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Introduction

Osteonecrosis of the femoral head
(ONFH) is a common refractory joint
disease [1, 2]. Due to its association with
high morbidity and disability, ONFH
represents a significant financial burden
for patients, families and healthcare sys-
tems. Multiple possible causes of ONFH
include alcohol abuse, HIV infections
and organ transplantation [3, 4]. The
prevalent treatment for ONFH is to-
tal hip arthroplasty; however, the severe
trauma, long recovery period, high med-
ical expense and high risk of side effects
associated with this procedure impose
a heavy burden on patients, both men-
tally and physically [5, 6]. As such, less
invasive therapies for the treatment of
ONFH are becoming increasingly more
popular. The use of 3D printing, also
known as additive manufacturing (AM),
refers to processes used to create three-
dimensional objects in which layers of
material are formed under automated
control to create an object by adding
material layer by layer rather than by
subtraction from raw material, as is the
case with conventional technologies [7].
The 3D objects can be of almost any
geometry and are produced using digital
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model data from a 3D model or another
electronic data source, such as an AM
file (AMF) [8]. In recent years, 3D
printing has become widely known and
broadly applied in medical and health-
care flelds, such as dentistry, orthopedics
and traumatology [8, 9]. It can facilitate
the formation of multiple hierarchical
tissue and organ-like structures with
high precision, such as small or large
bone-like scaffolds with high poros-
ity and microstructure [7]. Moreover,
this technology makes patient-specific
fabrication and clinical customization
achievable [10]. The use of 3D bio-
printing is one of the most effective
approaches to fabricate macroscale bone
implants with high mechanical strength
and controllable microstructures [10].
With the above in mind, advanced 3D
printing technology was combined with
materials that are known to be conducive
to osteoblast proliferation and differen-
tiation with a view to repairing bone
defects or osteonecrosis.

Cervi cornus Colla (CCC) is a refined
extract from deer antlers, a highly val-
ued traditional Chinese medicine, which
has long been considered beneficial for
the prevention and treatment of vari-
ous diseases, such as acute and chronic
arthritis, osteoporosis and fractures, as
evidenced in animal models and human
clinical trials [11-14]. With respect to its

chemical composition, CCC s a protein-
polysaccharide complex, which contains
16aminoacids, includingglycine, proline
and glutamic acid [15]. A previous study
revealed that CCC promoted the pro-
liferation and osteogenic differentiation
of bone marrow-derived mesenchymal
stem cells (BMSC) [16]. In the present
study CCC-deproteinized bone scaffolds
were designed and 3D printed for the
repair of ONFH in rats. This research
provides support for a new therapeutic
approach for the repair of early and mid-
term ONFH.

Abbreviations

AM Additive manufacturing

BMSC Bone marrow-derived mesenchy-
mal stem cells

cc Cervi cornus Colla

DMEM-LG Dulbecco’s Modified Eagle’s
Medium, low glucose

HIV Human immunodeficiency virus
LSD Least significant difference test
ONFH Osteonecrosis of the femoral head
PBS Phosphate-buffered saline

RH Relative humidity

SEM Scanning electron microscope
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Material and methods

Animals and reagents

Wistar rats weighing 180-220g (license
no. scxk [Lu] 20130009) and 8-day-old
Sprague-Dawley rats weighing 25-35g
(license no. scxk [Lu] 20130009) were
purchased from Shandong University
Laboratory Animal Center. The rats
were housed in an animal chamber
maintained at 22+2 °C with a relative
humidity (RH) of 50+ 5%. The lighting
period was maintained at 12/12h light
and dark cycle. Food manufactured by
the Laboratory Animal Center of Shan-
dong Province (Jinan, Shandong, China)
and tap water were provided ad libitum.
All animal experiments were approved
by the Institutional Animal Care and Use
Committee of The Shandong Academy of
Chinese Medicine. Handling of animals
strictly followed the ethical guidelines
set forth by the European Community
guidelines (EEC Directive from 1986;
86/609/EEC).

Deer antler tablets were purchased
from Shandong Baiweitang Chinese
Herbal Medicine Drinks Slice Co. (Ji-
nan, Shandong, China). Quality man-
agement of the deer antler tablets was
performed by the Department of Phar-
macognosy, Shandong Academy of Chi-
nese Medicine. Quality control was
conducted in accordance with the reg-
ulations of the Chinese Pharmacopoeia
2015 edition. Fresh adult pig femurs
were purchased from the Inzone super-
market (Jinan, Shandong, China). The
reagents used in experiments were as
follows: 30% H.O,, ether, analytical ab-
solute ethanol, 0.25% trypsin, phosphate
buffered saline solution (PBS), trypsin-
EDTA solution, mixed solution of strep-
tomycin, D-HanKk’s solution, alizarin
red indicator (Solarbio, Beijing, China),
Dulbeccos modified Eagles medium
(DMEM-LG), fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT, USA),
BCA kit (Beyotime Institute of Biotech-
nology, Shanghai, China), retinoic acid
(production lot number: HL-20151015,
Xi’an Huilin Bio-Tech, Shaanxi, China),
and the MTT kit (Promega, Madison,
WI, USA).
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Cervi Cornus Colla preparation

