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natural biomaterial to promote osteogenesis+
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Tien-Hua Chen™¥* and Cheng-Fong Chen

Various factors can contribute to bone damage or loss, presenting challenges for bone regeneration. Our
study explores the potential clinical applications of two processed forms of Wharton's jelly of the human
umbilical cord for treating bone loss. Wharton's jelly from fresh umbilical cords underwent two distinct pro-
cesses: (1) frozen Wharton's jelly (WJF), preserved with cryoprotective agents, and (2) decellularized Wharton's
jelly matrix (WJD), prepared only via lyophilization without cryoprotectants. Both WJD and WJF are rich in col-
lagen, hyaluronan, and polysaccharide proteins. Notably, WJD exhibited a porous structure lacking nuclei from
human umbilical cord mesenchymal stem cells, unlike WJF. In direct contact experiments, WJD stimulated
osteoblast migration, enhanced osteoblast maturation, and promoted calcium deposition for bone formation
when administered to cultured rat osteoblasts. Furthermore, in transwell co-culture experiments, both WJD
and WJF increased the rat osteoblast expression of RUNX2 and OPN genes, elevated alkaline phosphatase
levels, and enhanced extracellular calcium precipitation, indicating their role in osteoblast maturation and new
bone formation. Hyaluronic acid, one of the ingredients from WJD and WJF, was identified as a key com-
ponent triggering osteogenesis. In vivo experiments involved creating circular bone defects in the calvarias of
rats, where WJD and WJF were separately implanted and monitored over five months using micro-computer-
ized tomography. Our results demonstrated that both WID and WJF enhanced angiogenesis, collagen for-
mation, osteoblast maturation, and bone growth within the bone defects. In summary, WID and WJF, natural
biomaterials with biocompatibility and nontoxicity, act not only as effective scaffolds but also promote osteo-
blast adhesion and differentiation, and accelerate osteogenesis.
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Bones may be damaged or lost due to trauma, fracture,
bacterial infection, or tumor metastasis and invasion.
When the bone loss is greater than two times the dia-
meter of the diaphysis, known as the critical-sized bone
defect, the defect cannot naturally heal despite implanting
various bone regenerative materials." Furthermore, the
risks of reduced weight-bearing capability and subsequent
fractures are increased.

Currently, common clinical bone materials are generally
divided into three types. The first type is autologous bone graft
whereby bone tissues from other body parts are surgically
obtained and used to fill up the bone defect region. The draw-
backs of this method include a long recovery period, the
requirement of two invasive surgeries, and the amount/area of
bone graft may not be large enough. The second type is allo-
geneic bone graft, i.e., excessive bone tissue removed from
other patients who required surgical treatment. In addition to
ethical issues, the risks of disease transmission are present.
The third type is artificial bone materials, which require
research and development of new synthetic bone materials for

This journal is © The Royal Society of Chemistry 2024
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clinical applications. Bone engineering depends on the design
of scaffolds, which are highly porous three-dimensional con-
structs that can hasten the regeneration of damaged tissues
and organs by offering an ideal environment for cell growth
and differentiation.”> Hence, a hydrogel, a 3D network of a
hydrophilic polymer material which can quickly absorb and
retain water, has been widely used in tissue engineering.’
Hydrogels can be categorized as natural, synthetic, and semi-
natural based on their source material. Natural hydrogels are
biocompatible and biodegradable, but have low mechanical
endurance. Synthetic hydrogels have lesser biocompatibility
but greater mechanical strength to bear weight. Semi-synthetic
hydrogels can be composed of both natural and synthetic poly-
mers.* There are still obstacles to be resolved in the field of
bone engineering. In this work, we propose a new approach
based on Wharton’s jelly from the umbilical cord for bone
regeneration.

The umbilical cord contains two arteries and one vein. The
connective tissue wrapping around these blood vessels, called
Wharton’s jelly, is a three-dimensional structure composed of
a considerable amount of extracellular matrix. Wharton’s jelly
can serve as a scaffold for various cell types to increase cell
adhesion of adipose mesenchymal stem cells, hematopoietic
stem cells, chondrocytes, vascular endothelial cells, and fibro-
blasts and thereby promote skin healing, cartilage repair, and
blood vessel reconstruction.>®

In addition to serving as a scaffold for cells and a
scaffold for tissue engineering, Wharton’s jelly contains a
substantial amount of extracellular matrix components such
as collagen, hyaluronic acid, fibronectin, and sulfated
proteoglycan.®'®'" Collagen fibrils are the main non-mineral
component of bone tissue.'* Collagen or collagen-based bio-
materials are mostly used for the treatment of bone tissue
regeneration.">'* Another main component, hyaluronic acid,
is found throughout the human body and is widely distribu-
ted in the connective tissue of the dermis, synovial fluid,
the dental pulp matrix, and other parts of the body.'’
Hyaluronic acid or hyaluronic acid-based scaffolds can
promote wound healing, cartilage repair and bone regener-
ation when they are added to artificial or synthetic
materials.”>* In the present study, we aimed to investigate
the effect of Wharton’s jelly on osteoblasts and bone
regeneration.

We prepared two types of Wharton’s jelly. For the first type,
Wharton’s jelly was cryopreserved using cryoprotective agents
and was named Frozen Wharton'’s jelly (WJF). WJF was applied
immediately after thawing, when it still contained human
umbilical cord mesenchymal stem cells (HUMSCs). For the
second type, Wharton’s jelly was lyophilized and dissolved in
normal saline. Since it no longer contained umbilical cord
mesenchymal stem cells, the final product was named
Decellularized Wharton’s jelly matrix (WJD). Our results indi-
cated that both WJF and WJD could not only promote cell
adhesion, differentiation, and maturation of rat osteoblasts
in vitro, but also help in bone regeneration in rats with critical-
sized calvarial defects.

This journal is © The Royal Society of Chemistry 2024
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2. Materials and methods

2.1. Preparation of Wharton’s jelly

Human umbilical cords were aseptically collected after delivery
and kept in cold (4 °C) Hank’s Balanced Salt Solution (HBSS;
Gibco 14185-052). Wharton'’s jelly was isolated within 24 h after
collection. All experimental instruments were autoclaved, disin-
fected in 75% ethanol, and flamed before use. In a laminar hood,
umbilical cords were disinfected by soaking in 75% ethanol,
placed in HBSS, and incised longitudinally. The umbilical vessels
were readily visible and could be removed using forceps. After the
detachment and withdrawal of the blood vessels, we obtained
Wharton’s jelly, which appeared as milky white interstitial
tissues. They were then cut, using a trephine drill, into 8 mm dia-
meter discs, with a thickness of 2 mm each.

