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hydroxyapatite/chitosan/gelatin (nHA/ pi”::.":,‘é?;i?::"&:;l‘ 3 t e
Cs/Gel) scaffolds, the present study aimed e ) E 2 e
to synthesize a modified nHA/Cs/Gel ‘ - .

biomimetic scaffold with improved features. erniion o

Methods: Pure and copper (Cu)-substituted

nHA was synthesized using the chemical

precipitation method under controlled pH and temperature. Pure and Cu-substituted nHA/Cs/Gel
scaffolds were fabricated by salt-leaching/freeze-drying method. Physicochemical characteristics of
nanoparticles and scaffolds were explored using XRD, FTIR, FE-SEM/EDX, and ICP. Besides, scaffold
mechanical strength, degradation, porosity, swelling, biomineralization, and cytocompatibility were
assessed.

Results: Pure and Cu-substituted nHA were synthesized and characterized with appropriate Cu
substitution and improved physical properties. All scaffolds were highly porous (porosity >98%) and
Cu incorporation reduced porosity from 99.555 + 0.394% to 98.69 + 0.80% while enlarged the pore
size to more than100 um. Cu-substitution improved the scaffold mechanical strength and the best

Porous scaffolds

Characterization tests

result was observed in nHA.Cu5%/Cs/Gel scaffolds by the compressive strength 88.869 + 19.574
MPa. Furthermore, 3% and 5% Cu-substituted nHA enhanced the scaffold structural stability and
supported osteoblast spread, adhesion, survival, mineralization, and proliferation. Moreover, long-
term and sustainable Cu release from scaffolds was observed within 28 days.

Conclusion: Cu-substituted nHA/Cs/Gel scaffolds mimic the porous structure and mechanical
strength of cancellous bone, along with prolonged degradation and Cu release, osteoblast attachment,
viability, calcium deposition, and proliferation. Taken together, our results indicate the upgraded
properties of nHA.Cu5%/Cs/Gel scaffolds for future applications in bone tissue engineering.

Introduction

Bone matrix is mainly composed of hydroxyapatite and
type I collagen as inorganic and organic substances
respectively, along with different kinds of trace elements
such as iron (Fe), strontium (Sr), copper (Cu), zinc (Zn),
potassium (K), and fluor (F).! Critical sized bone defects
caused by trauma, bone tumors, and birth defects are

considered as major challenges in clinics which have
driven researchers to look for efficient treatments.?
The application of autografts and allografts is the most
common strategy to replace the missing bone and upgrade
bone reconstruction. Autografts are known as gold
standard treatments but their usage is restricted due to
limited sources of bone for grafting, long periods of pain
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sufferings, and donor site complications.® Allografts show
faster resorption, increased risk of infection, and weak
mechanical strength.> Due to these drawbacks, synthetic
engineered constructs seem worthy replacements for
damaged bones.

Bone tissue engineering (BTE) isa multidisciplinary field
in which biomaterials, cells, and biomolecules are arranged
to form three dimensional artificial microenvironments
to accelerate bone regeneration. Among a variety of
scaffolding biomaterials, chitosan/gelatin (Cs/Gel) based
scaffolds meet desirable biomimetic hallmarks because
Cs resembles the glycosaminoglycan component of
bone extracellular matrix (ECM); also Gel has integrin-
binding sites to facilitate cellular attachment, growth, and
differentiation.® Cs/Gel scaffolds not only assisted with
pre-osteoblast attachment, viability, and growth but also
stimulated osteogenic differentiation of mesenchymal
stem cells.” Despite advantageous biological features, a
remaining challenge in the application of Cs/Gel scaffolds
is their fragility and weak mechanical strength.®

Calcium phosphate materials are favorable additives
to reinforce such polymer scaffolds among which,
hydroxyapatite (HA) has gained more opportunity
to develop in BTE. Synthetic HA with the chemical
formulation of Ca, (PO,) (OH), owns physical likeness
to bone HA."® HA nanoparticles (nHA) improve both
osteogenic  differentiation of pre-osteoblasts and
osteoinductive properties of polymeric scaffolds.'’ A new
generation of calcium phosphate materials is substituted
nHA, in which trace elements such as magnesium
(Mg), cobalt (Co),” Zn,"* Sr,”* copper (Cu),'® and so
on are incorporated into nHA structure. Substituted
nanomaterials improve physicochemical and biological
properties including bioactivity, biodegradation, and
positive cellular responses.'”!® Cu-substituted calcium
phosphate nanoparticles are of increasing interest because
of their multifunctional features to suppress bacterial
growth and ameliorate osteogenesis, biomineralization,"
and angiogenesis.”

