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Background and methods: A Cu-doped composite scaffold of nano calcium-deficient
hydroxyapatite (n-CDHA )/multi(amino acid) copolymer (MAC) was prepared. The structure,
porosity, morphology and compressive strength of the scaffolds were characterized, the
in vitro degradability in phosphate-buffered solution (PBS) and cell responses to the scaf-
folds were investigated, and in vivo stimulation of bone formation were analyzed.

Results: The scaffolds showed the compressive strength of approximately 12 MPa and total
porosity of about 81%. Weight loss of the composite scaffolds was 63% after 16-week
immersion in PBS. Cu release in scaffolds showed a marked dependence on the initial
amount in the scaffolds over time. Cu-doped n-CDHA/MAC scaffolds with the content of
Cu 0.5% and 1% in mass ratio showed better cell responses to proliferation and differentia-
tion of rat bone marrow stromal cells (rBMSCs) than that with no Cu. After 12-week
implantation in rabbits, 1% Cu-doped n-CDHA/MAC showed better ability of angiogenesis
and osteogenesis compared to 0% Cu-doped n-CDHA/MAC.

Conclusion: The 1% Cu-doped n-CDHA/MAC composite scaffold showed good capacity
of angiogenesis and osteogenesis, and the Cu showed positive effects on cell growth and
osteogenesis. And it has potential to be used as bone regeneration scaffolds.

Keywords: calcium-deficient hydroxyapatite, multi-(amino acid) copolymer, copper,
osteogenesis, degradability, cytocompatibility

Introduction
Osteonecrosis of the femoral head (ONFH) associated with alcohol abuse and/or
corticosteroids' is a potentially devastating disease due to interruption of circulation
that limits the transmission of oxygen and nutrients to femoral head. During the last
several decades, early-stage joint-preserving operative techniques have been used to
slow the progression of ONFH,** which include core decompression, femoral
osteotomy, nonvascularised bone grafting (NVBQG), vascularized bone grafting
(VBG) and cell-based treatment.*>

Although core decompression can reduce the intraosseous hypertension resulting
from swelling and infiltration of cells due to the progressive necrosis and provide
symptomatic relief especially in hips with symptomatic, smaller-sized, pre-collapse
necrosis,® no obvious relief could be found when the femoral head collapsed. In addition,
core decompression can be in combination with tantalum rods, bone substitutes, arthro-
scopy, and cell treatment. However, there are still debates on the results of the techniques
between Western and East Asian countries.* Femoral osteotomy allows healing and
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postpones progression by moving the necrotic region from

weight-bearing area and shows favourable results.””

However, the complications including poor fixation and/or
malposition, malunion after osteotomy are high-incidence™'”
as well as more difficult to switch to total hip arthroplasty
(THA) if an osteotomy fails."' NBVG can support the femoral
head structurally and decompress the necrotic region to facil-
itate healing and remodelling of femoral head, but using auto-
genous cancellous grafting can prolong surgical time and
cause additional pain of donor site, while the antigenicity
and potential danger of spreading diseases for allograft
implants.'*>"* Although VBG can provide structural support
and restore blood supply of live bone,'* yet technical difficul-
ties and prolonged operation time are required. Also, current
studies on VBG do not have a control group and are not
randomized. So, there is no consensus on the true effect on
the progression of osteonecrosis.* Osteonecrosis results from
lack of cells which can promote osteogenesis. So, cell therapy
to potentially regenerate bone was considered.'” A recent
systematic review'> concluded that cell therapy was safe for
osteonecrosis and could improve clinical outcomes.
Nonetheless, the authors'® suggest strict application indica-
tions for osteonecrosis should be determined and standardiza-
tion of cell therapy should be established before cell-based
treatment adopted. In brief, the current operative methods to
treat early-stage ONFH just provide the mechanical support of
necrotic region and there is no consensus on the true results of
VBG on the progressive osteonecrosis. So, how to synthesize
material combining osteogenesis with angiogenesis to induce
bone regeneration and vascularization is significant to cure
early-stage ONFH.

Angiogenesis is essential in bone regeneration because
blood vessels transport oxygen and nutrients to regener-
ated bone, which are crucial for bone regeneration and
defect restoration. Copper (Cu), a vital trace element,
could stimulate osteogenesis and angiogenesis of
mesenchymal stem cells (MSCs).'*'® Simultaneously,
the research!'® has demonstrated that in culture medium,
even the concentration of Cu reached up to 250 uM, there
is no adverse and side effects for cells for continuous
culture of 10 days, which shows the biosecurity of Cu in
regions. And literature also demonstrated that doping Cu
into biomaterials to form novel scaffolds with character-
istic of slow-release of Cu could enhance their original
angiogenesis and osteogenesis properties.?’

