).

On week 12, bone repair in the control defects is
still absent and cannot be observed (Fig. 7Ac & Bc,f).
However, the UiO-66 implanted group revealed more
anastomosed newly formed woven bone trabeculae
centrally and connected to the peripheral newly formed
lamellar bone. Neovascularization and inflammatory
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cell infiltration were still observed near the residual
nanomaterial (Fig. 7Af & Bi,l).

PAS and hematoxylin-stained sections showed the
absence of chondrocytes, while PAS-negative osteo-
genic cells, osteoblasts, osteocytes, and PAS-positive
bone matrix were observed in the peripheral regions of
all bone defects and the central areas of the implanted
defects (Fig. 7C).

The bone collagen deposition in the bone defects was
further examined by Crossmon’s trichrome and Sirius red
staining (Fig. 8). The control group revealed the forma-
tion of newly formed bone containing mature collagen at
the peripheral areas of the defect with unrepaired central
areas. The UiO-66 implanted defects displayed mature
bone collagen deposition at the newly formed bone
matrix in the central and peripheral zones of the bone
defects.

Histological evaluation of the regenerated bone tissue

The woven immature bone was seen in the peripheral
zone of the bone defects in control and UiO-66 implanted
defects at different post-implantation times with a higher
amount observed in the central zone of the UiO-66
implanted defects only. On the other hand, the mature
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lamellar bone was observed only in the peripheral region
of the bone defects in both groups at weeks 8 and 12.

Histomorphometric analysis

As shown in Fig. 9, the UiO-66 implanted group at
weeks 4, 8, and 12 displayed a significant increase in Os%
(38.69+4.03%, 59.90 £ 8.68%, and 68.52+4.11%, respec-
tively) compared to the control group (2.31+1.17%,
4.13£0.78%, and 6.85+1.01, respectively). In addition,
there was a significant Os% and RM% difference between
different post-implantation times in UiO-66 implanted
group.

The Col% was significantly higher in UiO-66 implanted
group than control group at post-implantation 4, 8,
and 12 weeks with the percentages of 17.4041.02%,
30.05+2.61%, and 31.61+1.91%, compared to the con-
trol group 0.85+£0.21%, 1.17+0.19%, and 2.02 £ 0.43%,
respectively. Additionally, the Col% was significantly
lower on week 4 than on weeks 8 and 12.

IHC examination

The UiO-66 implanted group showed CD34" mesenchymal
stem cells surrounding the UiO-66 material and arranged in
a meshwork of interconnected cells (Fig. supp 1).

Week 8 Week 4

Week 12

b
A\}y‘ N

[ O
Q. —_—

air site of the femoral condyle at weeks 4, 8, and 12 after surgery in control (a-c) and
Ui0-66 implanted (d-f) groups were stained with Crossmon'’s trichrome (A) and Sirius red (B) stains. WB: woven bone; LB: lamellar bone; red asterisks:
implanted UiO-66 nanomaterial. The scale bars in Crossmon'’s trichrome stain panels= 100 um and in Sirius red stain panels =50 um
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gRT-PCR analysis

The OC and OP expression levels in UiO-66 implanted
group showed a decreased manner from week 4 to
week 12 after implantation, where their expression lev-
els decreased greatly after post-implantation week 4
(Fig. 10). On week 4 after surgery, OC and OP expres-
sions were higher in UiO-66 implanted defects than in
control defects, however; OP expression was significantly
higher in UiO-66 implanted group compared to that in
the control group at week 8 post-implantation. Addi-
tionally, the UiO-66 implanted defects and control ones
showed insignificant levels of OC and OP between each
other at week 12.

Significant OC and OP expression levels were reported
between week 4 and both weeks 8 and 12 after implanta-
tion in UiO-66 implanted group. Furthermore, OP expres-
sion level was higher in week 8 compared to week 12.

Discussion

Non-healed critical-sized bone defects remain a chal-
lenging problem in both human and veterinary ortho-
pedics as these defects have no tendency to heal
spontaneously without additional intervention [3].
Recently, the application of bone tissue engineering has
been employed to hasten the osteo-regeneration process
[5, 9]. The ideal synthetic bone grafting material should
be economic, easily applied, effective in simulating the
osteoconductive and osteoinductive extracellular matrix
microenvironment, and has excellent mechanical proper-
ties. Additionally, the material should be biocompatible
with the capability to support cell attachment and growth
[1, 33]. In this study, the potential of UiO-66 nanomate-
rial to accelerate bone healing was investigated in vitro
and in vivo in a rabbit femoral bone defect model.

The UiO-66 nanomaterial was prepared by the sol-
vothermal reaction of terephthalic acid and zirconium
using DMF as a solvent and acetic acid as a modulator. In
this reaction, terephthalic acid coordinates to zirconium
clusters at 120 ° C leading to a white precipitate of crystal
of UiO-66 [13]. The XRD pattern of synthesized and sim-
ulated UiO-66 was in good matching, indicating its high
purity [13, 24, 30].

In bone tissue engineering, the cytocompatibility of
the biofabricated materials is an essential characteristic
feature that should be investigated to emphasize their
potential for supporting bone cell growth and attachment
in vivo [34]. Consequently, the material’s cytotoxicity was
explored through culturing of hFOB cells using extracts
of UiO-66 nanomaterials. MTT and Live/ Dead assays
revealed that UiO-66 was a cytocompatible nanomate-
rial. These findings concurred with Aghajanzadeh et al
[35] who reported a normal cell growth upon culturing
human skin fibroblasts on UiO-66 for 48 h.

The interaction of bone graft substitutes with blood is
another critical factor influencing hemocompatibility
since the interaction of blood with grafts is pivotal for
tissue integration [36]. Therefore, we have conducted a
hemolysis screening test to assure the hemocompatibility
of the designated nanomaterial. Our results displayed a
non-significant rate of hemolysis when UiO-66 nanoma-
terial contacted RBCs compared to the negative control
group. These findings confirmed that UiO-66 is a hemo-
compatible nanomaterial as reported previously [37].
These data suggested that UiO-66 nanomaterial might
have no impairing effect on the normal growth of osteo-
blasts and blood cells; subsequently, it’s in vivo implanta-
tion would not elicit changes in the normal physiological
microenvironment.
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Numerous collagenous and non-collagenous proteins
were expressed in the process of bone repair such as
Col-I, OC, and OP. These proteins play a crucial role
in osteoblast proliferation and differentiation, bone
mineralization, and bone remodeling [33, 38]. Thus,
we quantitively investigated the expression of Col-I,
OC, and OP proteins using qPCR to assess the poten-
tial of UiO-66 nanomaterial to stimulate the osteogenic
activity. Our results showed a significant upregulation

of the osteoblast marker genes upon culturing of
hFOB on UiO-66 nanomaterials. These findings sug-
gested that the fabricated UiO-66 nanomaterial is able
to induce and support osteoblast functions in vitro, as
described in previous studies [32, 39]. These upregu-
lated expressions of Col-I, OC, and OP may result from
the interaction of Runx2 with the promotor regions of
osteoblast-specific genes. This interaction is suggested
to be initiated by a contact interface between Zr ions of
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UiO-66 nanomaterial and Runx2 [32, 38, 40]. In addi-
tion, the highest OC and OP expressions were noticed
on day 14, while their levels abruptly declined on day
21. These observations might be related to the complete
mineralization of cells as reported by previous studies
(39, 41, 42].