The existing studies have explored Cu incorporation
into calcium phosphate scaffolds and coating?-** while
there is limited research to look for the behavior of Cu into
the highly porous structured calcium phosphate/polymer
composites with prolonged ion release and appropriate
biocompatibility. Besides, no previous study is available
on the fabrication, characterization, and optimization of
Cu-substituted nHA/Cs/Gel composite scaffolds. It is still
not known whether Cu-substituted nHA has positive or
negative effects on functional aspects of Cs/Gel scaffolds
and how the Cu content makes a difference to the scaffold
quality. Thus, the current study aimed at the synthesis
and characterization of highly porous Cu-substituted
nHA/Cs/Gel composite scaffolds, as well as looking
over the effect of different contents of Cu substitution
on physicochemical properties, Cu release behavior, and
cellular responses of scaffolds.

Materials and Methods

Materials

Potassium dihydrogen phosphate (KH,PO,, Cat# 104873),
calcium chloride anhydrous (CaCl, Cat# 102378),
potassium hydroxide (KOH, Cat# 105033), Copper(II)
chloride dihydrate ( CuCl2, Cat# 102733 ), sodium chloride
(NaCl, Cat# 1064060), acetic acid glacial (Cat# 101830),
gelatin for microbiology (Cat# 104070), absolute ethanol
(Cat# 32205), and acetone (Cat# 179124) were obtained
from Merck (Merck Millipore, Darmstadt, Germany).
High molecular weight chitosan (HMWC, Cat# 419419),
N-(3-Dimethylaminopropyl)-N'-ethyl carbodiimide
hydrochloride (EDC, Cat# E7750), phosphate-buffered
saline (PBS, Cat# P4417), dimethyl sulfoxide (DMSO, Cat#
D8418), glutaraldehyde 25% (Cat# G5882), ammonium
hydroxide solution (NH,OH, Cat# 221228), formaldehyde
solution (36.5-38%, Cat# F8775), paraformaldehyde
powder (95%, Cat# 158127), and alizarin red staining
solution (40 mM, Cat# TMS-008) were purchased from
Sigma (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany). Dulbecco's modified eagle medium/nutrient
mixture F-12 (DMEM-F12, Cat# 10565018), fetal bovine
serum (FBS, Cat# 16-000-044), penicillin-streptomycin
(10,000 U/mL) (Cat# 15140122), trypsin/EDTA 0.25%
(Cat#  25200056),  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent (Cat#
M6494), 4',6-diamidino-2-phenylindole (DAPI, D1306),
fluorescein diacetate (FDA, Cat# F1303), and propidium
iodide (PI, Cat# P3566) were acquired from Gibco
(Gibco Invitrogen, Waltham, MA, USA). Osteogenic
differentiation medium (Osteoplus, Cat# BI-1102) was
purchased from Bioidea (Bioidea Company, Tehran,
Iran). Cell culture flasks and plates were obtained from
SPL (SPL Life Sciences Co., Ltd. Gyeonggi, South Korea).
The human osteosarcoma cell line (Saos-2, NCBI Code:
C453) was purchased from the Pasteur Institute of Iran
(Tehran, Iran).

Methods

Synthesis of pure and Cu-substituted nHA

Pure nHA and a series of Cu-substituted nHA (containing
Cu at 3%, 5%, and 7% of HA weight ratios) were
synthesized using a chemical precipitation method
described elsewhere.” Briefly, 0.6 M KH,PO, and 1
M CaCl, were separately dissolved in deionized water
and mixed while stirring at 60°C (Ca/P ratio: 1.67). In
case of Cu-substituted samples, CuCl, (as Cu source) at
concentrations of 2.5, 3.75, and 5 g/L was added to the
stirring solution for 3%, 5%, and 7% samples respectively.
The pH was adjusted at 8.4 by the dropwise addition of
the 1.4 M KOH aqueous solution, meanwhile, the blend
was stirred for 1 hour until precipitates were obtained.
Then, the precipitates were washed with deionized water,
centrifuged at 4000 rpm for 10 minutes, filtered, and dried
at 60°C. Finally, nHA samples were sintered at 700 °C for 1
hour in an electric furnace.
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Synthesis of pure and Cu-substituted nHA/Cs/Gel scaffolds
Pure and Cu-substituted nHA/Cs/Gel scaffolds were
synthesized using the salt leaching/freeze-drying
technique described previously by Jamalpoor et al.** In a
word, Cs/Gel solution was prepared by combining equal
proportions (2% w/v) of HMWCs and Gel powders into
the 1% (v/v) acetic acid solution in deionized water.
Afterward, 1% w/v solutions of pure and Cu-substituted
nHA were provided by suspending nanoparticles into the
1% (v/v) acetic acid solution, added to Cs/Gel solution and
stirred for 12 hours at 40°C. Then, NaCl was added as the
porogenic reagent and the blend was stirred mechanically
for 72 hours. The produced paste was cast into Teflon
molds and air-dried, crosslinked using the 50 mM EDC
solution (48 hours), desalinated by immersing scaffolds
in distilled water, and freeze-dried overnight to get final
porous scaffolds for further investigations.
Characterization of nanoparticles and scaffolds