Moreover, according to Li’s research,?’ nano calcium-

deficient hydroxyapatite/multi-(amino acid) copolymer

(n-CDHA/MAC), an eligible degradable composite bone
substitute biomaterial, consisting of inorganic n-CDHA
and an amide linkage copolymer composed of 6-aminoca-
proic acid and other five amino acids, not only was provided
with good mechanical performance, but also outstanding
osteogenesis when the n-CDHA occupies 40 wt% of
n-CDHA/MAC. And n-CDHA/MAC presented macropores
with the size from 100 to 600 um and porosity of 81%,
which were similar to the reported literature showing satis-
factory bone ingrowth and mineralized bone regeneration.**
Furthermore, the previous researches'®?'*** has demon-
strated that n-CDHA/MAC possess excellent mechanical
strength, degradability and bioactivity.

Therefore, on account of the properities n-CDHA/MAC
and Cu respectively, we synthesized a novel composite
bone substitute scaffold: Cu-doped n-CDHA/MAC with
functional properties including osteogenesis and angiogen-
esis. To our knowledge, this is the first study research Cu-
doped n-CDHA/MAC for bone regeneration. So, the aim of
present study is to investigate the biosecurity of the scaf-
folds as the foundation of the treatment of ONFH. In parti-
cular, the physical and chemical properties, the ability of
angiogenesis and osteogenesis were evaluated.

Material and methods
Synthesis of Cu-doped n-CDHA/MAC

composite

The Cu-doped n-CDHA slurry was prepared in a reactor
under 40°C according to a precipitation route described
elsewhere.”® Briefly, a certain amount of CuSO,.5H,
O (AR, Guang dou Guanghua Sci-Tech co., Ltd) and 10
mole calcium nitrate tetrahydrate (Ca (NOj3),.4H,0,
99.2% Aldrich) was added dropwise to 6 mole diammo-
nium hydrogen phosphate ((NH4),HPO,, 99.2% Aldrich),
and the pH was continuously controlled and adjusted at 9.0
+0.1 by adding NH,OH (AR, Chengdou kelong Chemical
Reagent Co., Ltd). Precipitate was aged in mother solution
for 48 h, washed with NH4OH aqueous solution and alco-
hol (AR, Sichuan Xilong Chemical co., Ltd). Cu-doped
n-CDHA with various Cu/CDHA ratio (W/W, 1.25%,
2.5%, 5%, and 12.5%) were obtained.

The preparation method of Cu-doped n-CDHA/MAC
composite with 40 wt% Cu-doped n-CDHA was described
in detail in the reference,”’ and the scaffold was prepared
according to the reference.’® The Cu in the obtained scaf-
folds were 0.5%, 1%, 2% and 5%, respectively (Figurel).
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Figure | A flow chart about the preparation of scaffold.

Abbreviations: n-CDHA, nano calcium-defcient hydroxyapatite; n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer; PAA, polyamino acid.

Cu, porosity and morphology of the

scaffolds
The concentrations of Cu in scaffolds were detected by
inductively coupled plasma mass spectrometry (ICP, IRIS
1,000, Thermo Electron Corporation, Waltham, MA,
USA). The densities of different Cu-doped n-CDHA/
MAC composite scaffolds (¢6x12 mm), p,, were mea-
sured by the ratio of mass and volume. The skeletal
densities, pg, was also measured with compact samples
(p6x12 mm). The pyknotic samples were handled by the
same process of Cu-doped n-CDHA/MAC composite scaf-
folds without foaming agent, and the total porosity was
calculated by the formula: P(%) =(1-p./pq)*100%. Three
replicates were done for each group, and the results were
presented as mean + SD.

Also, the morphology of Cu-doped n-CDHA/MAC com-
posite scaffolds was shown by Micro-CT (PerkinElmer,
Quantum GX, America).

Compressive strength measurement

The compressive strengths of different Cu-doped n-CDHA/
MAC composite scaffolds were handled by mechanical test-
ing machine (REGER 30-50, Shenzhen Reger Co., Ltd.
China) with 50 kN load. The cross-head speed was 1 mm/
min, and the load was applied until the samples (p6x12 mm)
were compressed to approximately 50% in height or the
samples collapsed. Three replicates were done for each
group, and the results were expressed as mean + SD.

In vitro degradability and cu release in

PBS

The in vitro degradability of Cu-doped n-CDHA/MAC
composite scaffolds was performed by soaking the scaf-
fold samples (p6x12 mm) into phosphate-buffered saline
(PBS, pH=7.4) for 16 weeks and was evaluated at different
time points. We washed scaffold samples, dried them at
80 °C in vacuum oven for 4 h and weighed them the initial

weight (Wi). The PBS was equipped with a solid/liquid
ratio of 1 g/50 ml in polyethylene (PE) tubes, which were
capped and placed in a shaking water bath (37+0.5 °C and
72 rpm). At 1, 2, 4, 8, 12 and 16 weeks, the samples were
washed and dried, and the residual weight (Wt) were
measured. The weight loss ratio was tested according to
the following formula: Weight loss = (Wi-Wt)/Wi x100%.
Simultaneously, the content of Cu in the soaking solution
were determined by by inductively coupled plasma mass
spectrometry  (ICP, IRIS 1000, Thermo Electron
Corporation, Waltham, MA, USA) and the release content
of Cu in vitro was obtained.