To investigate the in vivo bone-forming potential of the
UiO-66 nanomaterial, the designed nanomaterial was
implanted in a critical-sized bone defect model (5 mm
in diameter and 10 mm in depth) in a rabbit’s femoral
condyle [43]. The cellular response of host immunity
against the implanted biomaterials regulates and induces
the biomaterial-mediated osteogenesis cascade. These
reactions against the implanted biomaterials elicit the
inflammatory cells influx and fibrosis of the surrounding
tissues. The minimal host inflammatory reaction against
the implanted material is essential for maintaining the
biological effects and functions of the implanted material
and indicating its biocompatibility [44, 45]. Our results
revealed a mild inflammatory cell infiltration in the UiO-
66 implanted defects, proving their excellent biocompat-
ibility and providing a suitable milieu for induction of the
stages of osteogenesis. The influx of inflammatory cells,
particularly macrophages, in the defect area is a key cri-
terion for biodegradation of implanted material [46]. The
implanted UiO-66 nanomaterial in this study displayed
gradual biodegradation in a time-dependent manner.

Moreover, the inflammatory cells, mainly mac-
rophages, secrete osteoinductive growth factors as bone
morphogenetic proteins (BMPs), vascular endothelial
growth factor (VEGF), and transforming growth factor
(TGE-P), and stimulate several cytokines including tumor
necrosis factor-a (ITNF-a), interleukin 1-f (IL1-f), IL-6,
and IL-10. These cytokines and growth factors promote
the process of osteogenesis via recruitment and migra-
tion of the undifferentiated MSCs with osteogenic poten-
tial to the implanted defect area from the bone marrow
and peripheral blood and ultimately differentiation,
osteoblast maturation, collagen organization, and min-
eralization [44, 45, 47, 48]. The undifferentiated MSCs
play a critical role in bone regeneration and remodeling
as they aggregate and migrate to the central zones of the
defect through the disintegrated UiO-66 material creat-
ing a proper microenvironment that stimulates their dif-
ferentiation into osteoblasts and activates the secretion
of various growth factors that enhance the osteogenesis
process [49-53]. Consequently, osteogenesis was boosted
in UiO-66 implanted group, whereas MSCs migrated,
proliferated, and differentiated to osteogenic cells then
to bone-forming osteoblast cells. Osteoblast cells are
responsible for collagen deposition; then they are trans-
formed into osteocytes. At last, the newly formed woven
bone was remodeled into lamellar bone [54, 55].
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Our findings revealed the presence of CD34% cells sur-
rounding the disintegrated UiO-66 material. CD34 has
been regarded as a MSCs marker with the in vitro poten-
tial of CD34" expressing cells to differentiate into osteo-
blast cells [50, 56, 57]. Additionally, the implanted group
showed the formation of woven immature bone through-
out the defect, which eventually remodeled into the
lamellar bone in the periphery of the implanted defects.
The ability of UiO-66 scaffolds to induce bone formation
might be contributed to BMP-2/SMAD signaling path-
way stimulation, which induces osteoblasts differentia-
tion and function through promoting Runx2 and Osterix
(Osx) production that enhance the functions of mature
osteoblasts via stimulation of all major osteoblast-related
genes required for collagen deposition and mineraliza-
tion [32, 58, 59].

Importantly, the ability of UiO-66 scaffold nanoma-
terial to stimulate in vivo osteogenesis was confirmed
by investigating the OC and OP gene expression levels.
Our results revealed that UiO-66 implanted group could
upregulate these osteogenic genes. This might be attrib-
uted to the capability of UiO-66 nanomaterial to enhance
the BMP/SMAD signaling pathway. In this pathway, UiO-
66 increase BMP-2 secretion that binds to BMP receptors
I and II, stimulating the binding of Smad-1/5 with Smad-
4, which increases the production of transcription factors
as Runx2 and Osx. These transcription factors increase
the expression of the osteogenic markers, including
OC and OP [32, 60]. Regarding the downregulation of
OC and OP expressions levels in the UiO-66 implanted
group at post-implantation 8 and 12 weeks, this might
be correlated to the normal reduction in the synthesis of
bone matrix proteins in the late stages of bone healing
as reported by Honma et al. [61] and Itagaki et al. [62]
who investigated the osteoblasts and osteocytes poten-
tial for bone matrix proteins production during bone
formation and reported the significant increase in bone
matrix proteins production toward the 2" week with the
highest level was on the 4™ week and then decreased.
Furthermore, the overexpression of OP on week 4 after
implantation may be associated with its secretion by both
macrophages and osteoblast lineage cells [63].

In this study, it is worth mentioning that there was a lim-
itation in assessing the UiO-66 implanted defects radio-
graphically because UiO-66 nanomaterial displays a higher
radiopacity than normal bone due to the higher atomic
number of Zr than calcium. Therefore, it could mask the
process of bone formation in the defect areas [64].

Conclusion

The UiO-66 scaffold is a cytocompatible material that
supports bone cell growth and attachment and upregu-
lates osteoblast marker genes in vitro. In addition, it
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has an in vivo behavior of partial biodegradation of the
nanomaterials and replacement by newly formed bone
tissue, indicating its potential to induce osteogenesis. To
the best of our knowledge, this is the first study to report
the UiO-66 nanomaterial as a promising biomaterial that
could be used to fabricate scaffolds for the reconstruction
of critical-sized bone defects in rabbit femoral condyle
model. However, UiO-66 biodegradability and biome-
chanical properties should be further studied in future
research. In addition, future studies on a higher number
of animals comparing the healing process to other well-
established scaffolds such as tricalcium phosphate and
demineralized bone matrix are required.

Materials and methods

Study design

The present study was carried out in three main stages
as summarized in Fig. 11, including material synthesis
and characterization, in vitro experiments, and in vivo
implantation of UiO-66 nanomaterial in rabbit femoral
condyle bone defects.

Ethics approval

The study protocols were approved by the Institutional
Animal Care and Use Committee of Research Facilities,
Faculty of Veterinary Medicine, Assiut University, Egypt
in accordance with the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines. All methods
were performed in compliance with the relevant guide-
lines and regulations e.g., Egyptian bylaws for animal use,
OIE animal welfare standards, Directive 2010/63/EU in
Europe, and American Veterinary Medical Association
(AVMA) Guidelines for the Euthanasia of Animals (2020).