2.2. Processing of Wharton’s jelly to obtain WJF and WJD

The isolated Wharton’s jelly was subsequently processed using the
following two methods: 1. Frozen Wharton’s Jelly (WJF): freshly
obtained Wharton’s jelly was immediately frozen in the presence
of cryoprotective agents (10% DMSO in 10% FBS DMEM). WJF was
readily used after thawing when it still contained HUMSCs. 2.
Decellularized Wharton’s jelly matrix (WJD): freshly obtained
Wharton’s jelly was stored in a —80 °C refrigerator for 24 hours, fol-
lowed by lyophilization for 3 hours (0.15 to 0.2 torr at —50 °C)
using a freeze dryer, which resulted in WJD without HUMSCs. WJF
and WJD in disc shape were individually paraffin-embedded and
subjected to histochemical staining to examine their histological
structures. These disc-shape WJF and WJD were used in the
in vitro and in vivo experiments described in later sections.

2.3. Sirius red staining

Sirius red was applied to label the collagen in the tissues. WJF
and WJD were paraffin-embedded. The tissue sections were
stained using 0.1% Sirius red (Sigma 2610-10-8) in picric acid
for 14 minutes. Subsequently, the tissue sections were washed
by immersing in ddH,O. The tissue sections were then de-
hydrated by immersing in a series of increasing concentrations
of alcohol, followed by immersing in xylene. Finally, the
section slides were mounted with the mounting medium and
examined via an optical microscope.

2.4. Periodic acid-Schiff (PAS) staining

PAS stain was applied to label (in pink) the polysaccharides
(hyaluronic acid), glycogen and glycoproteins in the tissues.
WJF and WJD were paraffin-embedded. The tissue sections
were stained, via a PAS Stain Kit (Sigma 395B-1KT), in periodic
acid solution for 5 minutes, washed in ddH,O, in Schiff’s
reagent for 15 minutes, and then washed in ddH,O. Following
dehydration with alcohol and immersion in xylene, the sec-
tions were mounted with the mounting medium and then
examined via an optical microscope.

2.5. Alcian blue staining

An Alcian blue stain kit (Abcam ab150662) was used to label
mucins in the tissues. WJF and WJD were paraffin-embedded.

Biomater. Sci, 2024,12, 6284-6298 | 6285
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The tissue sections were first stained with acetic acid for
3 minutes and then by Alcian blue solution (pH = 2.5) for
15 minutes at 37 °C. Following dehydration with alcohol and
immersion in xylene, the sections were mounted with the
mounting medium and then examined via an optical
microscope.

2.6. Immunohistochemical staining for WJF and WJD

In order to identify the distribution of the extracellular matrix
in WJF and WJD, WJF and WJD sections were reacted with
primary antibodies of rabbit anti-collagen I antibody (Abcam,
ab34710, 1:200), rabbit anti-collagen III antibody (Abcam,
ab23746, 1:200), and rabbit anti-fibronectin antibody (Abcam,
ab23751, 1:200) at 4 °C for 18 hours to recognize the collagen
1, collagen III, and fibronectin respectively. Subsequently, sec-
ondary antibody goat anti-rabbit-IgG-conjugated biotin
(Abcam, ab6720, 1: 250) was added to react for 1 hour at room
temperature, followed by the addition of avidin-biotinylated-
horseradish peroxidase complex (ABC Kit, Vector Laboratories)
(Vector Laboratories PK-4000, VECTASTAIN®) for 1 hour at
room temperature. Finally, DAB (5 mg DAB, 35% H,0, 3.5 pL
in 10 mL Tris-HCl, pH 7.4) was added for color development.

2.7. WJD processing for scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS)

Lyophilized WJD containing no mesenchymal stem cells were
immersed in a fixative solution containing 2% paraformalde-
hyde and 2% glutaraldehyde, placed in a 4 °C refrigerator for
24 hours, and followed by fixation with 2% osmium tetroxide
(0s0,) solution. At this point, WJD was oxidized into a black
tissue block, which was washed with 0.1 M phosphate-buffered
saline (PBS) to remove the residual fixative solution and then
dehydrated with alcohol. Subsequently, the specimens were
dried by critical point drying with liquid carbon dioxide (35 °C
at 1072 psi) to remove the ethanol inside the specimens.
Critical point drying was typically employed to prevent shrink-
age and deformation during the drying process. The speci-
mens, after being subjected to gold coating to protect their
ultra-structure on the surface from electron beam-induced
thermal damage, were ready for SEM scanning (JSM-7600F,
JEOL) and EDS analysis (X-MaxN, OXFORD instruments).

2.8. Invitro culture of rat osteoblasts (ROBs)

One-day-old Sprague Dawley (SD) rats were sacrificed via anes-
thetic overdose. In a laminar flow cabinet, the calvarias of the
rats were obtained using sterilized instruments and cut into
cubes with a side length of 1 mm, followed by washing with
sterile HBSS to remove red blood cells. The tissues were then
reacted with 0.1% trypsin and 0.1% collagenase for 2 hours at
37 °C under shaking. Subsequently, Dulbecco’s Modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
was added to neutralize the effect of trypsin, followed by cen-
trifugation at 1500 rpm for 5 minutes. The cells attached at the
bottom were re-suspended in DMEM with 10% FBS. The cells
were seeded in a 10 cm culture dish, and the culture medium
was changed every 4 days. After 10 to 14 days, a full confluence
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could be reached, and the cells were then passaged.
Osteoblasts in the second passage were used in this study.

2.9. Rat osteoblasts and WJD in the direct contact coculture
system

2 x 10" rat osteoblasts were cultured in a 24-well plate and kept
in 10% FBS DMEM for one day before WJD was added. WJD
were post-fixed, paraffin-embedded, and sectioned for staining
at 1, 7, 14, and 21 days after being co-cultured with osteoblasts
in direct contact. HE staining was utilized to observe the mor-
phology of WJ and rat osteoblasts, whereas Alizarin red S stain-
ing was employed to observe the calcification in W]D. After 21
days of co-culture, the osteoblasts and mineral granules in the
WJD were examined using SEM scanning and EDS analysis.

2.10. Grouping of rat osteoblasts and WJD/W]JF using the
transwell coculture system

Rat osteoblasts cultured in vitro were divided into five groups
as follows:

1. The ROB group: 2 x 10" rat osteoblasts per well were cul-
tured alone in a 24-well plate.

2. The ROB/W]JD group: 2 x 10 rat osteoblasts per well were
seeded in the lower chamber of 24-well plate, and WJD was
added to the top chamber of the transwell. There was no direct
contact between the osteoblasts and WJD.

3. The ROB/WJF group: 2 x 10" rat osteoblasts per well were
seeded in a lower chamber of the 24-well plate, and WJF was
added to the top chamber of the transwell. There was no direct
contact between the osteoblasts and WJF.

4. The ROB + LHA group: 2 x 10" rat osteoblasts per well
were cultured in DMEM supplemented with low molecular
weight hyaluronic acid (LHA, 60 kDa, 1 mg mL™") for 21 days.

5. The ROB + HHA group: 2 x 10" rat osteoblasts per well were
cultured in DMEM supplemented with high molecular weight
hyaluronic acid (HHA, 1500 kDa, 1 mg mL ") for 21 days.