X-ray diffraction (XRD): The phase composition of
nanoparticles and scaffolds was determined using Equinox
3000 X-ray diffractometer (Inel, Artenay, France),
employing Cu-Ka radiation (A=1.54187 A) at 40 kV and
30 mA at room temperature. Data were obtained at 20
ranged from 15° to 80°A with 0.03 A steps. The Rietveld
refinement analyses of nanoparticles were conducted at
20°< 26 <80° using Match!3 software (Crystal Impact,
Bonn, Germany) to calculate a and ¢ cell unit parameters.
Fourier transforming infrared (FTIR): The chemical
structure of nanoparticles and interactions among
scaffold ingredients were analyzed using the Nexus 670
ThermoNicolet Fourier transform infrared spectrometer
(Thermo Electron Corporation, Gaithersburg, MD, USA).
Spectrum data were collected at the range of 500 to 4000
cm™* with a resolution of 0.1 cm™.

Field emission scanning electron microscopy (FE-SEM)
and energy dispersive X-ray (EDX): The morphology and
size of nanoparticles, and the structure and porosity of
scaffolds were determined by the MIRA3TESCAN-XMU
FE-SEM instrument (TESCAN ORSAY HOLDING,
Brno-Kohoutovice, Czech Republic). Samples were coated
with gold and analyzed at 15kV accelerating voltage. The
identification of Ca, P, O, and Cu elements within samples
was obtained from EDX data.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES): The Cu release from nanoparticles and
scaffolds accomplished by immersing the same weights
of samples into PBS (pH=7.4) in shaking conical tubes
and incubated at 37 ‘C for different time points (n=3).
Then, supernatants were collected, centrifuged, and Cu
concentration was measured by Shimadzu ICPS $7000
(Shimadzu Corporation, Kyoto, Japan) against standard
solutions of 10, 20, 50, and 100 pg/mL.

Mechanical strength: The compressive strength of scaffolds
was tested by the uniaxial Instron-5566 mechanical testing
machine (Instron, Norwood, MA, USA), with a 1-kN load
cell. The samples were prepared with dimensions 7*14

mm, where 7 was the thickness of samples. The cross-
head speed was adjusted to 1 mm/min, and the load was
applied up to a 70% reduction in the initial thickness. The
stress-strain curve was plotted and Young’s modulus was
calculated as the slope of the initial linear part of the curve
(n=3).

Porosity: The porosity of scaffolds was figured using a
common liquid displacement procedure by submersing
scaffolds in absolute ethanol for 30 minutes followed by
surface- drying and weighting (n=3). The porosity of the
scaffolds was calculated using the following equation:

Ww — Wd

Porosity (%) =
00 =

Where W ;: the weight of dry samples before immersion;
Ww: the weight of wet samples; W: the weight of
submersing samples
Water uptake: The water absorption was determined
by immersing scaffolds into distilled water at room
temperature for different time intervals of 1, 2, 4, 6, 24,
and 48 hours (n=3). The water uptake was calculated
using the following equation:

W ateruptake (%) = W, Wy X
Wd

Where Wd: the weight of dry scaffolds, Ww: the weight
of wet scaffolds
Degradation assay: The rate of scaffold weight loss
consequence to immersion into PBS at 37°C was followed-
up over 4 weeks (n=4). The scaffold degradability was
calculated using the following equation:

100

W, -Ww,

Degradation(%) = # x100

0
Where W : scaffold weight before immersion, W : scaffold
weight after immersion

In vitro cellular experiments

Cell culture: Saos-2 cells were cultured in DMEM-F12
medium supplemented with 10% FBS, 100 U/mL
penicillin, 100 pug/mL streptomycin, and incubated at a
humidified atmosphere with 37°C temperature and 5%
CO, pressure The culture medium was refreshed every 3
days until cells reached 70%-80% confluency.

Cell seeding: To inspect the cell- scaffold interaction, cells
were seeded on scaffolds. UV-sterilized scaffolds were
transferred to 24 well cell culture plates. Saos-2 cells
were detached using 0.25% trypsin/EDTA solution and
resuspended at a density of 0.5x10° cell/mL. Then, 50 pL
of cell suspension was slowly dropped on the surface of
the scaffold. Thereafter, 450 uL DMEM-F12, 10% FBS
medium was added to each well, and cell-seeded scaffolds
were incubated at 3°C.