Colla Cornus Cervi was prepared accord-
ing to the 2015 edition of Chinese phar-
macopoeia [17]. Deer antler tablets were
pulverized and mixed with 4-5 times
(w/w) distilled water in a round-bot-
tomed flask. The antler tablets were
boiled and the extract was removed every
3h. The distilled water and antler tablet
mixture was boiled until the tablets were
soft and could be pinched into powder.
The extract was collected and concen-
trated in vacuo (LGJ-10 laboratory freeze
dryer, Beijing Songyuan Huaxing Tech-
nology Development, Beijing, China) at
50 °C until the water content was 11%
(wW/w %). The extracts were filtered with
double gauze and CCC was obtained
after cooling to room temperature. The
CCC quality identification and steril-
ization were conducted as previously
described [16].

CCC-deproteinized bone scaffold
design and 3D printing

Cancellous bone was obtained from
porcine distal femur chopped into
3mmx3mmx5mm pieces and then
submerged in normal saline (NS) for
24h. After rinsing with distilled wa-
ter, these pieces were put into a glass
bottle with 30% H,O, solution and
incubated in a 37 °C water bath for
48h. Soxhlets extraction was used to
extract and purify the mixture. The
extract was then washed with 75%
ethanol and tridistilled water in a dual-
frequency ultrasonic cleaner (Ningbo
Scientz Biotechnology, Ningbo, China)
three times. The deproteinized bone
powder was obtained after freeze drying
overnight. The CCC powder and the
deproteinized bone powder were mixed
(1:10, mass/mass) and micronized. The
mixture was filtered through a strainer
(120t mesh) and sterilized. A widely
used biodegradable material, polycapro-
lactone (PCL, Seebio Biotech, Shanghai,
China), was mixed with the CCC-depro-
teinized bone powder and used to print
the CCC-deproteinized bone scaffolds.
Deproteinized bone scaffolds were simi-
larly printed without CCC. All scaffolds
were 3D printed by a fused deposi-

tion modelling printer (Qingdao Unique
Products Develop Co., Qingdao, China).

Material properties of the scaffolds

Observation of the scaffolds

A total of three CCC-deproteinized bone
scaffolds were randomly selected for ob-
servation under an inverted microscope
(Olympus Corporation, Tokyo, Japan).
Subsequently, the scaffolds were coated
with gold/palladium and observed under
a Zeiss SIGMA 300 high resolution field
emission scanning electron microscope
(Carl Zeiss, Jena, Germany). The pore
size of the scaffolds was determined by
image analysis software. The porosity of
the scaffolds was determined through the
improved liquid displacement method.
The scaffold was immersed into ethanol
(volume V1) in a graduated test tube
for 5min. After negative pressure de-
gasification, the volume of ethanol (im-
mersed with the scaffold) at this time was
V2. The scaffold was carefully removed
and the residual ethanol volume was V3.
The porosity was calculated according to
the formula: (V1-V3)/(V2-V3) x 100%.
The experiment was performed in trip-
licate.

Measurement of mechanical
properties

A total of three scaffoldswere subjected to
compression analysis on a Reger univer-
sal compression tester (Shenzhen Reger
Instrument, Shenzhen, China). Vertical
compression tests were used to detect
the compression force of the scaffolds.
All compression tests were conducted
under standard environmental condi-
tions (20+1 °C, relative humidity, RH
65+ 2%).

Degradation rate determination

A total of three scaffolds were randomly
selected and weighed (M1). The scaf-
folds were submerged in 20 ml PBS and
incubated in a thermostat (Jintan Med-
ical Equipment Factory, Jiangsu, China)
at 37 °C for 6 weeks. The PBS was re-
placed every week and the mixture was
filtered. The residue was collected and
weighed (M2). The weight of the scaf-
folds (M2-M1) was recorded weekly.
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Abstract

Background. Osteonecrosis of the femoral
head (ONFH) is a common joint disease and
a major cause of morbidity.

Objective. In this study Cervi cornus Colla
(CCC) deproteinized bone scaffolds were
designed and three dimensional (3D)-printed
for the repair of ONFH in rats.

Material and methods. The CCC-depro-
teinized bone scaffolds were 3D-printed
using polycaprolactone mixed with the CCC-
deproteinized bone powder. The scaffolds
were viewed under a scanning electron
microscope and subjected to compression
analysis. Osteoblasts were isolated from

rats and coated onto the scaffolds. Cell
proliferation assays were performed with
the MTT (3-[4,5-dimethylthiazole-2]-2,5-
diphenyltetrazolium bromide) kit from
Promega. An ONFH was induced in rats
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and a CCC-deproteinized bone scaffold was
implanted into the necrotic femoral head.
General observations, X-ray imaging, and
pathological examination of the femoral head
were performed to evaluate the treatment of
ONFH in the rats.