6. The ROB + COL1 group: 2 x 10" rat osteoblasts per well
were cultured in DMEM supplemented with type 1 collagen
(CoL1, 125 pg mL ™", Sigma C8919) for 7 days.

The culture medium (DMEM with 10% FBS) was changed
every 3 days. Bone-related features were assessed after 7-, 14-,
or 21-days of culturing.

2.11. RT-PCR and real-time RT-PCR

Rat osteoblasts cocultured for 7 days were treated with 0.05%
trypsin to be harvested. The cells were then reacted with
TRIzol (Sigma T9424) to extract total RNA. The purified RNA
(3 pg) was transcribed to complementary DNA (cDNA) via
reverse transcription, followed by the manufacturer’s instruc-
tions of RevertAid Reverse Transcriptase (Thermo Fisher
Scientific). The cDNA was subjected to polymerase chain reac-
tion (PCR) with primers and a master mix. The following
primers were applied:
Rat-runt-related transcription factor 2 (Rat-RUNX2) (212 bp)
Forward: 5-GCTTCTCCAACCCACGAATG-3’
Reverse: 5-GAACTGATAGGACGCTGACGA-3'
Rat-alkaline phosphatase (Rat-ALP) (71 bp)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm02137h

Open Access Article. Published on 17 October 2024. Downloaded on 7/30/2025 3:33:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

Forward: 5-ACGAGGTCACGTCCATCCT-3’
Reverse: 5-CCGAGTGGTGGTCACGAT-3'

Rat-osteopontin (Rat-OPN) (121 bp)

Forward: 5-CCCGATGCCACAGATGAG-3’
Reverse: 5-TCCCGTTGCTGTCCTGAT-3'

Rat-GAPDH (160 bp)

Forward: 5-CTCTACCCACGGCAAGTTCAAC-3'
Reverse: 5-GGTGAAGACGCCAGTAGACTCCA-3'

The PCR final products were analyzed using 2% agarose gel
electrophoresis and photographed with a UV transilluminator. In
addition, the real-time gPCR analysis of ¢cDNA mixed with
primers and SYBR Green Master Mix (Vazyme Q711) was detected
by StepOnePlus™ Real-Time PCR System (Applied Biosystems).
GAPDH was used as an internal control for RT-qPCR, and the
results were presented by comparing it to the control groups.

2.12. Cell alkaline phosphatase (ALP) staining

Rat osteoblasts cocultured for 14 days were treated with 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium solution
(Sigma B5655) for 1 hour in a 37 °C oven in the dark.
Subsequently, SDS in 10% HCl was added and reacted for
12 hours in a 37 °C oven while keeping in the dark. Finally, the
absorbance of the supernatant at 595 nm, which represents the
expression level of ALP, was measured.”> A higher expression of
ALP indicates a larger number of matured osteoblasts.

2.13. Alizarin red S staining

Rat osteoblasts of ROB, ROB/WJD, and ROB/W]JF groups were
cultured for 21 days (the medium was changed every 3 days).
The cells were fixed using 2.5% glutaraldehyde for 15 minutes
and then stained with 2% alizarin red S (Sigma A5533, pH =
4.1-4.3) for 1 hour in a 37 °C oven in the dark. Subsequently,
10% cetylpyridinium chloride (Sigma C-0732) was added to
react for 1 hour in a 37 °C oven in the dark. The absorbance of
the supernatant at 540 nm was measured. A higher absorbance
indicates a higher level of calcium precipitation.>®

2.14. Development of the rat calvarial critical-sized bone
defect model

Eight-week-old male SD rats, weighing 250 to 280 g, were
anesthetized via intraperitoneal injection of Zoletil 50 and
xylazine hydrochloride (Sigma 23076359). The rat’s head was
fixed in a stereotaxic apparatus and the hair was shaved with a
razor. The rat’s skin was then disinfected with iodine solution-
dipped cotton ball and incised with a scalpel. The sub-
cutaneous tissues were pushed away using a surgical scissor,
and the periosteum was removed. Subsequently, a surgical tre-
phine bur (8 mm in diameter) was applied to drill the calvaria,
and the calvaria was detached from the underlying dura to
serve as a critical-sized bone defect animal model. Finally, the
subcutaneous tissues and skin were sutured.

2.15. Grouping of experimental animals

SD rats were grouped into three study groups:
1. Injury + Saline group: no treatment but saline was given
following calvarial bone defect (Fig. 4A).

This journal is © The Royal Society of Chemistry 2024
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2. Injury + WJD group: dissolved W]D in saline (disc-shaped
WJD with a diameter of 8 mm and a thickness of 2 mm) was
administered to the defect region immediately after calvarial
bone defect (Fig. 4A).

3. Injury + WJF group: dissolved WJF (disc-shape WJF with
a diameter of 8 mm and a thickness of 2 mm) was adminis-
tered to the defect region immediately after calvarial bone
defect (Fig. 4A).

Immunosuppressants were not administered to the rats in
the two transplantation groups mentioned above. Our previous
studies have shown that the transplantation of umbilical cord
mesenchymal stem cells does not trigger immunological
responses; hence, immunosuppression may be unnecessary.>”

2.16. Micro-computerized tomography scan (micro-CT)

Micro-CT images were processed with AMIDE software
(SOURCEFORGE) to reconstruct 3-dimensional radiographic
images. A small animal computed tomography system
(U-CTUHR, MI Labs) was applied in the present study to scan
the calvarias of live rats on day 1 after surgery and monthly at
months 1, 2, 3, 4, and 5 to follow-up the healing levels of the
calvarial bone defect.

2.17. Sacrifice, perfusion fixation, decalcification, and
paraffin sections of experimental animals

SD rats were sacrificed via anesthetic overdose and fixed via
the perfusion of 4% paraformaldehyde and 7.5% picric acid in
0.01 M PBS. The calvarias were obtained and placed in a fixa-
tive solution for 24 hours. For decalcification, calvarias were
then immersed in 20% EDTA in 9% NaOH solution for 9 days,
with the solution changed every 3 days. The decalcified calvar-
ias were washed in running water for 8 hours, followed by de-
hydration with ethanol solution and xylene, and paraffin-
embedded with pure paraffin. Subsequently, the samples were
horizontally sectioned into 7 pm thick tissue slices with a
microtome and subjected to various staining (ESI Fig. 17).

2.18. Hematoxylin & eosin (H&E) stain

Tissue sections (7 pm thick) were deparaffinized, rehydrated,
stained with hematoxylin (Muto Pure Chemicals; no. 3008-1)
for 5 minutes, and stained with eosin (Muto Pure Chemicals;
no. 3008-2) for 1 minute. The sections were then washed with
water, dehydrated with ethanol, and treated with xylene.
Finally, the slides were mounted with the mounting medium
for examination and photography using an optical microscope.
The slice with the largest area of cranial tissue was obtained,
and the circumference of the boundaries between the old and
newly formed bone was marked with dashed lines for quantifi-
cation of the original area of bone defect. Subsequently, the
newly formed bone within the bone defect region was quanti-
fied and expressed in percentage.