Cellproliferation assay: To investigate whether the materials
released from the scaffold influenced the osteoblast
proliferation, an indirect MTT assay was performed by
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culturing Saos-2 cells in the conditioned medium (CM)
from scaffolds. CM was prepared by immersing 1 mg of
scaffolds into 10 mL of DMEM-F12, 10% FBS culture
medium (final concentration of 100 pg/mL) followed by
incubation and slow shaking at 37°C for 24 hours. Then,
supernatants were collected, transferred into conical
tubes, and kept at 4°C until were used. One, 3, and 7 days
after that the cells were cultured in the CM, the medium
was discarded and 200 pL. MTT solution in PBS (0.5 mg/
mL) was added to each well. The plate was incubated at
37°C for 3 hours. Then, the MTT solution was removed
and 200 pL DMSO was added to dissolve formazan
crystals. The absorbance of samples was measured at
OD = 570 nm using an ELISA microplate reader system
(Biorad, Hercules, CA, USA). Triplicates of samples were
analyzed and cell proliferation was calculated according to
the following equation:

. . D
Cell proliferation (%) = L><100
(0)))

Where OD : the OD of control cell, OD,: the OD of cells
treated with scaffold CM
Cell viability assay: Osteoblast viability was assessed
qualitatively using a live-dead assay based on FDA and
PI staining. For the procedure, Saos-2 cells were cultured
into 48 well culture plates at a density of 1.5x10* cells per
well and incubated in CM for 7 days. The cells cultured
in DMEM-F12, 10% FBS were considered as the control
group. At the end of incubation time, cells were washed
with PBS, stained with FDA (5 mg/mL), and PI (2 mg/mL)
dyes, and incubated for 5 minutes in the dark. After the
staining solution was pulled out, cells were washed with
PBS and subsequently evaluated using Optika fluorescent
microscope (OPTIKA S.r.l., Ponteranica (BG), Italy).

Cell mineralization: The effect of Cu incorporation on
the production of the mineralized matrix by osteoblast
was assessed using the Alizarin Red S staining technique
reported earlier.”® Accordingly, 2.5 x 10° cells were seeded
on scaffolds and cultured in the osteogenic differentiation
medium for 7 days. Saos-2 cells cultured in polystyrene
plates at the same conditions were considered as a 2D
control group. After this time, culture medium was
discarded, the control cells and scaffolds were washed
with PBS and fixed in paraformaldehyde 4% and formalin
10% solutions in PBS respectively. Then, the fixative
solutions were removed and samples were washed in
distilled water and incubated in the alizarin red solution
(40 mM) at room temperature for 45 minutes with gentle
shaking. Afterward, the dye was excluded, specimens
were washed in distilled water several times, and the dye
within scaffolds was extracted by adding acetic acid 10%
followed by shaking incubation at room temperature
for 30 minutes. The extracted dye was collected in 1.5
mL microtubes, vortexed for 60 seconds, and heated
at 85°C for 10 minutes. After being fully cooled on ice,
microtubes were centrifuged at 15000 g for 15 minutes,

the pH of dye solution was adjusted to the range of 4.1-4.5
using ammonium hydroxide 10%, and OD was measured
at 405 nm in a StatFax 2100 ELISA microplate reader
instrument (Awareness Technologies, Ramsey, MI, USA).
Triplicates of specimens were evaluated and Alizarin red
concentration was calculated against standard solutions of
250, 500, 1000, and 2000 pM.

Cell distribution: To visualize the distribution of cells
within scaffolds, DAPI staining was conducted. Three
days after cell seeding on scaffolds, culture media were
removed, scaffolds were washed with PBS twice, 500 uL of
DAPI solution in PBS (300 nM) was added to each well,
and incubated for 5 minutes in the dark. Afterward, the
DAPI solution was removed, scaffolds rinsed with PBS,
and eventually assessed using the fluorescent microscope.
Cell morphology and attachment: To observe the
morphology of cells on scaffolds and cell-scaffold
interaction, SEM analysis was performed. Accordingly, 3
days after cell seeding, scaffolds were washed with PBS and
tixed with 2.5% glutaraldehyde for 24 hours, subsequently
dehydrated using ascending grades of alcohol from 50% to
100%, and freeze-dried. Dried scaffolds were coated with
gold and analyzed by TESCAN VEGA3 SEM (TESCAN
ORSAY HOLDING, Brno-Kohoutovice, Czech Republic)
at 30 kV accelerating voltage.

Statistical analysis

Quantitative data were gathered together in replicates
mentioned previously and reported as mean + SD.
Statistical analyses were accomplished by One-way or
Two-way analysis of variance (ANOVA) followed by
Tukey’s test in GraphPad Prism 7 software (GraphPad
Software, San Diego, CA, USA) and significance levels
were indicated with letters a, b, and ¢ (a: P value < 0.05, b:
Pvalue < 0.01 and c: P value < 0.0001).

Results

XRD

XRD data of samples are shown in Fig. 1 (A, B). XRD
patterns of nanoparticles showed a single phase of HA
matching with that of JCPDS n0.09-0432. Characteristic
peaks of nHA and Cu-substituted samples (asterisks)
were detected at 26 values: 23.1°, 26.1°, 32.2°, 33.1°,
34.4°, 40.1°, 47.1°, and 49.9°. No impurities of the CuO
or CaO phase were found within nanoparticles (Fig.
1A). Evaluating lattice parameters manifested that Cu
substitution imposed changes on a and ¢ unit parameters
of nHA (Table 1). a parameter increased in all samples
while ¢ parameters decreased in nHA.Cu3% and nHA.
Cu5%. In addition to the presence of nHA within scaffolds
(asterisks), chitosan and gelatin share the same broad peak
at 26 = 20 ° (black circle), which was detected in the XRD
spectrum of all scaffolds (Fig. 1B).