Results. The scaffolds were porous with

a mean pore diameter of 315.70+41.52nm
and a porosity of 72.86+5.45% and
exhibited favorable mechanical properties
and degradation. In vitro assays showed

that osteoblasts accumulated in the pores
and adhered to the scaffolds. The CCC-
deproteinized bone scaffolds enhanced

the proliferation of osteoblasts. The in vivo
experiments revealed that the general
observation score of rats in the CCC-scaffold
implanted group was significantly higher than
that in the control group. The X-ray images

Repair of osteonecrosis of the femoral head. 3D printed Cervi cornus Colla deproteinized bone

showed significant alleviation of ONFH in the
CCC-deproteinized bone scaffold implanted
rats. The femoral heads of rats in the treatment
group showed less destruction or ossification
of cartilage cells, few bone cement lines,

very little necrosis or irregularities on the
cartilage surface and only a small amount of
inflammatory cell infiltration in the medullary
cavity.

Conclusion. These results suggest that
CCC-deproteinized bone scaffold implants
facilitated the repair of ONFH in rats. This
research provides a new therapeutic approach
for the repair of early and mid-term ONFH.

Keywords

Animal experiments - Traditional Chinese
medicine - Morbidity - Polycaprolactone -
Osteoblasts

Hirschhorngelatine

Zusammenfassung

Hintergrund. Die Osteonekrose des Hiiftkop-
fes (ONFH) ist eine haufige Gelenkerkrankung
und eine der wichtigsten Ursachen fiir
Morbiditat.

Ziel. In dieser Studie wurden deproteinisierte
Knochengeriiste aus Hirschhorngelatine (Cervi
cornus colla, CCC) entwickelt und mittels eines
3-D-Druckers hergestellt, um eine ONFH bei
Ratten zu behandeln.

Material und Methoden. Die deprotei-
nisierten CCC-Knochengeriiste wurden
mittels eines 3-D-Druckers hergestellt

unter Verwendung von Polycaprolacton
gemischt mit deproteinisiertem CCC-
Knochenmehl. Die Geriiste wurden unter
einem Rasterelektronenmikroskop betrachtet
und einer Kompressionsanalyse unterzogen.
Osteoblasten wurden aus Ratten isoliert und
auf die Geriiste gezogen. Zellproliferations-
Assays wurden mittels des MTT-Kits von
Promega durchgefiihrt. Eine ONFH wurde bei

Ratten induziert, und ein deproteinisiertes
CCC-Knochengeriist wurde in den nekro-
tischen Huftkopf implantiert. Allgemeine
Beobachtungen, Rontgenaufnahmen

und pathologische Untersuchungen des
Hiiftkopfes wurden durchgefiihrt, um die
Behandlungen einer ONFH bei Ratten zu
evaluieren.

Ergebnisse. Die Geriiste waren poros

mit einem mittleren Durchmesser von
315,70+ 41,52 nm und einer Porositat von
72,86+ 5,45 %. Sie zeigten giinstige mecha-
nische Eigenschaften und Degeneration. In-
vitro-Assays zeigten, dass sich Osteoblasten
in den Poren ansammelten und an den
Gerlisten anhafteten. Die deproteinisierten
CCC-Knochengeriiste verbesserten die
Proliferation der Osteoblasten. Die In-vivo-
Experimente zeigten, dass der allgemeine
Beobachtungsscore von Ratten in der Gruppe,
welcher ein CCC-Knochengeriist implantiert

Behandlung einer Osteonekrose des Hiiftkopfes. Deproteinisierte Knochengeriiste aus

worden war, signifikant héher war als in der
Kontrollgruppe. Die Réntgenaufnahmen
zeigten eine signifikante Verminderung der
ONFH bei Ratten mit einem implantierten
CCC-Knochengeriist. Die Hiiftkopfe von
Ratten in der Behandlungsgruppe zeigten
weniger Destruktion oder Ossifikation der
Knorpelzellen, wenige Knochenzementlinien
und eine sehr geringe Infiltration in der
medulldren Kavitét.

Schlussfolgerung. Diese Ergebnisse zeigen,
dass deproteinisierte CCC-Knochengeriistim-
plantate die Rekonstruktion unterstiitzen.
Diese Studie stellt einen neuen Therapieansatz
fir die Behandlung einer friihen und
mittelfristigen ONFH vor.

Schliisselworter

Tierversuche - Traditionelle Chinesische
Medizin - Morbiditét - Polycaprolacton -
Osteoblasten

Osteoblast culture and
characterization

The 8-day-old Wistar rats were killed by
cervical dislocation and the skull was
harvested. The skull bone was placed
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in a Petri dish with PBS. The endos-
teum, pericranium and interosseous tis-
sues were removed. After three washes
in PBS, the skull bone was cut into small
blocks f 1 mm x 1 mm in size. The bone
blocks were digested with 0.25% trypsin

and type II collagenase for 10min. Af-
ter discarding the supernatant, the bone
blocks were digested with 5ml type II col-
lagenase for 30 min. After digestion cells
were harvested through a cell strainer
(100 u mesh) and centrifuged (1000 rpm,


https://doi.org/10.1007/s00132-018-03678-2

Weight (mg)

5min). Cells were placed in a 25cm?
flask and cultured in DMEM-LG supple-
mented with 20% FBS in a cell culture
incubator (Changsha Hua Xi Electronics
Technetronic, Changsha, China) at 37 °C
with 5% CO,. Culture medium was re-
placed every 3 days and 8-10 days later,
cells were digested with 0.25% trypsin
and subcultured.