Chemicals
Terephthalic acid, zirconium oxide chloride (ZrOClZ),
acetic acid, and dimethylformamide (DMF) were

purchased from Sigma Aldrich (Germany). All the chem-
ical reagents were used without further purification.

Synthesis and characterization of UiO-66 nanomaterial
UiO-66 was prepared according to our previous refer-
ence [13]. A mixture of ZrOCI, (750 mg), terephthalic
acid (740 mg), and glacial acetic acid (4 mL) was dis-
solved in DMF (90 mL). The mixture was dispersed via
ultrasonication for 30 min. The solution was transferred
to a Teflon-lined stainless-steel autoclave (100 mL) and
heated at 120 °C for 24 h. The product was washed three
times with DMF (3 x 30 mL), and ethanol (3 x 30 mL)
before drying overnight in an oven at 100 °C.

The phase purity of the prepared material was char-
acterized using powder x-ray diffraction (XRD; Philips
1700 diffractometer, Germany) with a Cu—Ka radiation
diffractometer. The morphology and size of these nano-
materials were studied using a transmission electron
microscope (TEM; JEM-2100; JEOL, Japan).

Indirect contact cytotoxicity assay
Extracts were prepared from the UiO-66 nanomate-
rial scaffolds to evaluate the potential cytotoxic risk as
described previously [34, 65]. The extracts of the UiO-
66 scaffold were prepared by incubating samples (after
ethylene oxide gas sterilization) in the serum-free 1:1
mixture of Ham’s F12 and Dulbecco Modified Eagle’s
minimal essential medium (DMEM) supplemented with
1% penicillin/streptomycin (p/s, Gibco, USA) culture
medium under the condition of 37 °C/120 r/minutes for
72 h, according to a ratio standard of 0.2 g/mL of culture
medium [46]. The supernatant was obtained and centri-
fuged to prepare the conditioned extracts and filtered
using 0.4 um filters, then stored at 4 °C before the cyto-
toxicity test.

Human fetal-osteoblast cell line (hFOB 1.19; American
Type Culture Collection (ATCC), USA) were cultured in
a 1:1 mixture of Ham’s F12 and DMEM supplemented
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with 10% fetal bovine serum (FBS; Hyclone, USA),
2.5 mM L-glutamine (Gibco, USA), and 1% p/s in a
humidified incubator at 34 °C and 5% CO,. After reach-
ing the full confluency, the cells were trypsinized and
placed at a density of 15 x 10° in a 48-well plate for 24 h
using the complete culture medium. Then, the medium
was aspirated, followed by the addition of 500 uL con-
ditioned or control medium after adding 10% FBS. In
the negative control, cells were cultured with a com-
plete medium only, while in positive control wells, the
cells were cultured in the presence of 20% dimethyl sul-
foxide (DMSO). The cell response against the extracts
was investigated by measuring the metabolic activity of
cells using [3-(4,5-dimethylthiazol)-2-yl]-2,5- diphe-
nyltetrazolium bromide (MTT) assay after 1, 3, and
7 days of culture. Briefly, 50 uL. of MTT solution (5 mg
/mL; Sigma-Aldrich, St Louis, MO, USA) was added to
each well and incubated at 37 °C for 4 h. Then, the MTT-
containing media was aspirated, and 250 pL. DMSO was
added to solubilize the formazan crystals. After incu-
bation for 10 min, 100 uL aliquots from the wells were
pipetted into another 96-well plate. The intensity of the
colored product was quantitatively measured at a wave-
length of 570 nm using a spectrophotometer. The cell
viability was expressed as the percentage of activity
expressed by treated cells as compared to the negative
control.

For qualitative assessment of the cell viability, staining
with a Live/Dead assay kit (calcein-AM/ethidium bromide
homodimer, Invitrogen) after 7 days of culture according
to the manufacturer’s instructions and imaged using a flu-
orescence microscope (Olympus, Tokyo, Japan).

Hemolysis assay

The hemolysis that may occur due to the designed
nanomaterial was measured to evaluate the material
hemocompatibility as previously described [66]. Briefly,
fresh blood was collected from healthy live dogs and
directly transferred to the laboratory. Erythrocytes were
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separated by centrifuging at 2,000 g for 15 min, followed
by dilution in 1 x PBS to create an erythrocyte suspen-
sion with 2 x 107 cells/mL. Sample of each nanomaterial
was placed in a glass tube containing 5 mL of erythrocyte
suspension and kept at room temperature on a shaker
with 125 rpm for 60 min. Erythrocyte suspension without
any specimens was utilized as a negative control, whereas
tubes containing 25 mg of sodium dodecyl sulfate (SDS)
added to the erythrocytes were used as positive controls.
Afterward, 1 mL of the suspension was collected from
each tube and centrifuged for 3 min at 3,000 g. Finally,
the absorbance of the supernatant was examined at a
wavelength of 545 nm using a spectrophotometer, and
hemolysis percentage was calculated as in the equation:

Hemolysis (%) = [(S545 — N545) + (P545 — N545)] x 100,

Where the absorbance for samples, negative control,
and positive control were represented by S545, N545 and
P545, respectively.

Quantitative Polymerase Chain Reaction (qPCR) analysis
The UiO-66 nanomaterial was placed into 48-well plates to
assess its ability to support the attachment of hFOB 1.19
cells. Briefly, 500 pL of media containing 10 x 10° cells
were added to the surface of the disks, and the plate was
incubated at 34 °C in 5% CO, for 28 days. After 3, 7, 14,
21, and 28 days of culture, qPCR analysis was performed
as explained previously [67] for the primer sequences
listed in Table 1. At the different time points, total RNA
was isolated from the harvested cells and transcribed into
c¢DNA using the NucleoSpin RNA Mini kit (Macherey—
Nagel GmbH & Co., Germany) and TOPscrip RT DryMIX
(Enzynomics, South Korea), respectively. qPCR was per-
formed using TOPreal qPCR 2 x PreMIX (Enzynomics)
on a StepOnePlus real-time PCR system (Thermo Fisher
Scientific) following the manufacturer’s recommendations.
Analysis of the relative gene expression was calculated by
the 2724 method with glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) as the internal control.