FTIR
FTIR patterns of nanoparticles and scaffolds are presented
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Fig. 1. XRD spectra of pure and Cu-substituted nanoparticles and scaffolds. (A) the characteristic peaks of nHA were detected in all groups (asterisks) with
no impurities.( B): the nHA (asterisks) and Cs/Gel (black circles) peaks were identified in scaffolds.

in Fig. 2A and 2B. Typical bonds of nHA were found
within all nanoparticles with no CuO stretch (771-778
cm™) in Cu-substituted samples. Characteristic peaks
included 563-565 cm™: bending of PO,* groups, 629-633
cm™: the liberation of structural OH" groups; 976-980
cm™ and 1030-1039 cm™: PO,* groups; 1088-1093 cm™:
asymmetric stretching of PO, groups; 1456-1468 cm™:
asymmetric stretching of CO,* groups; 2924-2927 cm
': bending of PO groups; 3400-3498 cm™: stretching
vibrations of OH™ bonds belonging to adsorbed H,O
molecules; 3570-3572 cm™: stretching vibrations of OH-
groups within nHA structure (Fig. 2A). Analyzing the
FTIR spectra of composite scaffolds verified the presence
of bonds related to HA, Cs, Gel, and the chemical bonds
between. HA peaks are around 565 cm™, 1034 cm™, and
1093 cm noted earlier. Cs significant peaks indicated
the polysaccharide content (2873 cm™: C-H asymmetric
stretching and 2926 cm™: C-H symmetric stretching),
N-acetyl functional groups (1345 cm™: C-N stretching of
amide III, 1552 cm™: N-H deformation of amide II, and

Table 1. Cell unit parameters of pure and Cu substituted nHA samples

Sample nHA nHA.Cu3% nHA.Cu5% nHA.Cu7%
acellunit  9.41631 9.43948 9.43754 9.42278
c cell unit 6.8608  6.8524 6.83763 6.86401

Cell unit parameters obtained from Rietveld refinement of XRD data
showed that Cu substitution increased a parameter while decreased c
parameter.

(A)
nHA.Cu7

SV
A
N
W

0 1000

nHA.Cu5%

nHA.Cu3%

nHA

Intensity (a.u.)

2000 3000 4000 5000

Wavelength (cm-')

B)

1639-1643 cm™: C=0 stretching of amide I). Moreover, a
small peak of asymmetric stretching of the C-O-C group
and a sharp one of N-H deformation of the primary amine
group were detected. Gelatin peaks were observed at 1236
cm™: C-H stretching and N-H bending of amide IIT and
1448 cm™: COO groups. Moreover, additional peaks
were found in association with the formation of chemical
bonds between scaffold components and the cross-linking
substance (EDC). Intense peaks at 1552 cm™ and 1639
cm’! pointed to the Cs/EDC and Gel/EDC interactions
respectively. A weak peak at 1321 cm™ represented the
bond between COO groups of Gel with Ca ions of the
nHA. There might be a weak peak of the interaction of Cu
ions with chitosan and Gel at 1260 cm™ overlapped with
stronger peaks of Gel and nHA-Gel (Fig. 2B).

FE-SEM and EDX

The morphological assessment of nanoparticles and
scaffolds is presented in Figs. 3 and 4 respectively. The
appearance of the bulk mass of pure and Cu-substituted
nHA particles was agglomerated and the highest
agglomeration was observed in nHA.Cu7% particles.
Because of dense aggregated clusters, it was difficult
to evaluate the morphology of nanoparticles precisely;
however, single nanoparticles detected in the view field
(yellow arrows) had spherical morphologies in nanometric
scales (Fig. 3A-D). FE-SEM micrographs of scaffolds (Fig.
4A-D) atthe scale of | mm showed thatalarge volume of the

nHA.Cu7%/Cs/Gel
W nHA.Cu5%/Cs/Gel
W nHA.Cu3%/Cs/Gel
S nHA/Cs/Gel
2
2 /
8 GelnHAbond /'
= Cs cross- linking  Gel cross- linking

0 1000 2000 3000 4000

Wavelength (cm')

Fig. 2. FTIR spectra of pure and Cu-substituted nanoparticles and scaffolds. (A) determinant peaks of HA were detected in all nanoparticles without impure
bonds. (B) the presence of nHA, Cs, and Gel were verified in the FTIR spectra of scaffolds. Moreover, chemical bonds were found between Cs/ cross-linker
and Gel/ cross-linker (1552 cm™ and 1639 cm™ respectively) and Gel/nHA (1321 cm™).
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Fig. 3. FE-SEM illustrations of pure and Cu-substituted nHA. FE-SEM observations demonstrated nanoparticle agglomeration. The nanoparticles were
morphologically similar to spheres; their size was distributed in a range of less than 100 nm (single nanoparticles are shown with yellow arrows).(1321 cm-).