The third-generation cells were col-
lected and identified with alizarin red
staining. After two washes with PBS,
osteoblasts were fixed with 95% ethanol
for 10min. After three washes with dis-
tilled water, the osteoblasts were stained
with 0.1% alizarin red-Tris-HCI (pH 8.3)
solution at 37 °C for 30 min.

0.06

0.04

0.02

—&#— Colla Cornus Cervi-
deproteinized Bone

~— Deproteinized bone

Fig. 1 « Scaffold charac-
teristics. a Exterior view
of a 3D printed CCC-de-

1 2 = 4 5

Proliferation assay

The adherent osteoblasts were digested
with 0.25% trypsin and prepared for sin-
gle cell suspension to a final concentra-
tion of 2 x 10 cells/ml. After soaking the
scaffold in cultured medium, the scaffold
was immersed in 1ml cell suspension
(2x 10* cells) in a 24-well plate and cul-
tured in an incubator at 37 °C with 5%
CO;. An MTT assay kit was used to
evaluate the growth rate and relative cell
activity, according to the manufacturer’s
protocol. After incubation for 24 h, 48h,
and 72h, 20yl MTT was added to each
well and incubated for an additional 4h.
The absorbance at 490 nm was measured
with a microplate reader (Thermo Fisher

7 proteinized bone scaffold
(with a diameter of 15 mm
and a thickness of 3.5 mm).
b Scaffold degradation
curves. The degradation
levels of the CCC-depro-
teinized bone scaffolds
and deproteinized bone
scaffolds after 6 weeks
immersion in PBS reached
35.81% and 26.61%, re-
spectively (*P < 0.05).

¢ CCC-deproteinized bone
scaffold observed under
microscopy (200X magni-
fication). d Deproteinized
bone scaffold observed
under microscopy (200x
magnification). e CCC-de-
proteinized bone scaffold
observed under SEM.

f Deproteinized bone scaf-
folds observed under SEM.
CCCCervicornus Colla,
PBS phosphate-buffered
saline, SEM scanning elec-
tron microscope

Lab system, Waltham, MA, USA). Each
experiment was performed in triplicate.

Repair of ONFH by CCC-
deproteinized bone scaffold
implanting

After 1 week of acclimatization, 60 Wis-
tar rats weighing 180-220g were ran-
domly distributed into 3 groups: the
control group, the ONFH model group
and the CCC-deproteinized bone scaf-
fold implanted group. The rats were given
0.14 g/kgretinoic acid by oral gavage once
per day to induce ONFH. After 8 weeks,
2 rats were selected randomly and killed
by cervical dislocation. The bone tissue
of the femoral head was collected to as-
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Table 1  Scoring standard of general condition of the femoral head in the rats

Investigationitems  Index

Behavioral function Limp

Joint mobility Flexion
Abduction

Internal rotation

External rotation

Specific performance
Nothing

Mild

Moderate

Severe

>70°
>60°
>30°
<30°
>30°
>15°
>5°
<5°
>15°
>5°
<5°
>15°
>5°
<5°

Score

O = N O = N O = N A O N U O O W LT

Table2 Comparison between CCC-deproteinized bone scaffolds and deproteinized bone scaf-

folds

Group Pore diame-  Porosity

ter (nm) (%)

Sample Maximum Compressive
area load (N) strength
(nm?) (MPa)

CCC-deproteinized 315.70+41.52 72.86+5.45 9.71+0.45 283.41+14.97 6.27+0.96

bone scaffolds

Deproteinized
bone scaffolds

CCC Cervi cornus Colla

461.30+25.18 64.80+3.87 9.06+0.56

190.57+£15.42 4.45+1.02

sess whether treatment with retinoic acid
successfully induced ONFH. The rats in
the control group served as healthy com-
parative animals and were not induced
ONFH.

The ONFH rats were anesthetized
through intraperitoneal injection of
0.3% pentobarbital sodium (1 ml/100g).
The rats were fixed in the prone po-
sition on the operating table and the
right lower limbs were abducted 20°.
The CCC-deproteinized bone scaffold
was implanted into the necrotic femoral
head. Under sterile conditions muscles
were separated and the femoral head
ligament was exposed. The ligament was
slowly peeled off to expose the femoral
head. The scaffold was placed to ring
the femoral head and fixed and then
the muscles were sutured. The necrotic
femoral head of the left lower extremity
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did not receive any treatment. After
10 weeks, general observation, X-ray
imaging and pathological examination
of the femoral head were performed.
The general observations and score were
conducted according to @ Table 1.