Cell adhesion

Rat bone mesenchymal stem cells (rBMSCs) (ATCC;
Chinese Academy of Sciences, Shanghai, China) were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, USA) equipped with 10% fetal bovine
serum (FBS) plus 1% (v/v) Penicillin-Streptomycin solu-
tion (Gibco, Life Technologies, USA) at 37 °C and CO,
5% in a humidified atmosphere. Cells were incubated in
25 cm? flasks to reach 80% confluence and then separated
for further experiments. Different Cu-doped n-CDHA/
MAC composite scaffold samples with the size of
©6x2 mm were used for cell experiments, and tissue
culture plate (TCP) was used as a control. These samples
were sterilized by ethylene oxide gas.

To investigate cell adhesion on the scaffolds, 1 ml
rBMSCs suspension with a density of 8x10% cells/ml
were seeded onto Cu-doped scaffolds and located in 24-
well TCPs. The cells and samples were cultured at 37 °C
and a humidified 5% CO, atmosphere for 1 and 4 days,
after washing for three times with PBS, cells and samples
were fixed in 4% glutaraldehyde for 24 h. The specimens
were then dehydrated in ascending concentrations of etha-
nol for 15 min. Later, the samples were critical point dried,
and the morphology of the cells at 1 and 4 days was shown
using SEM (Hitachi S-450, Japan).
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Cell viability

BMSC proliferation was assessed by cell counting kit 8
(CCKS8, KeyGEN BioTECH, Nanjing, China) following the
manufactory’s instructions. Briefly, the cells were attached to
the wall after cultivating for 24 h. Then the medium was added
material leaching solution (preparation of the material leaching
solution: the materials were immersed in the culture medium
for 48 h under the environment of 37 °C, and then the medium
was filtered through filter membrane with diameter of 0.22
micron to obtain it). The medium used by the blank control
group was kept unchanged. And the medium was changed
every 2 days. Add 10 ul CCKS into the wells after cultivating
1,4,7 days and cultivate for 2 hat 37 °C, 5% (V/V) thermostatic
cultivation in CO, saturated humidity. The absorbance was
measured at 450 nm using a microplate reader (Multiskan
MK3, Thermo Electron Corporation, Waltham, MA, USA).

Alkaline phosphatase activity

For osteogenic differentiation of rBMSCs, cells were cul-
tured in osteogenic medium (basal medium additionally pro-
vided with 10 mM B-glycerophosphate, 50 pg/mL ascorbic
acid and 100 nM dexamethasone). And rBMSCs were
seeded on the scaffold samples and alkaline phosphatase
(ALP) activity of cells was measured at 1, 4 and 7 days to
evaluate the effect of Cu-doped n-CDHA/MAC on the early
osteogenic differentiation. Medium was changed up every
two days. Briefly, we aspirated the culture medium, added
200 pl of 1% Nonidet P-40 (NP-40) solution to each well and
incubated for 1 h at 37 °C. After the cell lysate was centri-
fuged, 50 pl supernatant was added to 96-well plates. 50 pl,
2 mg/ml P-nitrophenyl phosphate (Sangon, Shanghai, China)
substrate solution including 0.1 mol/L glycine and 1 mmol/L
MgClI2-6H20 was added and incubated for 30 min at 37 °C.
At last, we added 100 pl 0.1 N NaOH to quench the reaction.
The absorbance of ALP at A=405 nm was quantified on
a microplate reader (SPECTRAmax 384, Molecular
Devices, USA). The total protein content was measured by
the bicinchoninic acid protein assay kit (Pierce
Biotechnology Inc, Rockford, IL). The absorbance was
read at A=405 nm and the total protein was estimated. The
ALP levels were obtained as the changed OD values and

normalized to the total protein content.

Animal experiment

The animal experiments were carried out in Sichuan
University and the protocol was approved by the
Biomedical Ethics Committee of West China Hospital,

Sichuan University (2017046A). During the whole animal
experiments, laboratory animal guideline for -ethical
review of animal welfare for the animal was followed
according to National Standard of China. 11 mature New
zealand white rabbits (2.0-2.5 kg) were operated to con-
firm the role of scaffolds in bone repair. After skin pre-
paration and anesthesia, a 2 cm incision in the lateral distal
femur was performed to expose the femoral condyle.
A cavitary defect of 4 mm in diameter and 8§ mm in
depth was made by special bone drill. Saline irrigation
was used to wash the wounds, the blank group, 0% Cu-
doped and 1% Cu-doped n-CDHA/MAC composite scaf-
folds were implanted into the bone defects. To prevent
infection, each rabbit received penicillin intramuscularly
10,000 U/kg, one preoperative dose and two postoperative
doses. At 4, 8 and 12 weeks after surgery, the animals
were sacrificed by injecting overdose anesthetics and the
samples were utilized for imaging examinations and his-
tological analysis.