Table 1 Primer sequences used for gPCR analysis of in vitro and in vivo osteogenic gene expressions

Primer Primer Sequences

Forward Reverse
Human Collagen-I 5-CAGCCGCTTCACCTACAGC-3 5-TTTTGT ATT CAATCACTGTCTTGC C-3'
Human Osteocalcin 5~ ACA CTC CTC GCC CTATTG -3’ 5- GAT GTG GTC AGC CAACTC -3
Human Osteopontin 5'- CTC AGG CCA GTT GCA GCC -3’ 5'- CAA AAG CAA ATC ACT GCA ATT CTC -3
Human GAPDH 5'-ACA GTC AGC CGC ATCTTCTT-3' 5'-GAC AAG CTT CCC GTT CTC AG-3'
Rabbit Osteopontin 5-GCTCGATGGCTAGCTTGTCT-3" 5'-ACAATATAAGCGCGAGGCCA-3
Rabbit Osteocalcin 5-GTTCCCTTCCTCCTTGATTT-3' 5-TCTACCAGTTGCAGCCTGAC-3'
Rabbit Beta-actin 5-/'CAGGAAGGAGGGCTGGAACA-3' 5'-ATCGTGCGGGACATCAAGGA-3'
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Critical-sized bone defect model and implantation
procedure

A total of 36 mature six-month-old male New Zealand
white rabbits weighing 2.5 to 3.0 kg were used for this
experiment to evaluate the potential of the UiO-66 scaf-
fold in enhancing the repair of the critical-sized bone
defect. Rabbits were checked clinically and radiographi-
cally to confirm their skeletal maturity and normal bone
structure, and then were housed individually in stainless-
steel boxes with accessible commercial rabbit chow and
water. All animals were allowed to accommodate in their
cages for 14 days before surgery. Animals were divided
randomly into; control group (empty defects, n=18) and
UiO-66 group (UiO-66 implanted defects, n=18).

All surgical procedures were carried out under strict
aseptic preparations. Animals were fasted for 8 h before
surgical operations. They were subjected to surgery
under the effect of general anesthesia induced by a mix-
ture of xylazine HCI (3 mg/kg, Xyla-ject 20% ®: ADWIA
Co., Egypt) and ketamine HCI (40 mg/kg, Ketamine 50%
®: Sigma-Tec, Egypt), and maintained with oxygen (2 L/
minute) and isoflurane (2.5-3%, Forane ®. AbbVie, Eng-
land). After induction of general anesthesia, the right
hindlimb was shaved and disinfected and the animal was
placed in lateral recumbency during surgery. Critical-
sized bone defects were created in the middle region of
the lateral femoral condyle (5 mm in diameter,10 mm in
depth) using dental micromotor with low-speed contra
(Strong, Korea) and trephine burrs as described pre-
viously [43]. In brief, a longitudinal 5 cm skin incision
proximally from the patella was performed parallel to
the lateral femoral condyle. The underlying subcutane-
ous tissue and muscles were dissected parallel to the skin
incision and the femoral shaft. Then, the periosteum was
reflected, and lateral femoral condyles were exposed. The
defects were created under continuous saline irrigation
to minimize thermal injury and bone damage. To cre-
ate these confined critical-sized bone defects, a trephine
burr (@ =3 mm; Osung, Korea) was applied on the lat-
eral femoral condyles perpendicular to the longitudinal
femoral axis. Then, the defect was enlarged using a larger
trephine burr (@ =5 mm; Oxy, Italy) to reach a confined
bone defect size (@ 5 x 10 mm). The defects were thor-
oughly washed with physiological saline and dried with
sterile gauze to remove bone debris. The defects were
either filled with UiO-66 material or left empty as con-
trol one. The muscle attachment, subcutaneous tissue,
and skin were sutured in a routine manner. During the
consecutive postoperative 5 days, each rabbit was given
a subcutaneous injection of penicillin (40 mg/kg, Pen &
Strep ®: Norbook, Egypt) to prevent infection, in addi-
tion to meloxicam (0.6 mg/kg, Mobitil ®: MUP, Egypt)
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to suppress pain. Animals were allowed to move freely
in their boxes without restrictions. At 4, 8, and 12 weeks
after surgery, six rabbits from each group were sacrificed
at each time for assessment of bone regeneration.

Clinical investigation

All animals were examined daily for postoperative com-
plications and any signs of illness including infection,
fracture, activity level, gait, and mobility of the hindlimbs.

Radiographic evaluation

Latero-medial (LM) radiographs were acquired to deter-
mine the newly formed bone in the defect regions. The
rabbit femurs were radiographed just after surgery and at
different evaluation times using a fixed x-ray apparatus
(50 kV and 10 mA/s; Philips Super 80 CP, Germany) and
an ultra-high-definition film.

Computed tomography (CT) examination

CT scanning of the bone defects was performed at week
12 after surgery using Philips 128 slice scanner CT appa-
ratus (120 kV and 53 mA/s, 1 mm thickness; Germany)
intending to assess the bone repair at the defect areas.

Gross evaluation of the femoral condyle bone defects

The femoral condyles were resected with the removal of
all soft tissues at weeks 4, 8, and 12 after the operation.
The condyles were assessed grossly for the signs of infec-
tion, inflammation, grafting material incorporation, and
new bone formation.

Histological assessment
At different evaluation times, femoral condyles (n=3
from each group at each time point) were harvested and
fixed in neutral buffered formaldehyde (10%, pH 7.2), and
subsequently, samples were decalcified using formic acid
25% (25 mL formic acid, 75 mL distilled water, and 5 mL
40% formaldehyde) at a pH of 7 and 37 °C for 4 weeks.
Formalin-fixed bone samples were routinely dehy-
drated in ascending grades of ethanol, cleared in methyl
benzoate, and then embedded in paraffin wax. Paraffin
sections at 5-um in thickness were cut perpendicular to
the longitudinal axis of the femur and finally stained with
Hematoxylin and Eosin (H&E) for general histological
examination of the defects including signs of bone regen-
eration, neovascularization, cellular constituents, and the
remaining implanted material [68], in addition to Peri-
odic acid Schiff (PAS) staining for glycosaminoglycans
observation [69]. The paraffin sections were observed by
an Olympus BX51 microscope (Japan), and the images
were taken by an Olympus DP72 camera (Japan) adapted
into the microscope.



Sadek et al. BMC Veterinary Research (2022) 18:260

Histochemical staining of bone collagen

Crossmon’s trichrome and Sirus red stains were a valu-
able method used for assessment of the newly formed
bone collagen content, whereas Crossmon’s trichrome
staining was used to examine the bone collagen fibers
deposition within the defect area and Sirus red stain-
ing was used to distinguish mature bone collagen from
immature bone collagen [68, 70].

The paraffin-embedded sections were deparaffinized,
rehydrated, and stained with Crossmon’s trichrome stain
and Sirus red stain according to the manufacturer’s pro-
tocol. Afterward, slides were dehydrated, made transpar-
ent with xylene, and mounted. At last, stained sections
were examined under microscope and photographed
using a digital camera.

Histomorphometric analysis
Quantitative measurements were conducted to deter-
mine the percentages of osteoid tissue (Os%) and remain-
ing material (RM%) areas in the H&E-stained slides
(n=3 slides for each defect). In addition, the percentage
of mature bone collagen area (Col%) was calculated in
Siris red-stained sections (n=3 slides for each defect).
Using threshold area fraction, the areas of osteoid tissue,
the remaining material, and mature bone collagen were
detected in the region of interest (ROI, the entire defect
area, 25.6mm?) using Image] software (National Insti-
tutes of Health, Bethesda, MD, USA) [43, 71].