Hematoxylin and eosin (HE)
staining and analysis

The femoral heads were fixed in 10%
formaldehyde for 24h before proceed-
ing to paraffin embedding. Serial 5-p
longitudinal sections were stained with
hematoxylin and eosin for histopatho-
logical examination. The tissue sections
were deparaffinized with dimethylben-
zene and rehydrated with a 100%, 95%,
90%, 80% and 70% series in ethanol.
The sections were stained with hema-
toxylin for 15min. After 3 washes with

distilled water, the sections were differ-
entiated with 0.3% acid alcohol for 30s
and rinsed under running tap water for
10min. The sections were stained with
eosin for 2min and rinsed under tap wa-
ter. Finally, the sections were dehydrated
with graded ethanol, cleared and evalu-
ated.

According to Mankin’s scoring prin-
ciples [18] the osteonecrosis of femoral
head score was calculated as the sum of
cartilage structure score and the osteo-
cyte necrosis score. Briefly, the cartilage
structure was scored as 0 (normal), 1 (dis-
order of tissues, and clear structure lay-
ers), 2 (disorder of structure layers), and
3 (severe disorder of tissues and structure
layers). Osteocyte necrosis was scored as
0 (normal), 1 (hypertrophy and hyper-
plasia of osteocytes), 2 (deep staining of
osteocytes nucleus), 3 (pyknosis of os-
teocytes and disappearance of nucleus).

Statistical analysis

All experiments were performed in
triplicate. All statistical analyses were
performed using the Statistical Package
for the Social Sciences, version 17.0
(SPSS, Chicago, IL, USA). Comparisons
between groups were analyzed using
the least significant difference (LSD)
test. Quantitative data are reported as
mean + standard deviation. A two-sided
p-value of less than 0.05 was considered
statistically significant.

Results

3D printing of CCC-deproteinized
bone scaffolds and deproteinized
bone scaffolds

Macroscopic and microscopic
scaffold observations

The 3D printed scaffolds with a di-
ameter of 15mm and a thickness of
3.5mm were cylindrical, porous, beige
in color and had no distinctive odour
(B Fig. 1a). There were a large number
of regular pores, as observed under light
microscopy (B Fig. 1¢,d). The pore struc-
ture was smooth and the pores appeared
uniform under SEM (@ Fig. 1e,f). The
average pore diameter and porosity of
CCC-deproteinized bone scaffolds and



deproteinized bone scaffolds are shown
in @ Table 2. The porosity of CCC-depro-
teinized bone scaffolds (72.86+5.45%)
is significantly higher than the depro-
teinized scaffolds (64.80 + 3.87%).

Mechanical properties

Compression tests revealed that with
increasing load, the CCC-deproteinized
bone scaffolds and deproteinized bone
scaffolds were highly compressed. The
deproteinized bone scaffolds broke as the
compressiveloadreached4.45+ 1.02 MPa
(aTable 2). The CCC-deproteinized
bone scaffolds broke as the compressive
load reached 6.27 + 0.96 MPa (@ Table 2).
There was no significant difference in
compression properties between the two
scaffolds.

Scaffold degradation

The degradation percentages of the CCC-
deproteinized bone scaffolds and depro-
teinized bone scaffolds after 6 weeks
of immersion in PBS were 35.81% and
26.61%, respectively (@ Fig. 1b; P<0.05).
The degradation curves are shown in
B Fig. 1b.

Influence of CCC-deproteinized
bone scaffolds on the proliferation
of osteoblasts

The results of osteoblast culture and alizarin
red staining are detailed in @Fig. 2a, b.
The SEM images revealed that cells ac-
cumulated in the pores and adhered to
the scaffolds (BFig. 2¢, d). The surface
of the scaffold in @Fig.2d can be seen
covered with gelatinous extracellular
matrix. The MTT assays revealed that
the proliferation rate of cells cultivated
on CCC-deproteinized bone scaffolds
was significantly greater than that of the
control group (B Table 3). These results
suggested that CCC-deproteinized bone
scaffolds enhanced the proliferation of
osteoblasts.

Repair of ONFH using CCC-
deproteinized bone scaffolds
implanted in rats

General observations

The operation and scaffold implanted po-
sition in the femoral heads of rats are
shown in @ Fig. 3a. The rats in the model
group showed festering in the tails, limp-
ing, and limited joint activity. The rats

Fig. 2 <« CCC-depro-
teinized bone scaffolds
loaded with osteoblasts.
a Osteoblasts cultured

in vitro (200x magnifica-
tion). b Calcium nodules
of the third-generation
osteoblasts stained by
alizarin red (10x magni-
fication). c Osteoblasts
cultivated for 72 h on the
CCC-deproteinized bone
scaffoldsimaged under
light microscopy (200x
magnification). d Os-
teoblasts cultivated for
72 h on the CCC-depro-
teinized bone scaffolds
imaged under SEM. The
cellsaccumulated in the
pores and adhered to the
scaffolds. The surfaces of
the scaffolds were covered
with gelatinous extracel-
lular matrix. CCCCervi
cornus Colla, SEM scanning
electron microscope

2000 pm

with implanted CCC-deproteinized bone
scaffolds showed no obvious change of
femoral head shape, no occurrence of
incision infections, and no obvious im-
munological rejection. The leg activity
gradually returned to normal, and none
of the rats died. The general observa-
tion results were recorded and scored
and are detailed in @ Table 4. The results
showed that the score of the CCC-de-
proteinized bone scaffold group was sig-
nificantly higher than that of the model
group (@ Table 4, P<0.001).