To observe the process of bone formation and degrada-
tion of scaffolds, some samples were examined using
X-ray radiograph at 4, 8 and 12 weeks after implantation.

After 4, 8 and 12 weeks, the rabbits were sacrificed for
histological analysis. The implants were harvested and imme-
diately fixed in 10% buffered formaldehyde solution for one
week. After that, the samples were decalcified for one month
and embedded in paraffin. Thin sections were made and then
stained with routine Hematoxylin and eosin (HE) staining.

Statistical analysis

Data are presented as mean + SD. Statistical difference
was analyzed using one-way analysis of variance and
Tukey’s multiple comparison tests. A value of P<<0.05
was considered to be statistically significant.

Results
Physicochemical characteristics of

composite scaffolds
The morphology of Cu-doped n-CDHA/MAC composite
scaffold was observed by Micro-CT. It was found that the
composite scaffolds showed densely distributed macro-
pores with the diameter from 100 pm to 500 pm. And
the macropores were interconnected by little pores located
in the walls of macropores (Figure 2).

The total porosity changed little along with different
ratio of Cu (Table 1). It could also been found that the
of Cu-doped n-CDHA/MAC

compressive  strength
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Figure 2 Micro-CT images of 1% Cu-doped n-CDHA/MAC with porosity of 81%. (A) cross-section of scaffold; (B) three-dimensional reconstruction of scaffold. The red

arrow represents the interconnected pores located in the walls of macropores.

Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer.

Table | Total porosity, compressive strength and concentration of Cu in scaffolds of Cu-doped n-CDHA/MAC composite scaffolds

0% Cu-doped 0.5% Cu-doped I % Cu-doped 2% Cu-doped 5% Cu-doped
n-CDHA/MAC | n-CDHA/MAC n-CDHA/MAC n-CDHA/MAC | n-CDHA/MAC
Total porosity(%) 81+3 82+3 82+3 81+2 81+4
Compressive strength(MPa) 121 121 1242 111 12%1
Cu in scaffolds - (0.49+0.01)% (0.96+0.02)% (1.92+0.01)% (4.87£0.02)%

Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer.

composite scaffolds almost keep the same regardless of the
variation of Cu concentration (Table 1). Besides, the con-
centrations of Cu in scaffolds were also shown in Table 1.

Weight loss of scaffolds in PBS

It also showed the weight loss of different Cu-doped
n-CDHA/MAC composite scaffolds soaked in PBS over
time. The total weight loss of samples increased in PBS
with time, demonstrating that the composite scaffolds
were degradable. Moreover, for different Cu-doped scaf-
folds, it was demonstrated that they showed similar
degradation rate, indicating that Cu in composite had
little influence on scaffolds. Also, the composite scaf-
folds exhibited high degradation rate at the first 4 weeks
with weight loss greater than 8% every week, and then
gradually decreased. At the end of the test, the overall
degradation of material (weight loss) reached almost
63% (Figure 3). During the the whole process, all sam-
ples were gradually degraded and no collapse of sam-
ples were observed visually, indicating the samples

could maintain its strength during degradation and
meet the requirement of mechanical support for bone

regeneration.

Cu release of scaffolds in PBS

Cu release of different scaffolds were obtained. The concen-
trations of Cu in PBS increased with the increase of Cu in the
scaffolds. And it was also found that the contents of Cu
released from scaffolds decreased with time, indicating the
consistent tendency with the weight loss of scaffolds. The
composite scaffolds showed high Cu release at the first 4
weeks and then gradually decreased. After soaking 1,2, 4, 8,
12 and 16 weeks, the concentrations of Cu of 0.5% Cu-doped
n-CDHA/MAC were 1.6 ppm, 1.3 ppm, 1.1 ppm, 0.9 ppm,
0.3 ppm and 0 ppm, respectively. The concentrations of Cu of
1% Cu-doped n-CDHA/MAC were 2.3 ppm, 2.5 ppm, 2.1
ppm, 1.5 ppm, 0.9 ppm and 0.4 ppm, respectively. The
concentrations of Cu of 2% Cu-doped n-CDHA/MAC were
5 ppm, 4.3 ppm, 4.1 ppm, 3.6 ppm, 1.8 ppm and 0.9 ppm,
respectively. And the concentrations of Cu of 5% Cu-doped
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Figure 3 Weight loss of n-CDHA/MAC composite scaffolds with different con-
centration of Cu after immersing in PBS over time.

Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino
acid) copolymer; PBS, phosphatic buffer solution.

n-CDHA/MAC were 11.5 ppm, 11 ppm, 10.5 ppm, 9.6 ppm,
5.9 ppm and 2.2 ppm, respectively (Figure 4). It could be
seen that the release of Cu from the scaffolds into PBS
showed a marked dependence on the weight loss and initial
amount of Cu in the scaffolds.

Cell adhesion and proliferation

SEMs of rBMSCs attached on the surfaces of Cu-doped
n-CDHA/MAC composite scaffolds were performed at 1
and 4 days (Figure 5). It was found that the cells attached
well to the scaffold surfaces and the cells were well spread
on the surfaces of scaffolds after cultivating for 1 days.
Besides, the cells also developed pseudopods, forming
close attachment between the cells and scaffold surfaces.
1% Cu-doped n-CDHA/MAC showed the best cell adhe-
sion with more pseudopods, indicating the best cytocom-
patibility of 1% Cu-doped composite scaffold. At 4 days,
it was shown that cells attached to the composite scaffolds
increased. the cells spread out and formed a cellular layer
with close attachment to the scaffold surfaces. And more

-
[$,]

-& 0.5% Cu-doped n-CDHA/MAC
-4 1% Cu-doped n-CDHA/MAC
2% Cu-doped n-CDHA/MAC
—- 5% Cu-doped n-CDHA/MAC

-
o
1

Concentration of Cu ion (ppm)

5 .
N g
0 5 10 15 20
Time / week

Figure 4 Cu release curve of different Cu-doped n-CDHA/MAC scaffolds in PBS.
Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino
acid) copolymer; PBS, phosphatic buffer solution.

cells could be found attached on 1% Cu-doped composite
scaffold surface. And it was demonstrated that Cu could
promote cell adhesion and enhance the biological proper-
ties of composites.

The CCK8 was conducted to continuously measure the
proliferation of rBMSCs cultured on different Cu-doped scaf-
folds at 1, 4 and 7 days because optimal density (OD) values
could act as a direct indicator for cell proliferation on scaffolds.
A gradually increasing tendency of cell proliferation in a time-
dependent manner was found in each group, although there
was no statistically difference in proliferation rate at 1 day.
After cultivating for 4 days, obvious differences were found in
experimental group compared to control group (P<<0.05,
respectively). The 0%, 0.5% and 1% Cu-doped group showed
superior proliferation to control group, while 2% and 5% Cu-
doped group presented inferior proliferation to control group.
And at 7 days, the differences were still obvious and statisti-
cally significant differences were also found in 0.5%, 1%, 2%
and 5% compared to control group (P<<0.05, respectively)
(Figure 6). For 1% Cu-doped group, the most significant
increase was observed compared to other groups. Also, for
2% and 5% Cu-doped group, it showed a conspicuous decrease
compared to control group, which indicated cytotoxicity to the
rBMSCs. So, these results confirmed the optimal Cu-doped
n-CDHA/MAC to promote cell proliferation was 1% in mass
ratio and when this ratio was more than 2%, it would show
toxic effects to BMSCs.

ALP activity

ALP is a specific indicator of osteogenic differentiation. ALP
activity of rBMSCs cultured on the composite scaffolds was
assessed at 1, 4 and 7 days. The ALP activity increased with
the extension of time for five different composite scaffolds.
Statistically difference was found in 1% Cu-doped group
compared to 0% Cu-doped group after cultivating for 1 day
(P=0.04). Moreover, at 4 days, obvious difference was found
in 1%, 2% and 5% Cu-doped groups compared to 0% Cu-
doped group (P<<0.001, P=0.012 and P=0.001, respec-
tively). And at 7 days, the differences became more obvious
and statistically significant differences were found among
groups (Figure 7). For 1% Cu-doped group, a significant
increase was observed compared to 0% Cu-doped group.
Also, for 2% and 5% Cu-doped group, it showed an obvious
decrease compared to 0% Cu-doped group. All tested scaf-
folds containing Cu ranged from 0% to 1% of n-CDHA/
MAC showed an increased mineralization of the cells, indi-
cating that the scaffolds with proper content of Cu can
stimulate the osteoblastic differentiation of rBMSCs.
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Figure 5 SEM micrographs of rat BMSCs cells attachment on the surfaces of Cu-doped n-CDHA/MAC composite scaffolds after | days (A, C, E, G, I) and 4 days (B, D, F, H, }) of
culture. (A and B), 0% Cu-doped n-CDHA/MAC; (C and D), 0.5% Cu-doped n-CDHA/MAC; (E and F), 1% Cu-doped n-CDHA/MAC; (G and H), 2% Cu-doped n-CDHA/MAC;

(land }), 5% Cu-doped n-CDHA/MAC.
Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer; SEM, scanning electron microscopy; BMSCs, bone marrow stromal cells.