The Os%, RM%, and Col% were described as a per-
centage of the total area of the defect, expressed as
mean = SD, and calculated as follows:

Os RM Col
0s% = — x 100, RM% = —— x 100, Col% = —— x 100
5% ROI X % ROI X Col% ROL X
where Os, RM, and Col were used to indicate the areas
of osteoid tissue, residual material, and mature collagen,

respectively.

Immunohistochemical (IHC) examination

IHC of CD34 was carried out at week 12 after surgery
according to Abd-Elkareem [72] using CD34 monoclo-
nal antibody (Catalog Number: CM 084 A, B, C, Bio-
care Medical, USA) and ultravision one detection system
HRP polymer & AEC chromogen (Catalog Number: TL-
015-HAJ, Thermo Fisher Scientific, USA).

Quantitative real-time PCR (qRT-PCR) analysis

After sacrificing the animals at 4,8, and 12 weeks after
surgery, 3 samples were carefully obtained from each
group at each evaluation time for qRT-PCR analysis. Soft
tissues and periosteum were stripped off and samples
were collected under complete aseptic preparations. The
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collected samples were directly immersed in a nontoxic
tissue storage reagent (RNAlater solution, Thermo Sci-
entific, USA) and then samples were stored at -80 °C for
further steps.

Afterward, RNA extraction was carried out by frozen
samples grinding using a mortar under liquid nitrogen.
Total RNA was extracted from the bone samples using
the TRIzol® Reagent (life technologies) according to the
manufacturer’s protocol. Subsequently, reverse tran-
scription and qRT-PCR were proceeded for OC and OP
as described previously for in vitro qPCR. Forward and
reverse primers are listed in Table 1.

Statistical analysis

The obtained data were statistically analyzed with a sta-
tistical software program (IBM SPSS version 21). Data are
presented as mean =+ standard deviation (SD) with a signif-
icance at p<0.05. One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used to analyze the
results of cytotoxicity assay (n=8), hemocompatibility,
in vitro expression of collagen type-I (Col-I), OC, and OP,
and in vivo RM% (n=3 for each time). Moreover, two-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test was performed to analyze the results of Os%, Col
% (n=3 for each defect at each time), and in vivo expres-
sions of OC and OP (n=3 for each time).

Abbreviations

BMPs: Bone morphogenetic proteins; Col: Collagen; Col-I: Collagen type-I; CT:
Computed tomography; DMEM: Dulbecco Modified Eagle’s minimal essential
medium; DMSO: Dimethy! sulfoxide; FBS: Fetal bovine serum; H&E: Hema-
toxylin and Eosin; hFOB: Human fetal-osteoblast cell line; IL: Interleukin; LM:
Latero-medial; MOFs: Metal-organic frameworks; MSCs: Mesenchymal stem
cells; MTT: [3-(4,5-dimethylthiazol)-2-yl1-2,5-diphenyltetrazolium bromide; OC:
Osteocalcin; OP: Osteopontin; Os: Osteoid tissue; Osx: Osterix; p/s: penicil-
lin/streptomycin; PAS: Periodic acid Schiff; gRT-PCR: Quantitative real-time
Polymerase Chain Reaction; RM: Remaining material; SDS: Sodium dodecyl
sulfate; TEM: Transmission electron microscope; TGF-f: Transforming growth
factor 3; TNF-a: Tumor necrosis factor-a; UiO-66: University Institute of Oslo-66;
VEGF: Vascular endothelial growth factor; XRD: X-ray diffraction; Zr: Zirconium;
ZrOCly: Zirconium oxide chloride.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512917-022-03347-9.

Additional file 1: Fig. Supp 1. Immunohistochemical staining of bone
defect in rabbit femoral condyle at week 12 after surgery. The repair site
of the femoral condyle in the control (B) and UiO-66 implanted (C) bone
defects were stained with CD34 monoclonal antibody. Black arrowheads:
CD34% mesenchymal stem cells; red asterisks: implanted UiO-66 nanoma-
terial. Scale bars = 50 um.

Acknowledgements
The authors would like to thank Prof. Tarek Elgammal, Prof. Madiha Darwish,
and Prof. Mohamed Semieka for their support.


https://doi.org/10.1186/s12917-022-03347-9
https://doi.org/10.1186/s12917-022-03347-9

Sadek et al. BMC Veterinary Research (2022) 18:260

Authors’ contributions

A. A. S.: Conceptualization, Methodology, Investigation, Data curation, Writing
- original draft, and Writing — review & editing. M. A.: Methodology, Investiga-
tion, Data curation, and Writing — original draft, Writing — review & editing.
H.N.A.: Methodology, Investigation, Data curation, and Writing — original draft,
and Writing — review & editing. S. M.: Formal analysis, Validation and Supervi-
sion. K.H.: Conceptualization, Methodology, Investigation, Data curation, and
Writing — original draft, Writing — review & editing, Formal analysis, Validation,
and Supervision. All authors reviewed the manuscript and approved the final
version for publication.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). For any portion of the research, no external funding or sponsorship was
provided.

Availability of data and materials
The data that support the results of this study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study protocols were approved by the Institutional Animal Care and

Use Committee of Research Facilities, Faculty of Veterinary Medicine, Assiut
University, Egypt in accordance with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines. All methods were performed in compliance
with the relevant guidelines and regulations e.g., Egyptian bylaws for animal
use, OIE animal welfare standards, Directive 2010/63/EU in Europe, and Ameri-
can Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of
Animals (2020).

Consent for publication
Not applicable.

Competing interests
There are no conflicts to declare.

Author details

'Department of Surgery, Anesthesiology, and Radiology, Faculty of Veterinary
Medicine, Assiut University, Assiut, Egypt. 2Department of Cell and Histology,
Faculty of Veterinary Medicine, Assiut University, Assiut, Egypt. >Advanced
Multifunctional Materials Laboratory, Department of Chemistry, Faculty

of Science, Assiut University, Assiut, Egypt. “Proteomics Laboratory for Clinical
Research and Materials Science, Department of Chemistry, Faculty of Science,
Assiut, Egypt. °Nanotechnology Research Centre (NTRC), The British University
in Egypt, El-Shorouk City, Suez Desert Road, PO. Box 43, Cairo 11837, Egypt.

Received: 14 March 2022 Accepted: 13 June 2022
Published online: 05 July 2022

References

1. Oryan A, Alidadi S, Moshiri A, Maffulli N. Bone regenerative medicine:
classic options, novel strategies, and future directions. J Orthop Surg Res.
2014,9(1):18.