X-ray analysis

The necrotic femoral heads of the ONFH
rats showed cystic degeneration and os-
teosclerosis, and some animals displayed
segmental femoral head flattening or sub-
chondral collapse (B Fig.3c, e). Signifi-
cant alleviation of femoral head necro-
sis was observed in the rats implanted
with CCC-deproteinized bone scaffolds
(B Fig. 3b, d). The X-ray analysis revealed
smooth articular surfaces and restoration
of necrotic and cystic areas (B Fig. 3d, A),
with some rats displaying mild variability
in the femoral head, such as mild blurred
bone trabecula.
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Effect of CCC-deproteinized bone scaffolds on the proliferation of osteoblasts (X s,

Table 3

ER)]

Incubation 0D 490 nm
time (h) Control group
24 0.247+0.016
48 0.535+0.093
72 0.564+0.047

CCC Cervi cornus Colla, OD Optical density

'P<0.05, "P< 001, compared with the control group

CCC-deproteinized bone scaffolds
group

0.492+0.091"

0.767+0.118"

0.612+0.131"

Histopathological analysis

In the control group, femoral heads dis-
played normal ultrastructure, with reg-
ularly arranged cartilage cells, regular
bone cementlinesand no degeneration or
necrosis of the cartilage surface (@ Fig. 3f).
In the model group, femoral heads exhib-
ited osteocyte degeneration and necrosis,
ossification of the cartilage, sclerosis of
the ligament fibers, and inflammatory
cell infiltration into the medullary cav-
ity (BFig. 3g). In the implanted group,
femoral heads exhibited less destruction
or ossification of the cartilage cells, few
bone cement lines, very few irregular or
necrotic cartilage surface regions, and
only a few inflammatory cells infiltrated
the medullary cavity (@ Fig. 3h). The re-
sults of histological score and analysis are
shownin @ Table5. The histological score
of CCC-deproteinized bone scaffolds im-
planted group (4.5+0.81) was signifi-
cantly lower than that of model group
(5.5£0.5, P<0.01). These results sug-
gest that CCC-deproteinized bone scaf-
fold implantation facilitated the repair of
ONFH in rats.

Discussion

The ONFH is a pathologic process which
causes bone cells to die and the femoral
head to collapse through the interrup-
tion of the blood supply to the femoral
bone [4]. Vascularization of large-scale
artificial bone tissue grafts is the most
significant and critical challenge in the
reconstruction of bone defects [19]. A
specific approach used to meet this chal-
lenge in the treatment of ONFH is to
form a model of the collapsed femoral
head area under the control of a com-
puter imaging system, to construct a pre-
cise 3D structure, before filling and re-
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pairing the area of ONFH [8]. During
such a reconstructive process, the phys-
ical and mechanical properties are eval-
uated to provide experimental support
in clinic aspects [9, 10]. The patient-
specific model plays an important role
in choosing the most effective approach
and strategy [10]. Since 3D printing has
become a vital tool in tissue engineering
and medicine, there is an ever-growing
need to develop new biomaterials that
can be 3D printed and can emulate the
compositional, structural, and functional
complexities of human tissues and organs
[10].

There are very few reports about 3D
printed scaffolds for the treatment of
ONFH. Zhu et al. created a gelatine scaf-
fold embedded in uniquely shaped 3D
printed porous titanium parts to treat
ONFH in rats. After hybridization with
platelets, the scaffold exhibited a low yet
considerable rate of stable, and long-term
growth factor release [20]. Lv et al. re-
ported a novel 3D printed device for the
localization and extraction of trabeculae
from human femoral heads, providing
a method for researching musculoskele-
tal degenerative diseases and possibly
a better clinical understanding of these
disorders [21].

In the present study CCC-depro-
teinized bone scaffolds were designed
and 3D printed with a view to repair-
ing ONFH in rats. A widely applied
biodegradable material, PCL, was used
tobuild this scaffold due to itsappropriate
support strength and favorable cytocom-
patibility [19]. The CCC-deproteinized
bone scaffold was 3D printed with a mix-
ture of CCC powder, deproteinized bone
powder, and PCL. The CCC, arefined ex-
tract from deer antler, is thought to have

bone-invigorating therapeutic effects

[22]. Indeed, CCC has been widely used
to nourish kidneys and for bone toni-
fying in traditional Chinese medicine,
such as in the treatment of arthritis,
osteoporosis [22], hypercholesterolemia
[23], and to heal chronic wounds. The
CCC contains mineral elements (Ca, Zn,
and Pb), carbohydrates, polypeptides,
proteins, and some special cell growth
factors [24-27]. Previous studies re-
vealed that CCC promoted osteoblast
proliferation and enhanced osteoblastic
differentiation [16]. To take advantage of
these favorable properties, in the present
study CCC was incorporated into PCL-
based 3D printed scaffolds with a view
to promoting osteoblast growth and
ONFH repair. Moreover, the bone scaf-
folds were deproteinized to minimize
immunological rejection.