2.19. Goldner’s trichrome staining

Calvarial tissue sections with a thickness of 7 pm were depar-
affinized, rehydrated, and stained with the mixture of hema-
toxylin A and hematoxylin B for 10 minutes. The sections were

Biomater. Sci, 2024,12, 6284-6298 | 6287
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then stained with the ponceau fluid for 1 minute, followed by
immersing in 0.1% acetic acid for 10 seconds. Subsequently,
the sections were stained with orange G for 40 minutes and
immersed in 0.1% acetic acid for 5 minutes. Finally, the sec-
tions were stained with light green G solution for 30 minutes
and immersed in 0.1% acetic acid for 5 minutes. The final
stained sections showed that the nuclei were stained in dark
brown, muscles in red, and collagen within the bone in green.
The slice with the largest area of the calvarial tissue was
obtained, and the circumference of the boundaries between
the old and newly formed bone was marked with dashed lines
for quantification of the original area of bone defect.
Subsequently, the green collagen within the bone defect
region was quantified and expressed in percentage.

2.20. Alkaline phosphatase (ALP) staining

Calvarial tissue sections with a thickness of 7 pm were deparaffi-
nized, rehydrated, and reacted with an alkaline phosphatase kit
(Sigma 85L2-1KT) for 1 hour in a 37 °C oven, followed by immer-
sion in ddH,0. A cell stained in purple indicated that its cyto-
plasm contained ALP, i.e., the cell was a mature osteoblast.

The slice with the largest area of calvarial tissue was
obtained, and the circumference of the boundaries between
the old and newly formed bone was marked with dashed lines
for quantification of the original area of the bone defect.
Subsequently, the purple area where mature osteoblasts occu-
pied within the bone defect region was quantified and
expressed in percentage.

2.21. Anti-osteocalcin antibody immunohistochemical
staining

Following deparaffinization and rehydration of 7 pm cranial
tissue sections, the primary mouse anti-osteocalcin antibody
(Abcam ab13740, 1:200) was added to react for 16 to 18 hours
at 4 °C. Subsequently, secondary goat anti-mouse-IgG-conju-
gated biotin (Millipore AP124B, 1:250) was added to react for
1 hour at room temperature, followed by the addition of the
avidin-biotinylated-horseradish peroxidase complex (ABC Kit,
Vector  Laboratories) (Vector  Laboratories  PK-4000,
VECTASTAIN®) for 1 hour at room temperature. The sections
were then washed thrice with 0.01 M PBS for 5 minutes.
Finally, DAB (5 mg DAB, 35% H,0, 3.5 pL in 10 mL Tris-HCI,
pH 7.4) was added for color development. The dark brown area
within the bone defect region (i.e., the area of osteocalcin) was
quantified to represent the activity of bone formation.

2.22. Histochemical staining of Griffonia simplicifolia lectin 1
(GSL I-B4)

Griffonia simplicifolia 1 - lectin (GSL1-B4) (Vector Laboratories)
was a marker of capillaries and microcirculatory vessels.*?
GS1-lectin was stored in a 4 °C refrigerator. In this study, 2 mg
mL~" GS1-lection was diluted to 25 pg mL™" GS1-lectin with
0.1 M PBS. Cranial sections with a thickness of 7 pm were
stained with 25 pg mL™" fluorescent lectin for 60 minutes
while protecting from light and then washed thrice with 0.1 M
PB, 5 minutes each. Sections were then mounted with the

6288 | Biomater. Sci, 2024, 12, 6284-6298
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mounting medium and examined and photographed with
fluorescence microscopy to analyze the distribution of blood
vessels.

2.23. Statistical analysis

All experimental data were expressed in mean + standard devi-
ation. One-way ANOVA was applied for comparing the mean of
each study group, and two-way ANOVA was applied, followed by
Fisher’s least significant difference (LSD) test for multiple
comparisons. A value of p < 0.05 was considered the lowest
standard for statistical significance.

3. Results and discussion

3.1. Morphological features and compositions of WJD and
WJF tissues

With H&E staining, lyophilization of WJD showed a porous
morphology with an extracellular matrix forming a web-like
structure surrounding the pores. Besides, no HUMSCs were
observed in WJD. In W]JF, nuclei of HUMSCs could be
observed, with extracellular matrix aligned in compact, orga-
nized bundles (Fig. 1A). We further labeled collagen, hyaluro-
nic acid, and muscins in the tissues, with Sirius red, PAS, or
the Alcian blue reagent, respectively. The results showed that
in WJD, collagen, hyaluronic acid, and muscins formed a
bundle structure surrounding the pores; whereas in WJF they
formed a regular bundle structure (Fig. 1A). WD appears as a
white dry tissue, whereas WJF appears as a translucent and
gelatinous tissue mass after dissolving in normal saline. In
order to mark the distribution of collagen I, collagen III, and
fibronectin, anti-collagen I, collagen III, and fibronectin anti-
bodies were used. Collagen I, collagen III, and fibronectin
formed a net-like structure surrounding the pores in WJD,
whereas they developed normal bundle structures in WJF
(Fig. 1B). The SEM magnified image of WJD reveals that the
bundle structure surrounding the pores is composed of
regular and dense cable-like constructions bunched together
(Fig. 1C). The abundance and organization of extracellular
matrices in WJ indicates that the WJD/WJF is more suited to
intergrade with trabecular or porous bone. The stroma of
Wharton’s jelly contained high levels of type I, III, IV, and V
collagens, acid, and sulfated
glycosaminoglycans. Collagen, the abundant
protein in mammals, is known to be the main constituent of
the extracellular matrix. Collagen is a relatively simple protein
that provides structure, protection, and support for human
tissues. Its chains are primarily made of three basic amino
acids, glycine, proline, and hydroxyproline.>* Because of its
natural abundance, biocompatibility and biodegradability,
high permeability, and minimal immunogenic reaction, col-
lagen or collagen - based scaffolds have been widely studied in
wound healing and bone tissue engineering.'**>3® Numerous
studies have shown that hyaluronic acid or hyaluronic acid -
based biomaterials/scaffolds are used as tissue engineering
tools to enhance the efficacy of regenerative medicines.">
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Fig. 1 Histological and morphological analysis of WID and WJF. WID and WJF were paraffin-embedded, sectioned, and subjected to H&E, Sirius
red, PAS, and Alcian blue staining. WJID had a porous structure whereas WJF had a compact structure and contained HUMSCs. Both WID and WJF
contained a large amount of collagen, glycoproteins, hyaluronic acid and mucins (A). The distribution patterns of collagen I, collagen I, and fibro-
nectin in WID and WJF (B). SEM high-magnification pictures reveal regular, dense, and bundled filament structures encircling the pores of WJD (C).
WJD showed a porous structure with various pore sizes under SEM (D), with pore diameters in the range of 10 to 70 microns (E).