2. Schemitsch EH. Size Matters: Defining Critical in Bone Defect Size! J
Orthopaedic Trauma. 2017;31:520-S22.

3. Vertenten G, Gasthuys F, Cornelissen M, Schacht E, Vlaminck L. Enhancing
bone healing and regeneration: present and future perspectives in veteri-
nary orthopaedics. Vet Comp Orthop Traumatol. 2010;23(03):153-62.

4. Raghunath M, Singh N, Singh T, Gopinathan A, Mohindroo J, Atri K. Defect
nonunion of a metatarsal bone fracture in a cow. Vet Comp Orthop
Traumatol. 2013;26(03):233-7.

5. ZhouT, LiG,Lin S, TianT, Ma Q, Zhang Q, Shi S, Xue C, MaW, Cai X, et al.
Electrospun Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)/Graphene
Oxide Scaffold: Enhanced Properties and Promoted in Vivo Bone Repair in
Rats. ACS Appl Mater Interfaces. 2017,9(49):42589-600.

20.

21.

22.

23.

24.

25.

26.

Page 16 of 18

CuiW, Liu Q Yang L, Wang K, SunT, JiY, Liu L, Yu W, QuY, Wang J, et al.
Sustained Delivery of BMP-2-Related Peptide from the True Bone Ceram-
ics/Hollow Mesoporous Silica Nanoparticles Scaffold for Bone Tissue
Regeneration. ACS Biomater Sci Eng. 2018;4(1):211-21.

Huang Y-H, Jakus AE, Jordan SW, Dumanian Z, Parker K, Zhao L, Patel PK,
Shah RN. Three-Dimensionally Printed Hyperelastic Bone Scaffolds Accel-
erate Bone Regeneration in Critical-Size Calvarial Bone Defects. Plastic
Reconstruct Surg. 2019;143(5):1397-407.

Wang P, Zhao L, Liu J, Weir MD, Zhou X, Xu HHK. Bone tissue engineering
via nanostructured calcium phosphate biomaterials and stem cells. Bone
Research. 2014;2(1):14017.

Xie R, Hu J, Hoffmann O, Zhang Y, Ng F, Qin T, Guo X. Self-fitting shape
memory polymer foam inducing bone regeneration: A rabbit femoral
defect study. Biochimica et Biophysica Acta. 2018;1862(4):936-945.
Asadniaye Fardjahromi M, Nazari H, Ahmadi Tafti SM, Razmjou A, Mukho-
padhyay S, Warkiani ME. Metal-organic framework-based nanomaterials
for bone tissue engineering and wound healing. Materials Today Chemis-
try. 2022;23: 100670.

. ChengY,Wu J, Guo C, Li X-G, Ding B, Li Y. A facile water-stable MOF-

based “off-on"fluorescent switch for label-free detection of dopamine in
biological fluid. Journal of Materials Chemistry B. 2017,5(13):2524-35.
Vaidya LB, Nadar SS, Rathod VK. Biological metal organic framework (bio-
MOF) of glucoamylase with enhanced stability. Colloids Surf, B. 2020;193:
111052.

Goda MN, Abdelhamid HN. Said AE-AA: Zirconium Oxide Sulfate-Carbon
(ZrOSO4@C) Derived from Carbonized UiO-66 for Selective Production of
Dimethyl Ether. ACS Appl Mater Interfaces. 2020;12(1):646-53.

Gao X, Xue Y, Zhu Z, Chen J, Liu Y, Cheng X, Zhang X, Wang J, Pei X, Wan Q.
Nanoscale Zeolitic Imidazolate Framework-8 Activator of Canonical MAPK
Signaling for Bone Repair. ACS Appl Mater Interfaces. 2021;13(1):97-111.
Abdelhamid HN, Al Kiey SA, Sharmoukh W. A high-performance hybrid
supercapacitor electrode based on ZnO/nitrogen-doped carbon nanohy-
brid. Appl Organomet Chem. 2022;36(1): e6486.

Soliman AIA. Abdel-Wahab A-MA, Abdelhamid HN: Hierarchical porous
zeolitic imidazolate frameworks (ZIF-8) and ZnO@N-doped carbon for
selective adsorption and photocatalytic degradation of organic pollut-
ants. RSC Adv. 2022;12(12):7075-84.

. Abdelhamid HN, Georgouvelas D, Edlund U, Mathew AP. CelloZIFPaper:

Cellulose-ZIF hybrid paper for heavy metal removal and electrochemical
sensing. Chem Eng J. 2022;446: 136614.

Goda MN. Said AE-AA, Abdelhamid HN: Highly selective dehydration of
methanol over metal-organic frameworks (MOFs)-derived ZnO@Carbon.
J Environ Chem Eng. 2021;9(6): 106336.

Abdelhamid HN, Mathew AP. Cellulose-metal organic frameworks (Cel-
|oMOFs) hybrid materials and their multifaceted Applications: A review.
Coord Chem Rev. 2022;451: 214263.

Abdel-Magied AF, Abdelhamid HN, Ashour RM, Fu L, Dowaidar M, Xia W,
Forsberg K. Magnetic metal-organic frameworks for efficient removal of
cadmium(ll), and lead(ll) from aqueous solution. J Environ Chem Eng.
2022;10(3): 107467.

Ramezani MR, Ansari-Asl Z, Hoveizi E, Kiasat AR. Fabrication and Charac-
terization of Fe(lll) Metal-organic Frameworks Incorporating Polycaprol-
actone Nanofibers: Potential Scaffolds for Tissue Engineering. Fibers and
Polymers. 2020;21(5):1013-22.

Shen X, Zhang Y, Ma P, Sutrisno L, Luo Z, Hu Y, Yu Y, Tao B, Li C, Cai K.
Fabrication of magnesium/zinc-metal organic framework on titanium
implants to inhibit bacterial infection and promote bone regeneration.
Biomaterials. 2019;212:1-16.

Telgerd MD, Sadeghinia M, Birhanu G, Daryasari MP, Zandi-Karimi A, Sad-
eghinia A, Akbarijavar H, Karami MH, Seyedjafari E. Enhanced osteogenic
differentiation of mesenchymal stem cells on metal-organic framework
based on copper, zinc, and imidazole coated poly-I-lactic acid nanofiber
scaffolds. J Biomed Mater Res, Part A. 2019;107(8):1841-8.

Li Z, Zhao S, Wang H, Peng Y, Tan Z, Tang B. Functional groups influence
and mechanism research of UiO-66-type metal-organic frameworks for
ketoprofen delivery. Colloids Surf, B. 2019;178:1-7.

Schoenecker PM, Carson CG, Jasuja H, Flemming CJJ, Walton KS. Effect of
Water Adsorption on Retention of Structure and Surface Area of Metal-
Organic Frameworks. Ind Eng Chem Res. 2012;51(18):6513-9.
Ahmadijokani F, Mohammadkhani R, Ahmadipouya S, Shokrgozar A,
Rezakazemi M, Molavi H, Aminabhavi TM, Arjmand M. Superior chemical



Sadek et al. BMC Veterinary Research

27.