The 3D printed CCC-deproteinized
bone scaffolds were porous with a pore di-
ameter of 315.70+ 41.52 nm and a poros-
ity of 72.86+5.45%, which facilitated
good nutrient permeability and good
support for the adhesion and prolifera-
tion of osteoblasts, as evidenced by the
MTT assay. Compression tests revealed
that the scaffolds exhibited favorable
mechanical properties. As such, the
scaffolds should play a favorable support
function for long-term in vivo engraft-
ment. Furthermore, the degradation of
CCC-deproteinized bone scaffolds and
deproteinized bone scaffolds was 35.81%
and 26.61% after 6 weeks immersion in
PBS, respectively. Microscopical obser-
vation revealed that osteoblasts accu-
mulated in the pores and adhered to
the scaffolds. Moreover, the scaffold
surfaces were covered with gelatinous
extracellular matrix. These results indi-
cated that the 3D printed scaffolds were
conducive to the expansion of osteoblast
numbers. In vitro MTT assays revealed
that the proliferation of cells cultivated
on CCC-deproteinized bone scaffolds
was significantly greater than that of the
control group. These results suggest that
the incorporation of CCC enhanced the
proliferation of osteoblasts.

The CCC-deproteinized bone scaf-
folds were implanted into the necrotic
area of femoral heads to repair ONFH
in rats. General observations revealed
that rats implanted with CCC-depro-



Fig. 3 A Implanted CCC-deproteinized bone scaffolds promoted repair of ONFH in rats.a Operated femoral head of rats
showed the operation and scaffold implanted position. b X-ray image of a prostrate ratimplanted with a CCC-deproteinized
bone scaffold in the right lower extremity. ¢ X-ray image of an ONFH model rat.d Corresponding femoral head of the rat
implanted with CCC-deproteinized bone scaffold in b (A the femoral head implanted with a CCC-deproteinized bone scaffold
exhibited a smooth articular surface with restored necrotic and cystic areas. The scaffold is integrated and appears blurred
with the surrounding tissues, B the non-implanted femoral head exhibited cystic degeneration, bone fragments, and artic-
ular surface collapse). e Corresponding femoral head of the ONFH model rat in ¢. The necrotic femoral head showed cystic
degeneration, osteosclerosis, segmental femoral head flattening and subchondral collapse. f Pathological observation

of the femoral head of a rat in the control group (200x magnification). The detailed image reveals normal ultrastructure

with regularly arranged cartilage cells, regular bone cement lines, and no degeneration or necrosis of the cartilage surface.

g Pathological observation of the femoral head of an ONFH model rat. Results showed osteocyte degeneration and necro-
sis, ossification of the cartilage, sclerosis of the ligament fibers, and inflammatory cell infiltration in the medullary cavity.
hPathological observation of the femoral head of a ratimplanted with a CCC-deproteinized bone scaffold. Less destruction or
ossification of cartilage cells, few bone cement lines, very few irregular or necrotic cartilage surface areas, with a small quantity
of inflammatory cell infiltration observed in the medullary cavity. CCC Cervi cornus Colla, ONFH Osteonecrosis of the femoral
head

teinized bone scaffolds exhibited no
obvious change of femoral head shape,
no incision infection, and no obvious
immunological rejection issues. The
general observation score of the im-
planted group was significantly higher
than that of the model group. The X-ray

examinations revealed significant alle-
viation of femoral head necrosis in the
rats implanted with CCC-deproteinized
bone scaffolds. Histopathological analy-
sis revealed that the femoral heads in the
implanted rats showed little destruction
or ossification of cartilage cells, few bone

cement lines, very few irregularities or
necrotic areas on the cartilage surface,
with only a small quantity of inflam-
matory cells infiltrating the medullary
cavity. These in vivo results suggest
that CCC-deproteinized bone scaffold
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Table4 The general observation score

of CCC-deproteinized bone scaffolds in the
repair of ONFH in rats (X£s,n=10)

Group Score
Control group 23.2+1.32
Model group 47+1.16

CCC-deproteinized bone 131+1.79"

scaffolds implanted group

CCCCervicornus Colla, ONFH Osteonecrosis
of the femoral head
"'P< 0,001, compared with the model group

implants facilitated the repair of ONFH
in rats.