Fig. 4. FE-SEM micrographs of pure and Cu-substituted nHA/Cs/Gel scaffolds Monitoring the scaffolds by FE-SEM verified the microscopic spongy and highly
porous architecture in which pores were connected to make an interconnected 3-dimensional network. The micropores were found in a variety of sizes mainly

<100 pym for nHA/Cs/Gel scaffolds and >100 um for Cu incorporated scaffolds.

scaffold was occupied by pores homogenously distributed
throughout the construct. The visualization of samples at
the 200 pm scale displayed the pore interconnectivity and
the increment of pore size in Cu incorporated scaffolds.
A more view of scaffolds at 100 um implied that pores
provide enlarged smooth walls to cellular attachment and
the pore sizes of nHA/Cs/Gel scaffolds were less than 100
um compared with Cu containing ones recognized with
greater than 100 um pores. EDX analyses expressed the
existence of Ca, P, O, Cuand C, N, Ca, P, O, Cu elements

within nanoparticles and scaffolds respectively (Fig. SIA
and S1B, see Supplementary file 1).

ICP

The Cu release from nanoparticles and scaffolds are
presented in Fig. 5 (A, B) and Table 2. Overall, both
nanoparticles and scaffolds follow a sustained release at the
time points of 21 and 28 days respectively. All nanoparticles
displayed a rapid release in the first week among which
nHA.Cu7% release was significantly higher than others
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Fig. 5. The Cu release from nHA particles and nHA/Cs/Gel scaffolds. The analysis of Cu release from nanoparticles and scaffolds in different time intervals
evidenced the sustained Cu release starting with the initial rapid release in the first week. (A) Dropping Cu release was remarked in nHA.Cu3% and nHA.
Cu7% after 14 and 7 days respectively but nHA.Cu5% sample held on to slowly enhanced release. Significant levels of ion release indicated by letters were
observed in nHA.Cu7% (days 3 and 7) and all groups (days 10-21) (c: P value <0.001); (B) Scaffolds made a peak release of Cu ions from days 7 to 10
followed by gradually declined release. Significant differences were tracked in all groups (day 7) and nHA.Cu5% (days 3, 10 and 14) (c: P value <0.001).

(c: P value<0.001). Investigating Cu release showed that
each of the samples exhibited a different release pattern:
nHA.Cu3% and nHA.Cu5% shared a similar behavior up
to 14 days characterized by gradually increased Cu release.
Since then, Cu release from nHA.Cu3% started dropping
while nHA.Cu5% kept the earlier pattern until 21 days. In
the case of nHA.Cu7% samples, a rapid increment in the
first week, a dropped level in the second week, and a stable
release in the third week were recorded. Significantly
different release among all samples was reported from
day 10 to the end (c: P value<0.001) (Fig. 5A). Despite
nanoparticles, all scaffolds denoted a matching pattern of
ion release depicted by increased release in the interval of
7-10 days followed by slowly declined to release up to 28
days. nHA.Cu5%/Cs/Gel scaffolds had a higher release on
days 3, 10, 14, and different release was observed among
all groups on day 7 (c: P value<0.001) (Fig. 5B).

Mechanical strength

The Youngs modulus and compressive strength data
of pure and Cu-substituted nHA/Cs/Gel scaffolds are
attended in Fig. 6 (A, B) and Table 3. Data explained
that Young’s modulus and compressive strength of Cu
containing scaffolds were higher than the pure scaffold.

However, significant differences were remarked among
Yong’s modulus of all groups (c: P value <0.001). nHA.
Cu5%/Cs/Gel scaffolds had the greatest values of Yong’s
modulus and compressive strength.

Porosity

The data obtained from the liquid displacement technique
in Fig. 7A confirmed that all samples were highly porous
(porosity > 98%). The porosity values of pure nHA,
nHA.Cu3%, nHA.Cu5%, and nHA.Cu7% incorporated
scaffolds are 99.555 + 0.394%, 99.182 + 0.185%, 99.245 +
0.23%, and 98.69 + 0.80% respectively. Cu incorporation
caused the decreased porosity associating with the amount
of Cu incorporated into nHA (no significant difference).