Freeze-dried WJD resembles the bone structure in appear-
ance. SEM images, from low to high magnification, revealed
densely distributed pores with different diameters, in the
range of 10 to 70 microns in WJD (Fig. 1D and E). Porosity is
an important criterion for a scaffold to promote new bone for-
mation. The effects of pore sizes on new bone formation have
been studied. Based on the results from the published papers,
scaffolds suitable for osteoblast adhesion, differentiation, and
maturation varied with their pore size and compositions.*>”°
To date, with the advancement of nanofabrication technology,
the pore size could be far below 5 pm and made even
smaller.”® The size of osteoblasts, assessed with SEM, was
around 5 to 10 pm.*®* Why could these materials promote bone
regeneration? We agree with the proposal that the growth and

This journal is © The Royal Society of Chemistry 2024

differentiation of osteoblasts were triggered as long as the pore
size was large enough to allow osteoblasts to achieve local
adhesions or to render their processes to get into the pore.*®
In the present study, the pore sizes of WJD were generally less
than 70 pm, with around 80% of pore diameters in the range
of 10 to 30 pm. Hence, we believed that the pore sizes were
sufficient for osteoblast adhesion and maturation.

3.2. WJD promoted adhesion and maturation of osteoblasts
in the direct contact coculture system

Rat osteoblasts were cultured in a 24-well plate and main-
tained in 10% FBS DMEM for one day before adding WJD. The
pores of WJD gradually disappeared or diminished in one day
by absorption of DMEM, demonstrating the great water
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absorption capacity of WJD. After one week, rat osteoblasts
appeared in WJD. After two weeks, not only that the nuclei size
of rat osteoblasts in WJD increased, the osteoblasts also
formed processes. After three weeks, rat osteoblasts in WJD
were found in lacunae-like structures. It indicated that WJD
was a good scaffold to attract adhesion of osteoblasts and
promote maturation of osteoblasts (Fig. 2A). Furthermore, ali-
zarin red S staining to label calcium revealed that numerous
calcium deposits occurred in WJD after two weeks after WJD
placement. Calcium accumulation increased in three weeks
(Fig. 2B). After three weeks, the SEM images demonstrated that
an abundance of osteocyte processes in the WJD, as well as

View Article Online
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mineral-like substance around the processes (Fig. 2C-E). Next,
we analyzed the elemental composition using EDS. The results
show that the mineralized substance is rich in calcium, about
69.3 + 1.2% (Fig. 2D and D1). The filament-like structures
contain a lot of carbon and oxygen molecules but very little
calcium. They appear to be organic components, suggesting
that they might be cell processes of osteocyte (Fig. 2E and E1).
Our results show that WJD can attract osteoblast migration,
differentiation, and maturation, and consequently can
promote calcium accumulation and stimulate bone formation.
A number of studies have demonstrated that decellularized
Wharton’s jelly matrix could serve as a great scaffold for

O Alizarinreds®@ H&E »

Fig. 2 WJD promoted the migration and maturation of osteoblasts and accelerated bone formation in the direct contact coculture system. Rat
osteoblasts were cultured in a 24-well plate and WJID was added after one day. (A) Rat osteoblasts migrated into the WJD in one week, whereas
many cell processes appeared in two weeks, and bone lacuna-like structures were formed in three weeks. (B) The alizarin red S staining results
demonstrated that abundant calcium deposits occurred in WJID in Week 2 and Week 3 (red). SEM images of WJD co-cultured with rat osteoblasts
for 3 weeks at low magnification (C) and high magnification (D and E) reveal many osteocyte processes in WJD (arrows). The composition analysis of
the crystal structure in the D (yellow dashed rectangle) and the cell process in E (blue dashed rectangle) by EDS show high calcium (D1) and carbon
molecules (E1), respectively. The specimen is gold-coated, thus the gold composition is extremely high.
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various types of cells except osteoblasts.>® For example, it has
been demonstrated that decellularized Wharton’s jelly, used as
a scaffold and planted with adipose mesenchymal stem cells
in vitro for 4 weeks, could trigger the adipose mesenchymal
stem cells to differentiation into chondrocyte for joint repair.°®
Besides, a 3-dimensional vessel structure formed with decellu-
larized Wharton’s jelly and silk (silk tissue-engineered vascular
grafts) could promote proliferation and activation of vascular
endothelial cells to form a blood vessel structure capable of
vasoconstriction.” Decellularized Wharton’s jelly matrix could
also promote wound healing of skin®® and improved hemato-
poietic stem cells’ proliferation, activity, and ability of
differentiation.’

3.3. WJD/WJF promoted osteogenic differentiation of rat
osteoblasts under co-cultivation without direct contact

We cultured rat osteoblasts in the lower chamber of a transwell
coculture system, WJD or WJF into the top chamber to avoid
direct contact between WJD/WJF and osteoblasts. After 7 days
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of coculturing with DMEM supplemented with 10% FBS,
osteoblasts in the lower chamber from each study group were
harvested for rat RUNX2 RT-PCR. Rat RUNX2 expression was
detected in the osteoblasts of the ROB, ROB/W]JD, and ROB/
WIJF groups (Fig. 3A). Furthermore, rat RUNX2 was quantified
using real-time RT-PCR, which showed that the expression
level of rat RUNX2 was significantly increased in the ROB/WJD
and ROB/WJF groups when compared to the ROB group
(Fig. 3B). Bone development and maturation progresses
through various stages, including bone marrow mesenchymal
cells, osteo-progenitors, pre-osteoblasts, osteoblasts, and osteo-
cytes. Various genes have risen and fallen at different stages.
RUNX2 is an early stimulator of bone differentiation.*'