Scaffolds implanted in vivo a large bone cavity for blank group and little osteosclerosis
After obtaining X-ray radiographs of distal part of femurs in ~ formation around the margin in the radiographs of 4-week
which the scaffolds implanted, it was found that there was  post-implantation (Figure 8A), while closely connection
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Figure 6 CCK assay showing the cell growth of rat BMSCs cultured with different
Cu-doped n-CDHA/MAC composite scaffolds at dayl, day 4 and day 7. * means
significant difference between Cu-doped groups and control group (TCP) (p<0.05).
Abbreviations: CCK, cell count kit; BMSCs, bone marrow stromal cells; TCP,
tissue culture plate; n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi
(amino acid) copolymer.
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Figure 7 ALP activity of rat BMSCs cultured on different Cu-doped n-CDHA/MAC
composite scaffolds at day |, day 4 and day 7. * means significant difference between
Cu-doped groups and 0% Cu-doped group (p<0.05).

Abbreviations: ALP, alkaline phosphatase; BMSCs, bone marrow stromal cells;
n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer.

between the scaffold and the new bone formation around the
scaffold in 1% Cu-doped group (Figure 8D). At 8 weeks after
implantation, there were a reduction of the bone cavity and
osteosclerosis formation for the blank group (Figure 8B),
while degradation of the composite scaffold and new bone
formation occupying the cavity for the 1% Cu-doped group
were observed (Figure 8E). At 12 weeks post-implantation,
more osteosclerosis formation and visible boundary of the
osteosclerosis for blank group were observed (Figure 8C),
while the more markedly degradative scaffold was wrapped
by newly regenerated bone completely and no clear bound-
ary was found between bone and scaffold (Figure 8F). The
X-ray scanning of bone after implantation demonstrated the
ability of degradation and osteogenesis of the composite
scaffolds.

H&E staining of 0% and 1% Cu-doped scaffolds implan-
tation in the bone were observed. At 4 weeks after operation,
there were some inflammatory cells in the macropores of the

composite scaffolds and a few new bone formation. Also, it
could be found that more blood vessel formation in 1% Cu-
doped scaffolds (Figure 9A and D). At 8 weeks after surgery,
inflammatory cells disappeared. more newly regenerated
bone tissues were stored in the macropores of scaffolds and
active osteoblasts emerged. The amount of bone matrix
formed in macropores increased markedly. Blood vessels
were found in 0% Cu-doped group, while there was more
visible increase of blood vessels in 1% Cu-doped group
(Figure 9B and E). At 12 weeks after surgery, the macropores
of composite scaffolds were almost completely encapsulated
by newly formed bone. And osteoblast-like cells could be
seen around the bone (Figure 9C and F). At three different
time points, it was found that more new blood vessels for-
mation and bone regeneration in the macropores of 1%
Cu-doped group compared to 0% Cu-doped group.

Discussion

ONFH is a potentially devastating disease characterized by
physiopathologic mechanism of circulation interruption
and progressive osteonecrosis. Currently, there are rare
effective methods to cure the early-stage ONFH and
delay the time performing THA. According to Tan’s
research,?’ ischemia of the femoral head and decreased
differentiation of BMSC are the significant reasons result-
ing in the occurrence and development of ONFH.
However, all of the present methods can’t effectively
repair ONFH and avoid the collapse of joint surface. So,
based on the characteristics of ONFH, Promising compo-
site scaffolds must be equipped with eligible biocompat-
ibility, Three-dimensional porous structure and appropriate
mechanical strength to enhance bone ingrowth and provide
structural support.”*~*° Besides, studies have reported dop-
ing Cu into biomaterials can enhance their original angio-
genesis and osteogenesis properties.’’ So, we combined
the osteogenesis of n-CDHA/MAC and angiogenesis of
Cu to synthesize the novel composite scaffolds. In this
study, the results preliminarily revealed the biosecurity of
Cu-doped n-CDHA/MAC composite scaffolds and the
optimal concentration of Cu to promote angiogenesis and
osteogenesis.

Studies have shown that the composite scaffold with
macropore size at least 100 um and porosity exceeding
70% facilitated cell ingrowth and mineralized bone
regeneration.”> And the compressive strength of cancel-
lous bone of human being was 2-25 MPa. Our results
indicated that the macropores shows uniform diameters,
which were similar to the fundamental requirements.
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Figure 8 X-ray images revealing the repair of bone defects in blank group and 1% Cu-doped n-CDHA/MAC group at postoperative 4, 8, and 12 weeks: (A, B and C) blank
group; (D, E and F) 1% Cu-doped n-CDHA/MAC group. (A and D), 4 weeks; (B and E), 8 weeks; (C and F), 12 weeks. The red arrow represents new bone formation in

bone defect.

Abbreviations: n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer.