Water uptake

Evaluating the swelling potential of scaffolds showed that
all groups had a strong potential to absorb water over
48 hours of assessment (Fig. 7B). Significant differences
in water uptake were registered among all groups at all
times (c: P value<0.001) except nHA.Cu3% and nHA.
Cu5% containing scaffolds at 6 hours. Data inferred
that water uptake was significantly reduced following
Cu incorporation. The most water absorption for pure

Table 2. Cu concentration of nanoparticles and scaffolds over 21 and 28 days of assessment

Cu concentration (x 10?2 ug.mL) (mean * SD)

Time Nanoparticles Scaffolds
nHA.Cu3% nHA.Cu5% nHA.Cu7% nHA.Cu3%.Cs.Gel nHA.Cu5%.Cs.Gel nHA.Cu7%.Cs.Gel

Day 3 36.26 £ 0.176 37.23£0.306 72.31+£097 3.84 £0.07 5.78 £0.148 3.79£0.125
Day 7 86.48 +0.701 87.3+0.200 118.02 £ 0.475 7.07 £0.131 9.955 +0.09 6.56 + 0.245
Day 10 91.31+0.412 93.956 + 0.649 76.56 +0.3 7.08 +0.151 8.12+0.181 6.77 £ 0.161
Day 14 98.45 +0.180 100.163 +0.207 54.6 +0.297 5.08 +0.104 4.35+0.264 4.88+0.177
Day 17 95.91+0.177 103.186 + 0.260 54.51+£0.151 2.62+0.172 2.306 £0.211 2.516+0.121
Day 21 93.9 £ 0.608 108.486 +0.727 53.96 £ 0.091 1.2+0.16 0.96 £0.121 0.925 +0.009
Day 25 - - - 0.49 £ 0.062 0.47 £0.032 0.476 +0.091
Day 28 - - - 0 0 0
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Table 3. Young’s modulus and compressive strength values of pure and Cu- substituted nHA/Cs/Gel scaffolds

Sample nHA/Cs/Gel

nHA.Cu3%/Cs/Gel

nHA.Cu5%/Cs/Gel nHA.Cu7%/Cs/Gel

Young’s modulus (MPa) 1.009 + 0.0026

Compressive strength (MPa) 78.155+11.99

1.282 +0.0107
84.923 +15.173

1.325+0.0121 1.033 £0.022

88.869 + 19.574 77.577 £5.253

nHA, nHA.Cu5% and nHA.Cu7% containing scaffolds
was recorded following 24 hours whereas that of nHA.
Cu3% containing samples was one hour. nHA.Cu5%/
Cs/Gel scaffolds hold a better water uptake potency in
comparison to nHA.Cu3% and nHA.Cu7% ones.

Degradation

The weight loss ratio of scaffolds following the immersion
into PBS solution is depicted in Fig. 8A, data revealed
that all groups exhibited proper degradation by 38.94 +
4.54% for nHA/Cs/Gel, 21.44 + 4.23% for nHA.Cu3%/
Cs/Gel, 32.7 + 3.8% for nHA.Cu35%/Cs/Gel, and 40 +
1.95% for nHA.Cu7%/Cs/Gel scaffolds over 28 days.
The degradation of Cu3% and Cu5%-substituted nHA
incorporated scaffolds was lower than pure nHA samples
at all periods. A significantly diminished degradation rate
was observed in nHA.Cu3%/Cs/Gel scaffolds on day 28
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(day 28, c¢: P value <0.001). However, nHA.Cu7%/Cs/
Gel scaffolds appeared the reverse event by significantly
increased degradation rate on all periods (c: P value
<0.001, a: P value < 0.05, n: non-significant).

Cell mineralization

The qualitative and quantitative data of the Alizarin Red
S staining method in Fig. 8 (B, C) demonstrated that
both pure and Cu-substituted nHA/Cs/Gel scaffolds
remarkably enhanced the mineralization of Saos-2 cells
cultured in osteogenic differentiation medium within
7 days compared to those cultured in 2D culture plates.
Cu-substituted nHA incorporated scaffolds displayed
more calcium deposition than pure ones among which,
nHA.Cu5%/Cs/Gel samples were notably different (c: P
value <0.001). The descending order of mineralization
was as follows: nHA.Cu5%/Cs/Gel (1216.75 + 78.5 uM)

Il nHA/Cs/Gel

I nHA.Cu3%/Cs/Gel

Bl nHA.Cu5%/Cs/Gel
nHA.Cu7%/Cs/Gel

Fig. 6. Young’s modulus and compressive strength of pure and Cu-substituted nHA/Cs/Gel scaffolds. (A) Young’s moduli of Cu containing scaffolds were
significantly higher than nHA/Cs/Gel scaffold (c: P value<0.001). There were significant differences among all groups (c: P value<0.001) and nHA.Cu5%/Cs/
Gel scaffold owned the highest Young’s modulus. (B) the compressive strength values of Cu incorporated scaffolds were greater than nHA/Cs/Gel samples
among which, nHA.Cu5%/Cs/Gel scaffold possessed the greatest one (no significant difference).
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9
100 = Y
®
g 5
> 5
S 40 2
(o}
a 20
0