28.
29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

42.

43.

44,

45,

46.

47.

(2022) 18:260

stability of UiO-66 metal-organic frameworks (MOFs) for selective dye
adsorption. Chem Eng J. 2020;399: 125346.

Molavi H, Hakimian A, Shojaei A, Raeiszadeh M. Selective dye adsorption
by highly water stable metal-organic framework: Long term stability
analysis in aqueous media. Appl Surf Sci. 2018;445:424-36.

Abdelhamid HN. Solid Acid Zirconium Oxo Sulfate/Carbon-Derived UiO-
66 for Hydrogen Production. Energy Fuels. 2021;35(12):10322-6.
Abdelhamid HN. UiO-66 as a catalyst for hydrogen production via the
hydrolysis of sodium borohydride. Dalton Trans. 2020;49(31):10851-7.
Farboudi A, Mahboobnia K, Chogan F, Karimi M, Askari A, Banihashem S,
Davaran S, Irani M. UiO-66 metal organic framework nanoparticles loaded
carboxymethy! chitosan/poly ethylene oxide/polyurethane core-shell
nanofibers for controlled release of doxorubicin and folic acid. Int J Biol
Macromol. 2020;150:178-88.

Wang W, Wang L, Liu S, Xie Z. Metal-Organic Frameworks@Polymer Com-
posites Containing Cyanines for Near-Infrared Fluorescence Imaging and
Photothermal Tumor Therapy. Bioconjug Chem. 2017,28(11):2784-93.
ChenY, Roohani-Esfahani S-I, Lu Z, Zreigat H, Dunstan CR. Zirconium lons
Up-Regulate the BMP/SMAD Signaling Pathway and Promote the Prolif-
eration and Differentiation of Human Osteoblasts. PLoS ONE. 2015;10(1):
e0113426.

Lin X, Patil S, Gao Y-G, Qian A. The Bone Extracellular Matrix in Bone
Formation and Regeneration. Front Pharmacol. 2020;11:757.

Hussein KH, Abdelhamid HN, Zou X, Woo H-M. Ultrasonicated graphene
oxide enhances bone and skin wound regeneration. Mater Sci Eng, C.
2019;94:484-92.

Aghajanzadeh M, Zamani M, Molavi H, Khieri Manijili H, Danafar H, Shojaei
A. Preparation of Metal-Organic Frameworks UiO-66 for Adsorptive
Removal of Methotrexate from Aqueous Solution. J Inorg Organomet
Polym Mater. 2018;28(1):177-86.

Meng ZX, Zheng W, Li L, Zheng YF. Fabrication and characterization of
three-dimensional nanofiber membrance of PCL-MWCNTs by electro-
spinning. Mater Sci Eng, C. 2010;30(7):1014-21.

Zhu W, Guo J, Agola JO, Croissant JG, Wang Z, Shang J, Coker E, Motevalli
B, Zimpel A, Wuttke S, et al. Metal-Organic Framework Nanoparticle-
Assisted Cryopreservation of Red Blood Cells. J Am Chem Soc.
2019;141(19):7789-96.

Midha S, Murab S, Ghosh S. Osteogenic signaling on silk-based matrices.
Biomaterials. 2016;97:133-53.

Ruben R-R, Beatriz R-N, Patricia M, Salvador A-C, Patricia R-T, Piedad N DA,
Luis M-O: Impact of a Porous Si-Ca-P Monophasic Ceramic on Variation
of Osteogenesis-Related Gene Expression of Adult Human Mesenchymal
Stem Cells. Appl Sci. 2018;8(1):46.

Kirkham G, Cartmell S. Genes and proteins involved in the regulation of
osteogenesis. Topics in tissue engineering. 2007;3:1-22.

. Kaur G, Valarmathi MT, Potts JD, Jabbari E, Sabo-Attwood T, Wang Q.

Regulation of osteogenic differentiation of rat bone marrow stromal cells
on 2D nanorod substrates. Biomaterials. 2010;31(7):1732-41.

Lin Z, Solomon KL, Zhang X, Pavlos NJ, Abel T, Willers C, Dai K, Xu J,
Zheng Q, Zheng M. In vitro Evaluation of Natural Marine Sponge
Collagen as a Scaffold for Bone Tissue Engineering. Int J Biol Sci.
2011;7(7):968-77.

Cui X, Huang W, Zhang Y, Huang C, Yu Z, Wang L, Liu W, Wang T, Zhou J,
Wang H, et al. Evaluation of an injectable bioactive borate glass cement
to heal bone defects in a rabbit femoral condyle model. Mater Sci Eng, C.
2017;73:585-95.

Chen Z, Klein T, Murray RZ, Crawford R, Chang J, Wu C, Xiao Y. Osteoim-
munomodulation for the development of advanced bone biomaterials.
Mater Today. 2016;19(6):304-21.

Vishwakarma A, Bhise NS, Evangelista MB, Rouwkema J, Dokmeci MR,
Ghaemmaghami AM, Vrana NE, Khademhosseini A. Engineering Immu-
nomodulatory Biomaterials To Tune the Inflammatory Response. Trends
Biotechnol. 2016;34(6):470-82.

Hussein KH, Park K-M, Kang K-S, Woo H-M. Biocompatibility evaluation

of tissue-engineered decellularized scaffolds for biomedical application.
Mater Sci Eng, C. 2016;67:766-78.

Guihard P, Danger Y, Brounais B, David E, Brion R, Delecrin J, Richards CD,
Chevalier S, Rédini F, Heymann D, et al. Induction of Osteogenesis in Mes-
enchymal Stem Cells by Activated Monocytes/Macrophages Depends on
Oncostatin M Signaling. Stem Cells. 2012;30(4):762-72.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 17 of 18

Nam D, Mau E, Wang Y, Wright D, Silkstone D, Whetstone H, Whyne C,
Alman B. T-Lymphocytes Enable Osteoblast Maturation via IL-17F during
the Early Phase of Fracture Repair. PLoS ONE. 2012;7(6): e40044.

Wang X, Wang Y, Gou W, Lu Q, Peng J, Lu S. Role of mesenchymal stem
cells in bone regeneration and fracture repair: a review. Int Orthop.
2013;37(12):2491-8.

Kuroda R, Matsumoto T, Kawakami Y, Fukui T, Mifune Y, Kurosaka M. Clini-
cal Impact of Circulating CD34-Positive Cells on Bone Regeneration and
Healing. Tissue Eng Part B Rev. 2013;20(3):190-9.

Su P TianY,Yang C, Ma X, Wang X, Pei J, Qian A. Mesenchymal Stem Cell
Migration during Bone Formation and Bone Diseases Therapy. Int J Mol
Sci2018;19(8):2343.