For the mechanism study it was re-
ported that angiogenesis provides nutri-
tional support to osteoblast growth and
has previously been shown to be a key
factorinfluencing ingrowth of epithelium
[28,29]. Wang etal. revealed that extract
of CCC bone promoted the expression of
vascular endothelial growth factor [30].
Previous studies suggested that antler ex-
tract had a positive curative effect on
avascular necrosis of the femoral head in
rats [31]. In the present study, CCC-de-
proteinized bone scaffold implants facil-
itated the repair of osteonecrosis. Based
on these findings, vascularization may
play important roles in the repair of os-
teonecrosis. In further studies, the ef-
fect of CCC-deproteinized bone scaffold
on vascularization and molecular mech-
anisms will be investigated to evaluate
the repair of ONFH in rats.

Conclusion

In the present study CCC-deproteinized
bone scaffolds were designed and 3D
printed for the repair of ONFH in rats.
The scaffolds were porous and exhib-
ited favorable mechanical properties and
degradation. In vitro assays showed that
CCC-deproteinized bone scaffolds en-
hanced the proliferation of osteoblasts.
In vivo assays with ONFH rats suggested
that CCC-deproteinized bone scaffold
implants facilitated the repair of ONFH.
This research provides a new therapeutic
approach for the repair of early and
midterm ONFH.
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Table5 Histological score and analysis
of CCC-deproteinized bone scaffolds in the
repair of ONFH in rats (X+s,n=10)

Group Score
Control group 0

Model group 55+0.5
CCC—deproteinized bone 45+0.81**

scaffolds implanted group

CCC Cervi cornus Colla
"P<0.01, compared with the model group
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Differenzialdiagnose rheumatischer Erkrankungen
Der Wegweiser vom Symptom zur Diagnose bei rheumatischen Krankheitsbildern

Berlin/Heidelberg: Springer-Verlag 2019, 5. Auflage,
578S., 140 Abb., (ISBN: 978-3-662-56574-2),
Hardcover 139,99 EUR, auch als eBook erhaltlich

»Die Differenzialdiagnose rheu-
matischer Erkrankungen ist die
Konigsdisziplin eines jeden klinisch
tdtigen Rheumatologen.”

Etabliertes
Lehrbuch neu
iiberarbeit

Zur Ausbildung in
dieser Kunst und
zur Unterstlitzung
im klinischen Alltag
wurde das seit

Differenzialdiagnose

rheumatischer
Erkrankungen

vielen Jahrzenten
etablierte Lehrbuch zur Differenzialdiagnose
rheumatischer Erkrankungen, welches

von Prof. Miiller und Prof. Schilling vor
vielen Dekaden begriindet wurde, von
zwei der erfahrensten Rheumatologen,
Herrn Prof. Zeidler und Herrn Prof. Michel,
komplett neu lberarbeitet und jetzt in der
5. Auflage zusammen mit vielen Kollegen
herausgegeben.

Pragnant dargestellte
differenzialdiagnostische Parameter
Der Erfolg dieses Buches basiert auf
mehreren Alleinstellungsmerkmalen.

Dies sind nicht nur die umfassenden Kapitel
zu allen Aspekten der differenzialdiagnosti-
schen Herausforderungen, sondern auch die
auf tiber 500 Seiten zu findenden zahlreichen
ausfiihrlichen Tabellen und Abbildungen.
Hiermit kdnnen sowohl die ausfiihrliche
Beschreibung als auch die pragnant
dargestellten differenzialdiagnostischen
Parameter je nach aktuellem Zeitkontingent
abgerufen werden.

Feinheiten der korperlichen
Untersuchung und der Blickdiagnose
Ein weiteres Alleinstellungsmerkmal, das
heutzutage oft vernachldssigt wird, aber
gerade bei den schwierigen Problempati-
enten umso wichtiger ist, sind die mit den
eigenen Sinnen eines Arztes untersuchbaren
und tastbaren Pathologika des Patienten,
sprich die Feinheiten der korperlichen

Untersuchung und der Blickdiagnose.
Hier spiegelt sich auch die herausragende
lange Erfahrung der Autoren und v.a. der
Herausgeber wider, die selbst ja noch
nicht mit hochauflésender Bildgebung
aufgewachsen sind.

Interdisziplindre Spezialkapitel

Eine weitere Besonderheit sind Spezialka-
pitel, unter anderem die rheumatischen
Symptome bei verschiedenen nicht-
rheumatischen Erkrankungen, da die
interdisziplinare Betrachtung eines Patienten
aufgrund der Bedeutung des Immunsystems
zunehmend in den Vordergrund tritt und
der Rheumatologe als Kooperationspartner
zahlreicher Disziplinen auch hier sattelfest
sein sollte.

Zusammengefasst gehort dieses Standard-
werk auf jeden Fall — trotz des allgegen-
wartigen Internets — zur essenziellen Hand-
bibliothek des klinisch tatigen Rheumato-
logen und sollte ruhig schon nach wenigen
Wochen deutliche Gebrauchsspuren durch
intensives Nachschlagen aufweisen.

Prof. Dr. U. Miiller-Ladner
(GieBen/Bad Nauheim)
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