We further examined the ALP expression level in rat osteo-
blasts after 14-day of coculture with WJD or WJF. The results
indicated that the ALP expression level significantly increased
in the ROB/WJD and the ROB/WJF groups compared to that of
the ROB alone group (Fig. 3C and D). Subsequently, the rat
osteoblasts in the lower chamber of transwell were stained
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Fig. 3 Components of WID/WJF promoted osteogenic differentiation of rat osteoblasts. WID/WJF was added to the upper chamber of a transwell
coculture system, whereas rat osteoblasts were cultured in the lower chamber. Hence, there was no direct contact between the osteoblasts and
WJID/WJF. After coculturing with DMEM supplemented with 10% FBS for 7 days, the expression level of rat RUNX2 of osteoblasts in ROB/WJD and
ROB/WJF groups was higher than that of the ROB group (A and B). Following coculturing for 14 days, the ALP level in osteoblasts were significantly
elevated in the ROB/WJD and ROB/WJF groups compared to the ROB group (C and D). At 21 days of coculturing, calcium precipitation level in
osteoblasts was significantly increased in the ROB/WJD and ROB/WJF groups compared to the ROB group (E and F). Rat osteoblasts were treated
with low molecular weight hyaluronic acid (LHA) or high molecular weight hyaluronic acid (HHA). The expression of osteogenic-related genes was
detected via RT-qPCR. RUNX2 increased in all treatment groups (G), while ALP and OPN did not rise in the ROB + LHA or ROB + HHA groups (H and
1). Moreover, the treatment of type 1 collagen (COL1) stimulated the expressions of RUNX2, ALP, and OPN in the osteoblasts (J—-L). Arrows indicated
the cell processes of osteocyte. *, vs. the ROB group, p < 0.05. #, vs. ROB + LHA or ROB + HHA or ROB + COL1 groups, p < 0.05.
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with alizarin red S to label calcium precipitation. From low to
high magnification, mild calcium precipitation was seen in
osteoblasts of the ROB alone group. In both the ROB/WJD and
the ROB/WJF groups: (1) plenty of calcium precipitation was
found surrounding osteoblasts; (2) clusters of osteoblast were
observed; (3) cell processes were formed (Fig. 3E). By dissol-
ving calcium precipitation (labeled in dark red, Sigma A5533
and Sigma C-0732) and quantified using absorbance at
540 nm, we found that the level of calcium precipitation was
significantly higher in the ROB/WJD and ROB/WJF groups
compared with that in the ROB group (Fig. 3F). These results
suggested that the components of WJD/WJF dissolving in the
medium could promote osteoblasts to differentiate into osteocyte
and increase calcium precipitation under the non-contact con-
dition of WJD/WJF and osteoblasts. To investigate which com-
ponent of WJD/WJF may stimulate osteoblast differentiation and
maturation, low molecular weight hyaluronic acid (LHA) and high
molecular weight hyaluronic acid (HHA) were added to the
culture DMEM with 10%FBS. We observed that the expression
level of RUNX2 of osteoblasts in the groups of ROB/WJD, ROB/
WJF, ROB + LHA, and ROB + HHA was significantly higher than
that in the ROB alone group (Fig. 3G). The expression of ALP and
OPN of osteoblasts increased in the ROB/WJD and ROB/WJF
groups compared to that of the ROB group alone. However, the
expression of ALP and OPN in osteoblasts in the ROB + LHA and
ROB + HHA groups was comparable to that in the ROB alone
group (Fig. 3H and I). Furthermore, type I collagen, another com-
ponent of WJD/W]JF, was added to the culture DMEM for 7 days
to evaluate the effect on the development of osteoblast. The
results showed that the expressions of RUNX2, ALP, and OPN of
osteoblasts in the groups of ROB/WJD, ROB/WJF, and ROB +
COL1 were significantly higher than those in the ROB alone
group. The levels of RUNX2 and OPN of osteoblasts increased in
the ROB/WJD and ROB/WJF groups compared to those of the
ROB + COL1 group (Fig. 3J-L).

The stroma of Wharton’s jelly contained high levels of col-
lagens, HA, and several sulfated glycosaminoglycans.®'*'" In
this study, WJD/WJF had high levels of HA, as well as type I,
type III collagen, fibronectin, and muscins (Fig. 1A). RUNX2 is
an early indicator of the osteoblast differentiation and matu-
ration, whereas OPN is a late one.*’ RUNX2 levels increased in
all groups (ROB/WJD, ROB/WJF, ROB + LHA, and ROB + HHA),
however, LHA and HHA could not trigger an elevation of OPN.
We suggest that HA may accelerate the early stages of bone for-
mation. WJD/WJF may contain other components like collagen
and glycosaminoglycans that contribute to bone formation at
different stages. Our results from the co-culture system of
osteoblasts and WJD/WJF with non-contact demonstrate that
WJD/WJF can function not only as a scaffold but also as a bio-
material for bone repair.

3.4. CT scan showed that both WJD and WJF could
individually stimulate osteogenesis in rats with critical-sized
calvarial defect

The overall appearances of the skull of the rats were obtained.
W]JD or WJF were placed in the calvarial defect region (Fig. 4A).
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We used micro-CT scan to inspect the changes in bone healing
in the calvarial bone defect. In the Injury + Saline group, newly
formed bone grew only along the boundary of bone defect. In
the Injury + WJD and Injury + WJF groups, a newly formed
bone was observed not only along the border of the bone
defect but also scattered within the defect region (Fig. 4B). The
area of newly formed bone within the bone defect region was
quantified and presented in percentage. The results showed
that the new bone of the Injury + Saline group reached 12.1 +
1.6% at month 1; however, the speed of new bone formation
was extremely slow as time passed, with 17.5 + 1.1% of new
bone at 5 months post-surgery. For the Injury + WJD and
Injury + WJF groups, the new bone occupied an area of 21.9 +
1.9% and 23.0 + 1.8%, respectively, at one month which were
significantly higher than that of the Injury + Saline group (p <
0.05). This phenomenon of the marked elevation sustained
until month 5 following surgery, with the percentage reaching
29.2 + 2.0% in the Injury + WJD group and 35.8 + 1.7% in the
Injury + WJF group (Fig. 4C). At month 4, a newly formed bone
was substantially higher in the Injury + WJF than that in the
Injury + WJD group. Our results revealed that both WJD and
WJF could individually promote new bone formation in rats
with calvarial defect.

WJF obtained from fresh Wharton’s jelly and was immedi-
ately frozen in the presence of cryoprotective agents. WJF was
readily used after thawing, when it still contained HUMSCs.
Xenogeneic transplantation of HUMSCs can repair pulmonary
fibrosis, stroke and spinocerebellar ataxia, as well as osteo-
porosis in rats.””~** Transplanted HUMSCs did not only differ-
entiate into osteoblasts, but also stimulate the osteoblasts
activity of the recipient in the bone marrow cavity.’® As a
result, WJD/WJF were implanted into rat’s skull defects,
respectively. After the fourth month of transplantation, the
bone formation in the Injury + WJF group increased compared
with that in the Injury + WJD group. We suggested that it was
because of the existence of HUMSCs in WJF. W]D’s 3-dimen-
sional and porous structure can promote osteoblast migration,
differentiation, and maturation. It is believed that incorporat-
ing mesenchymal stem cells from various sources into WJD,
such as bone marrow, umbilical cord, peripheral blood,
adipose tissue, skeletal muscle, and dental pulp tissue, will
enhance bone repair.****™*® Similar conception, supported by
previous studies, indicates that WJD may serve as a scaffold for
various cell types to enhance skin healing, cartilage repair,
and blood vessel reconstruction.’®

3.5. H&E staining showed that WJD/WJF helped new bone
formation in rats with critical-sized calvarial defect

Calvarial tissue sections from each study groups were sub-
jected to H&E staining. The whole injury site in the horizontal
sections at low magnification (Fig. 5A), the border of bone
defect (Fig. 5B), and the central area of bone defect at high
magnification (Fig. 5C) could be observed. In the Injury +
Saline group, only a very low amount of newly formed bone
was seen around the border (Fig. 5B) but not in the central
region of the bone defect, where only deeply stained, connec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Micro-CT assessment confirmed that WID/WJF increased new bone formation in rats with critical-sized calvarial defects. The overall
appearances of the skull of the rats were obtained. WID or WJF were placed in the calvarial defect region (A). At months 1, 2, 3, 4, and 5 following
the surgery of critical-sized calvarial defect, the rats were followed up for calvarial healing status via micro-CT. In the Injury + Saline group, only a
low amount of bone formation along the edge of the bone defect was observed. In the Injury + WJID and Injury + WJF groups, aside from the edge
of the bone defect, separate regions with new bone formation were also seen in the central area of bone defect (B). A red dashed line marked the
boundary of the bone defect. The percentage of the new bone was significantly higher in the Injury + WJD and Injury + WJF groups compared to
the Injury + Saline group (C). *, vs. the Injury + Saline group, p < 0.05. #, the Injury + WJF group vs. the Injury + WJD group, p < 0.05.

tive tissue-like structure was observed (Fig. 5C). For the calvaria
in the Injury + WJD and Injury + WJF groups, new bone growth
was seen not only at the border of defect (Fig. 5B) but also in
the central region (Fig. 5C). Bone with a lacunae structure
could be observed in the border of the bone defect and the
central area of bone defect in the Injury + WJD and Injury +
WIJF groups.