Moreover, doping n-CDHA/MAC with different mass
ratio of Cu had little influence on the total porosity and
compressive strength. Obviously, our prepared composite
scaffolds were equipped with porous structure (approxi-
mate 81%) and suitable mechanical strength (approximate
12 MPa), which can be used for defect repair.
Appropriate degradation rate of scaffold and nontoxic
degradation product are important for outstanding scaf-
folds. And it is commonly believed that bioactive scaffolds
placed in vivo with a suitable degradation rate can provide
the space for matrix deposition and bone ingrowth until
osteogenesis was finished.”® In our study, the overall
degradation of the scaffold (weight loss) reached almost
63% at the end of the test. And the porous structure of the
scaffold has a larger surface area in contact with the

immersion solution at the initial immersion, so the degra-
dation rate is faster. During the degradation process, the
amorphous part of the scaffolds degraded earlier than the
crystalline part, and the degradation rate was faster. This is
another factor in the early degradation of scaffolds.
Furthermore, the degradation products include hydroxya-
patite, different amino acids and calcium sulfate, which are
not only nontoxic for the living body, but also can function
as the materials of bone formation.

Cu can enhance angiogenesis and osteogenesis proper-
ties of the scaffolds via slow-release from the biomaterials
with the advantage of low cost, high stability and poten-
tially greater safety.”’ The mechanism is that Cu can
promote the expression of hypoxia-inducing factor-1
(HIF-1) to stimulate the secretion of VEGF, which is
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Figure 9 HE staining of n-CDHA/MAC composite scaffolds (A, B and C) and 1% Cu-doped n-CDHA/MAC composite scaffolds (D, E and F) harvested at postoperative 4,
8, and 12 weeks (magnification 40x). (A and D), 4 weeks; (B and E), 8 weeks; (C and F), 12 weeks. The red arrow represents inflammatory cells. The blue arrow represents

blood vessel. And yellow arrow represents bone matrix in macropores.

Abbreviations: HE, hematoxylin and eosin; n-CDHA/MAC, nano calcium-defcient hydroxyapatite/multi(amino acid) copolymer.

identified as the critical factor having the strongest biolo-
gical action in inducing vascularization.’**! However,
high concentrations of ions can lead to cytotoxicity.*?
And there is no consensus on the threshold for toxic
effects of Cu. From the study of Burghardt,® they
believed that the threshold for toxic effects of Cu on
MSC was 0.5 mM. Bejarano>* doped Cu in silicate bioac-
tive glasses and came to a conclusion that the cytotoxicity
threshold of Cu was 3.0 ppm, while some researcher
reported the effective Cu concentration enhancing vascu-
larization was 1457 ppm.”® And the study has demon-
strated that human umbilical vein endothelial cells
(HUVECs) were stimulated to proliferation, if the Cu
concentration in culture medium was less than 32 ppm.3 >
Possibly, different experimental conditions and different
kinds of cells used in vitro experiments might explain
these results. Besides, the release of metal ions is deter-
mined by the initial dose doped in scaffolds and the
degradation rate of the scaffolds. In our study, the release
of Cu was consistent with the initial dose of Cu and
degradation curve of scaffolds, indicating the initial dose
of Cu and the rate of degradation determined the release
rate. During the degradation process, there was no collapse
of the scaffold observed, so no burst release of Cu was
observed. Noteworthy, the slow and sustained release of
Cu is possibly favourable for tissue engineering
applications.

To investigate the cytocompatibility of the Cu-doped
n-CDHA/MAC scaffolds in vitro, the rBMSCs were

used to cultivate with scaffolds. The cell adhesion was
observed by SEM and the proliferation of cells was
determined with CCK assay at different time points. As
described in literature,>® Adhesion is the first step of
cell-material interaction, which play a key role in cell
functions including proliferation and differentiation. Our
results indicated that 1% Cu-doped n-CDHA/MAC com-
posite scaffold showed better cell adhesion compared to
other groups. Also, further analyses of the survival of
rBMSCs were done by CCK to determine the prolifera-
tion cells cultivated with scaffolds. It concluded that
obviously positive effects on cell proliferation were
observed with the concentration of Cu ranging from 0
to 1%, while more than 2% showed inhibited effects on
cell proliferation compared to control group. Based on
these results, we considered that the optimal concentra-
tion to promote rBMSCs proliferation was 1% of the
scaffolds in mass ratio and the threshold for toxic effects
of Cu on rBMSCs was 2%.

Cu is a vital component of many proteins such as
cytochrome oxidase and superoxide dismutase, which act
as essential roles in cell activity,*® But excess Cu is toxic.
The cytotoxicity of Cu was identified as the production of
free hydroxyl radicals, which could participate in the dis-
ruption of membranes and organelles by inactivating
essential enzymes.®” On the other hand, proper supplemen-
tary of Cu facilitates proliferation of cells on composite
scaffold. Furthermore, Ewald et al has demonstrated that
Cu enhances cell activity and proliferation of osteoblastic
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cells on brushite scaffold.*® And they also indicated that
Cu promoted the expression of several proteins for bone
formation including bone sialoprotein (BSP), which could
stimulates adhesion, migration and survival of cells
in vitro. Therefore, proper content of Cu promote cell
adhesion and proliferation.