Feehan J, Nurgali K, Apostolopoulos V, Al Saedi A, Duque G. Circulating
osteogenic precursor cells: Building bone from blood. EBioMedicine.
2019;39:603-11.

Fukui T, Mifune Y, Matsumoto T, Shoji T, Kawakami Y, Kawamoto A, li M,
Akimaru H, Kuroda T, Horii M, et al. Superior Potential of CD34-Positive
Cells Compared to Total Mononuclear Cells for Healing of Nonunion fol-
lowing Bone Fracture. Cell Transplant. 2015;24(7):1379-93.

Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and
inflammatory conditions. Nat Rev Rheumatol. 2012;8(3):133-43.
Sandberg OH, Aspenberg P. Inter-trabecular bone formation: a

specific mechanism for healing of cancellous bone. Acta Orthop.
2016;87(5):459-65.

Matsumoto T, Kawamoto A, Kuroda R, Ishikawa M, Mifune Y, Iwasaki

H, Miwa M, Horii M, Hayashi S, Oyamada A, et al. Therapeutic Poten-

tial of Vasculogenesis and Osteogenesis Promoted by Peripheral

Blood CD34-Positive Cells for Functional Bone Healing. Am J Pathol.
2006;169(4):1440-57.

Yamachika E, lida S. Bone regeneration from mesenchymal stem cells
(MSCs) and compact bone-derived MSCs as an animal model. Japanese
Dental Science Review. 2013;49(1):35-44.

Long F. Building strong bones: molecular regulation of the osteoblast
lineage. Nat Rev Mol Cell Biol. 2012;13(1):27-38.

Wang C-L, Xiao F, Wang C-D, Zhu J-F, Shen C, Zuo B, Wang H, Li D, Wang
X-Y, Feng W-J, et al. Gremlin2 Suppression Increases the BMP-2-Induced
Osteogenesis of Human Bone Marrow-Derived Mesenchymal Stem
Cells Via the BMP-2/Smad/Runx2 Signaling Pathway. J Cell Biochem.
2017;118(2):286-97.

Wang J, Wang M, Chen F,WeiY, Chen X, Zhou Y, Yang X, Zhu X, Tu C,
Zhang X. Nano-Hydroxyapatite Coating Promotes Porous Calcium Phos-
phate Ceramic-Induced Osteogenesis Via BMP/Smad Signaling Pathway.
Int J Nanomed. 2019;14:7987-8000.

Honma T, Itagaki T, Nakamura M, Kamakura S, Takahashi I, Echigo S,
Sasano Y. Bone formation in rat calvaria ceases within a limited period
regardless of completion of defect repair. Oral Dis. 2008;14(5):457-64.
Itagaki T, Honma T, Takahashi I, Echigo S, Sasano Y. Quantitative Analysis
and Localization of mRNA Transcripts of Type | Collagen, Osteocalcin,
MMP 2, MMP 8, and MMP 13 During Bone Healing in a Rat Calvarial
Experimental Defect Model. Anat Rec. 2008;291(8):1038-46.

McKee MD, Pedraza CE, Kaartinen MT. Osteopontin and Wound Healing
in Bone. Cells Tissues Organs. 2011;194(2-4):313-9.

Dionysopoulos D, Tolidis K, Gerasimou P, Koliniotou-Koumpia E. Effects of
shade and composition on radiopacity of dental composite restorative
materials. Oral Radiol. 2017,33(3):178-86.

Mousa HM, Hussein KH, Sayed MM, Abd El-Rahman MK, Woo H-M.
Development and Characterization of Cellulose/Iron Acetate Nanofibers
for Bone Tissue Engineering Applications. Polymers. 2021;13(8):1339.
Momtahan N, Panahi T, Poornejad N, Stewart MG, Vance BR, Struk JA,
Castleton AA, Roeder BL, Sukavaneshvar S, Cook AD. Using Hemolysis as a
Novel Method for Assessment of Cytotoxicity and Blood Compatibility of
Decellularized Heart Tissues. ASAIO J. 2016;62(3):340-8.

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2—AACT Method. Methods.
2001;25(4):402-8.

Kargozar S, Lotfibakhshaiesh N, Ai J, Samadikuchaksaraie A, Hill RG, Shah
PA, Milan PB, Mozafari M, Fathi M, Joghataei MT. Synthesis, physico-
chemical and biological characterization of strontium and cobalt substi-
tuted bioactive glasses for bone tissue engineering. J Non-Cryst Solids.
2016;449:133-40.



Sadek et al. BMC Veterinary Research

69.

70.

71. LiuJ, Mao K, Liu Z, Wang X, Cui F, Guo W, Mao K, Yang S. Injectable
Biocomposites for Bone Healing in Rabbit Femoral Condyle Defects. PLoS
ONE. 2013;8(10):75668.

72. Abd-Elkareem M. Cell-specific immuno-localization of progesterone
receptor alpha in the rabbit ovary during pregnancy and after parturition.
Anim Reprod Sci. 2017;180:100-20.

Publisher’s Note

(2022) 18:260

Wang W, Li B, LiY, Jiang Y, Ouyang H, Gao C. In vivo restoration of
full-thickness cartilage defects by poly(lactide-co-glycolide) sponges
filled with fibrin gel, bone marrow mesenchymal stem cells and DNA
complexes. Biomaterials. 2010;31(23):5953-65.

Bhutda S, Surve MV, Anil A, Kamath KG, Singh N, Modi D, Banerjee A.
Histochemical Staining of Collagen and Identification of Its Subtypes
by Picrosirius Red Dye in Mouse Reproductive Tissues. Bio-Protoc.
2017;7(21):22592.

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Enhancement of critical-sized bone defect regeneration using UiO-66 nanomaterial in rabbit femurs
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Characterization of UiO-66 nanomaterial
	Indirect contact cytotoxicity assay
	Hemolysis assay
	qPCR analysis
	Clinical investigation
	Radiographic evaluation
	CT examination
	Gross evaluation of the femoral condyle bone defects
	Histological assessment
	Histological evaluation of the regenerated bone tissue
	Histomorphometric analysis
	IHC examination
	qRT-PCR analysis

	Discussion
	Conclusion
	Materials and methods
	Study design
	Ethics approval
	Chemicals
	Synthesis and characterization of UiO-66 nanomaterial
	Indirect contact cytotoxicity assay
	Hemolysis assay
	Quantitative Polymerase Chain Reaction (qPCR) analysis
	Critical-sized bone defect model and implantation procedure
	Clinical investigation
	Radiographic evaluation
	Computed tomography (CT) examination
	Gross evaluation of the femoral condyle bone defects
	Histological assessment
	Histochemical staining of bone collagen
	Histomorphometric analysis
	Immunohistochemical (IHC) examination
	Quantitative real-time PCR (qRT-PCR) analysis
	Statistical analysis

	Acknowledgements
	References