The area of newly formed bone within the bone defect
region was quantified in percentage based on the results of
H&E staining. In the Injury + Saline group, the percentage of
new bone in the bone defect region was 18.8 + 1.9%. In the
Injury + WJD and Injury + WJF groups, the new bone area was
27.1 + 4.0% and 32.7 + 5.0%, respectively, which were signifi-
cantly higher than that of the Injury + Saline group (Fig. 5D).
Microscopy of H&E staining revealed that WJD and WJF could
both individually promote new bone formation in rats with cal-
varial defect.

3.6. Goldner’s trichrome staining revealed that WJD/WJF
could increase collagen accumulation in rats with critical-sized
calvarial defect

Trichrome staining labeled collagen in green and marked its
distribution. Both bone-containing lacunae and compact con-
nective tissues appeared in green. The whole injury site in the
horizontal sections at low magnification (Fig. 5E), the border
of the bone defect (Fig. 5F), and the central area of the bone

This journal is © The Royal Society of Chemistry 2024

defect at high magnification (Fig. 5G) could be observed. The
results, showing green collagen surrounding the edges of bone
defects (Fig. 5E and F) in the Injury + Saline group, indicated
that a small amount of new bone had grown at the circumja-
cent region of the bone defect. In addition, a substantial
amount of connective tissue appeared in the central region of
the calvarial defect; in some of the regions, collagens stained
in green showed a connective tissue-like structure (Fig. 5G). In
the Injury + WJD and Injury + WJF groups, new bone was
formed along the border of the calvarial defect; hence, green
collagen surrounding the defect border was seen (Fig. 5E and
F). In addition to the connective tissues that could be clearly
observed, a large amount of green collagen also existed at the
center of bone defect. At high magnification, bone structure
with osteocyte lacunae could be seen clearly (Fig. 5F and G).

At month 5 post-surgery, the area of green collagen within
the bone defect region was quantified in percentage based on
the results of trichrome staining. In the Injury + Saline group,
the percentage of green collagen in the bone defect region was
22.8 + 1.6%. In the Injury + WJD and Injury + WJF groups, the
area with collagen distribution were 42.4 + 9.7% and 42.9 +
5.0%, respectively, which were significantly higher, in compari-
son with that of the Injury + Saline group (Fig. 5H). Hence, tri-
chrome staining, revealed that both WJD or WJF could indivi-
dually promote collagen formation and accumulation in rats
with the calvarial defect.

Biomater. Sci, 2024,12, 6284-6298 | 6293
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Fig. 5 WJD/WJF improved the bone regeneration in rats with a critical-sized calvarial defect. (A) Horizontal tissue sections from each study group
were stained with H&E and photographed at low magnification. The region of the original bone defect is marked with a white dashed line. The
border (B) and central regions (C) of bone defect images at high magnification. (D) The percentage of the new bone area was significantly higher in
the Injury + WJD and Injury + WJF groups compared to the Injury + Saline group. (E) Horizontal tissue sections from each study group were stained
with Goldner’s trichrome and photographed at low magnification. The region of the original bone defect is marked with a white dashed line. The
border (F) or central regions (G) of the bone defect were shown at a high magnification. (H) The percentage of area covered by collagen in the
defect region was quantified based on Goldner's trichrome-stained sections. The results showed that the percentage of area occupied by collagen
was significantly higher in the Injury + WJID and Injury + WJF groups compared to the Injury + Saline group. The scale bar represents 1 mm in (A)
and (E) and 200 pm in (B), (C), (F), and (G). *, vs. the Injury + Saline group, p < 0.05.

3.7. Labeling of osteoblasts with alkaline phosphatase
staining revealed that WJD/WJF could promote osteoblast
maturation in rats with critical-sized calvarial defect

results of ALP staining, the purple-blue region within the bone
defect was quantified in percentage. In the Injury + Saline
group, the percentage of ALP-positive region was only 3.7 +
2.1%. In the Injury + WJD and Injury + WJF groups, the ALP-
positive region reached 10.0 + 5.9% and 8.8 + 2.3%, respect-
ively, which were significantly higher than that of the Injury +
Saline group (Fig. 6D). ALP staining, examined via optical
microscopy, revealed that both WJD and WJF could individu-
ally increase the osteoblast level in rats with a calvarial defect.

With an ALP staining Kkit, osteoblast expressing ALP was
stained into purple. The whole injury site in the horizontal sec-
tions at low magnification (Fig. 6A), the border of bone defect
(Fig. 6B), and the central area of the bone defect at high mag-
nification (Fig. 6C) could be observed. In the Injury + Saline
group, a layer of cells in purple, representing the location
where osteoblasts resided, can be seen (Fig. 6B). At the center
of the bone defect, ALP-positive cells were also observed inside
the connective tissues (Fig. 6C). For the calvaria in the Injury +

3.8. WJD/WJF could elevate the osteocalcin level in rat
calvarial defect

W]D and Injury + WJF groups, osteoblasts expressing ALP in
several areas were found surrounding the border (Fig. 6B) and
at the center region of bone defect (Fig. 6C). Based on the