ALP, as a marker of osteogenic differentiation of stem
cells, was secreted by osteoblasts.>® So, ALP expression
can reveal the osteogenic differentiation of rBMSCs. In
our study, higher level of ALP expression in 0.5% and 1%
groups were found than in 0%, 2% and 5% groups at 7
days, indicating that the cell differentiation was quicker
after being cultured on the composite with Cu ranging
from 0% to 1% than other groups. Moreover, it was also
demonstrated that a negative cell differentiation on scaf-
folds with Cu ranging from 2% to 5% compare to 0%
group, showing the inhibition effect on cell differentiation
when Cu content was more than 2%. Accordingly, the
n-CDHA/MAC scaffolds with contents of Cu ranging
from 0% to 1% showed superior ALP activity compared
to that with no Cu.

Similarly, superabundant dose of Cu influences
BMSCs differentiation due to the disturbance of cell activ-
ity like what mentioned above. Many scholars has reported
that Cu-doped composites could enhance the bone-related
gene expressions such as ALP, osteopontin (OPN) and
Runx2. 33384941 However, few studies illustrated the rele-
vant mechanism of Cu stimulating osteogenesis. It was
demonstrated that Cu could promote the expression of
HIF-1 and initiate the transcription of hypoxia-related
genes such as VEGF. Then, activation of VEGF receptors
resulted in the expression of genes including Runx2, Bone
Morphogenetic Protein (BMP) and OPN, which are stimu-
lating factors of osteogenesis.*** This might account for
stimulation of cell differentiation.

The in vitro experiments proved that 1% Cu-doped
n-CDHA/MAC promoted the proliferation and differentia-
tion of rBMSCs, indicating a good potential to induce bone
formation. We used an in vivo model to investigate the
degradation property, as well as the osteogenic and angio-
genic capability. The scaffolds with a suitable degradation
rate placed in vivo can provide the space for matrix deposi-
tion and tissue ingrowth until healing was finished.’® The
X-ray imaging of 1% Cu-doped group at 4, 8, 12 weeks
showed the capacity of degradation and osteogenesis com-
pared to blank group, which was similar to the results of the
experiments in vitro. H&E staining of 1% Cu-doped group
showed osteoblast-like cells beading at the interface between

bone and scaffolds, obvious new bone formation and bone
ingrowth into macropores of the scaffolds, together with
more blood vessels formation compared to 0% Cu-doped
group, indicating that Cu in the scaffolds resulted in superior
osteogenesis and angiogenesis.'®82%3% Because deficien-
cies in oxygen and nutrient exchange at the necrotic area
are a major issue due to lack of vascularization. So, adequate
blood supply is the prerequisite for formation of bone and
osteogenesis will vary according to the vascularization of the
site.** Highly expressed factors mentioned above synergisti-
cally recruit stem cells and endothelial cells into bone defects
to enhance vascularization and promote osteogenesis. Thus
biomaterials with proper contents of Cu showed better osteo-
genesis and angiogenesis in vivo than that with no Cu. And
our study came to the analogous conclusion: Cu-doped
n-CDHA/MAC composite scaffolds with the contents of
Cu 1% exhibited outstanding angiogenesis and osteogenesis.

This study has preliminarily demonstrated Cu-doped
n-CDHA/MAC was equipped with properities of osteo-
genesis and angiogenesis. And we will future investigate
the mechanism of osteogenesis and angiogenesis of the
composite scaffolds.

Conclusion

In this study, Cu-doped n-CDHA/MAC composite scaffolds
were prepared. Cu-doped n-CDHA/MAC scaffolds were
degradable and showed satisfactory mechanical property
(approximately 12 MPa). Also, the Cu-doped scaffolds
presented slow and sustained release of Cu and exhibited
remarkable influence on the osteogenesis and angiogenesis.
Compared to no Cu-doped scaffolds, 0.5% and 1% Cu-
doped ones showed stimulation, while 2% and 5% were
demonstrated inhibitation on bone regeneration. And pre-
pared 1% Cu-doped n-CDHA/MAC scaffolds combined
characteristics with optimal osteogenesis capacity. It was
also found that the scaffolds doped Cu ranging from 0% to
1% in mass ratio will promote the proliferation and differ-
entiation of rBMSCs. So, doping n-CDHA/MAC with 1%
Cu is safe and can provide a promising approach for enhan-
cing the capacity to heal of bone defect. This new biome-
dical scaffold with the properities osteogenesis and
angiogenesis might be used to treat ONFH in the future.
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