6294 | Biomater. Sci, 2024, 12, 6284-6298

Osteocalcin, the most abundant non-collagenous bone matrix
protein preferentially expressed and secreted by osteoblasts in the
late stage of differentiation, could bind to calcium ions to regulate
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bone mineralization.””** Immunostaining with anti-osteocalcin
was used to label the osteoblasts and uncalcified bone matrix
(immature bone area). In immunostaining with anti-osteocalcin,
the whole injury site in the horizontal sections at low magnifi-
cation (Fig. 6E), the border of the bone defect (Fig. 6F), and the
central area of the bone defect at high magnification (Fig. 6G)
could be observed. In the Injury + Saline group, only a very low
and scarce expression of osteocalcin was seen at the border of the
bone defect (Fig. 6F); a small amount of osteocalcin was released
to connective tissues at the center region of the bone defect
(Fig. 6G). In the Injury + WJD and Injury + WJF groups, osteocal-
cin existed not only at the border but also in the central region of
the bone defect. In addition, osteocalcin was also observed in the
clusters of osteoblasts, indicating that the osteocalcin was syn-
thesized and secreted by the osteoblasts (Fig. 6F and G).
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Based on the results of anti-osteocalcin immunochemical
staining, the area of osteocalcin within the bone defect was
quantified in percentage. In the Injury + Saline group, the
osteocalcin-positive area was 2.4 + 1.6% of the bone defect. In
the Injury + WJD and Injury + WJF groups, the area of osteocal-
cin significantly increased to 14.8 + 4.8% and 15.5 = 1.5%,
respectively (Fig. 6H). We speculated that the activity of osteo-
blasts in the Injury + Saline group was extremely low at month
5 post-surgery, whereas the activity of osteoblasts in the Injury
+ WJD and Injury + WJF groups were comparatively higher and
continued to synthesize and release osteocalcin. Anti-osteocal-
cin histoimmunochemical staining, examined via optical
microscopy, revealed that both WJD and WJF could individu-
ally trigger osteoblasts to synthesize osteocalcin and promote
the formation of organic bone matrix.

Injury+Saline Injury+WJD Injury+WJF

Injury+Saline Injury+WJD

Injury+WJF
A ; .

E \

% X
R
22 AN SR

Fig. 6 WJD/WJF promoted the maturation of osteoblasts in critical-sized bone defects. Horizontal tissue sections from each study group were sub-
jected to ALP staining to label osteoblasts in purple (A—C). Micrographs with lower magnification (A) and higher magnification (B and C) show that
osteoblasts existed around the border (B) or central regions (C) of bone defect. The percentage of area occupied by osteoblasts in the defect region
was quantified based on ALP-stained sections. The results showed that the percentage of area with osteoblast distribution was significantly higher in
the Injury + WJD and Injury + WJF groups compared to the Injury + Saline group (D). Horizontal tissue sections from each study group were sub-
jected to immunochemical staining using anti-osteocalcin antibody to label osteocalcin released by osteoblasts. The region of the uncalcified bone
matrix is shown in brown. Micrographs with lower magnification (E) and higher magnification (F and G) show the areas containing osteocalcin
around the border (F) or central regions (G) of bone defect The percentage of area with osteocalcin in the defect region was quantified based on
immunochemically stained sections using anti-osteocalcin antibody. The results showed that the percentage of area with osteocalcin distribution
was significantly higher in the Injury + WJD and Injury + WJF groups than in the Injury + Saline group (H). *, vs. the Injury + Saline group, p < 0.05.
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Fig. 7 WJD/WJF markedly promoted the maturation of bone matrix and angiogenesis. The region of uncalcified bone matrix contained or released
by osteoblasts was labeled with immunochemical staining using anti-osteocalcin antibodies, and the region of the mature bone matrix was stained
with H&E. The quantification data were summed up to evaluate the trend of bone matrix development. The results showed that the trend of bone
development in Injury + WJID and Injury + WJF groups was significantly enhanced compared to that of the Injury + Saline group. With Goldner's tri-
chrome staining, collagen within mature bone matrix and/or connective tissues were labeled and quantified. The results showed that study group
receiving WID/WJF had a higher percentage of collagen accumulation. Moreover, the percentage of collagen-accumulating area was comparable
to the sum of the percentage of the immature bone area (osteocalcin-positive area) and that of the new bone formation area (H&E staining) (A). (B
and C) Blood vessels were labeled with GSL1-B4 (green). High-magnification micrographs of the border (B) and the central regions (C) of bone
defect show an extremely small amount of blood vessels at the border and in the central area of bone defect in the Injury + Saline group; in the

Injury + WJD and Injury + WJF groups, the number of blood vessels markedly increased.

3.9. Both WJD and WJF could individually promote bone
development and maturation substantially

The sum of the percent area of the uncalcified bone matrix
contained in or released by osteoblasts quantified via anti-
osteocalcin (OCN) immunostaining and mature bone matrix
quantified vie H&E staining represented the trend of bone
development and maturation. Our results showed that the
level of bone development was approximately 21% in the
Injury + Saline group. For the Injury + WJD and Injury + WJF
groups, the level of bone development was around 42% and
48%, respectively, and was significantly higher than that of the
Injury + Saline group. The percentages of bone development
and maturation were comparable to the results of trichrome
staining (Fig. 7A). The horizontal calvarial sections were
stained with trichrome staining to label the collagen green.
Trichrome staining revealed collagen distribution, which could
be detected not only in mature bone with bone lacuna, but
also in connective tissues, where there may be immature bone
matrix deficient in calcium. The administration of WJD/WJF
improves bone healing by approximately 50%, indicating that
the lesion was not completely repaired. In future studies, we
will explore the efficacy of the combination WJD/WJF with
other growth factors, such as bone morphogenetic protein-2
for the potential clinical application of bone defect.>®

3.10. Both WJD and WJF could individually increase
angiogenesis in rats with critical-sized calvarial defect

Vascular endothelial cells were labeled with GSL1-B4 to
observe the distribution of blood vessels. In the Injury + Saline
group only a few blood vessels were seen either at the border

6296 | Biomater. Sci, 2024, 12, 6284-6298

or in the central region of bone defect. In contrast, in the
Injury + WJD and Injury + WJF groups, a substantial amount
of blood vessels were found not only at the border but also in
the central region of the bone defect (Fig. 7B and C).
Numerous studies have demonstrated that vascularization
plays a critical role in skeletal regeneration. The fast-estab-
lished circulatory system transports essential materials such as
nutrition, oxygen, and growth factors in order to stimulate
osteogenesis.’>

Previous research studies have shown that transplantation
of umbilical cord mesenchymal stem cells can increase
angiogenesis.*’”** This study reveals that the composition of
WJD/WJF could stimulate the growth of bone and blood
vessels. WJD/WJF can be used alone in bone-damaged or
bone-lost areas. Additionally, WJD/WJF can also be integrated
with other medical materials such as synthetic hydrogel, auto-
logous or allogeneic bone treated with liquid nitrogen or
chemicals, to accelerate bone formation, and thereby ensuring
bone rigidity to reduce the risk of fractures before bone recov-
ery. Although there is a limited supply of human umbilical
cords, WJD is free of umbilical cord mesenchymal stem cells,
and umbilical cords from various animals, such as cattle, deer,
and pigs, can also be used as sources for clinical medicine.

4. Conclusions

WJF/W]D could act as great scaffolds to promote new bone for-
mation for application in clinical medicine. Furthermore, their
components could facilitate bone regeneration and serve as

This journal is © The Royal Society of Chemistry 2024
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natural therapeutic medical materials for patients suffering
from bone defect and bone loss. Regarding the safety, efficacy
and convenience for clinical trials, among the two products of
Wharton’s jelly, WJD was processed and lyophilized in the
absence of cryoprotective agents to form a three-dimensional
porous structure free of HUMSCs. Taking into account that
WIJD is convenient for preservation and transportation, it is an
ideal medical bone material.
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