Y
~Z*°\§

Hl nHA/Cs/Gel

Cc 0 nHA.Cu3%/Cs/Gel

Bl nHA.Cu5%/Cs/Gel
nHA.Cu7%/Cs/Gel

*
Vv
Q‘o\)&

\)“b(

\2\0 \2\0&

Time

Fig. 7. The porosity and water uptake of pure and Cu- substituted nHA/Cs/Gel scaffolds. (A) the porosity assessment denoted that all groups were highly
porous (> 98%). The porosity of Cu incorporated scaffolds was lower vs nHA/Cs/Gel ones (no significant difference). (B) water uptake data referred to the
intense capacity of scaffolds to uptake water and swell. Cu incorporated scaffolds showed a considerably decreased water uptake in contrast to Cu-free
scaffolds at all times (c: P value<0.001). There was no significant difference in the water uptake potential of N(HA.Cu3%/Cs/Gel and nHA.Cu7%/Cs/Gel groups

at 6 hours (n: non-significant).
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Fig. 8. The degradability and osteoblast mineralization of pure and Cu- substituted nHA/Cs/Gel scaffolds. (A) the degradation rate of scaffolds was assessed
in 28 days by immersing scaffolds into PBS solution (pH = 7.4, 37°C). Data revealed that scaffolds containing nHA.Cu3% and nHA.Cu5% concerned lower
degradation rates in comparison to nHA/Cs/Gel scaffolds while nHA.Cu7% had a higher degradability (c: Pvalue<0.001, b: P value<0.01, a: Pvalue<0.05, n:
non-significant). (B) and (C) the quantitative analysis of alizarin red staining following the culture of osteoblasts on scaffolds over 7 days showed that both
pure and Cu-substituted nHA/Cs/Gel scaffolds increased the osteoblast mineralization compared to those cultured on polystyrene plates (c: Pvalue<0.001,
b: Pvalue<0.01). Cu incorporated scaffolds displayed higher mineralization in comparison with pure nHA/Cs/Gel scaffolds. The most increased osteoblast
mineralization was observed in Cu5% containing scaffolds and there were significant differences between all groups but nHA/Cs/Gel with nHA.Cu3% /Cs/

Gel and nHA.Cu7% /Cs/Gel groups.

> nHA.Cu3%/Cs/Gel (692.23 + 49.12 uM) > nHA.Cu7%/
Cs/Gel (653.63 £ 51.13 pM) > pure nHA/Cs/Gel (615.03
+ 47.8 uM) > 2D culture (369.8 + 34.3 uM). There were
no significant differences among pure, Cu3%, and Cu7%
-substituted nHA/Cs/Gel experimental groups (c: P value
<0.001, b: P value <0.01).

Cell proliferation

Fig. 9A represents the effect of scaffold CM on Saos-2
osteoblast proliferation measured by MTT assay. The
data showed that CM from nHA.Cu3% and nHA.Cu5%
scaffolds positively influenced cell proliferation by 114.54
+12.15% and 117.28 + 16% on day 1 while pure and nHA.
Cu7% samples declined it by 93.72 + 9.66% and 8.47 +
10.2% respectively (b: P value <0.01, a: P value <0.05). On
day 3, the cell proliferation of experimental groups was
enhanced (129.8 + 8.1% for nHA/Cs/Gel, 116.55 + 13.5%
for nHA.Cu3%/Cs/Gel, 116 + 13% for nHA.Cu5%/Cs/Gel,
112.4 £ 2/6% for nHA.Cu7%/Cs/Gel) but the significant
increase was only observed in nHA/Cs/Gel CM (a: P
value <0.05). On day 7, CM from nHA/Cs/Gel, Cu3%/Cs/
Gel, and nHA.Cu5%/Cs/Gel scaffolds notably promoted
osteoblast proliferation in the order already mentioned by
159.3 £ 16%, 134.6 + 4.2%, and 127.4 + 12.94% (c: P value
<0.001, b: P value <0.01) whereas that of nHA.Cu7%/Cs/
Gel scaffolds remarkably reduced to 68.32 + 5.65% (c: P
value <0.001).

Cell viability
The live dead staining data are shown in Fig. 9B. FDA/PI

live-dead assay was utilized to explore the cytotoxic effect
of Cu content on Saos-2 cell viability. Living cells uptake
non-fluorescent FDA dye and convert it into fluorescent
green fluorescein. Instead, the nuclei of dead cells are
stained with PI in red color. Illustrations announced
that large proportions of cells were alive and high
concentrations (100 pg/mL) of pure and Cu-substituted
nHA/Cs/Gel scaffolds CM did not induce toxic effects on
Saos-2 osteoblasts and supported cell survival over 7 days
of culture.

Cell distribution

The images from DAPI staining in Fig. 10A displayed that
cells successfully attached to the scaffolds, penetrated, and
distributed into the scaffolds within 3 days after being
seeded on the surface of scaffolds. It is noteworthy that
DAPI-stained cells look sharper attached to the superficial
surfaces while others did to the deeper parts. In some
regions, scaffold was stained with DAPI appearing as blue
stains in the image background (yellow arrow).

Cell morphology

SEM micrographs 3 days after osteoblasts were cultured on
scaffolds in Fig. 10B showed that scaffolds had appropriate
structural stability in the biological fluid, cells successfully
attached to the pore wall and expanded their cytoplasmic
projections known as filopodia (yellow arrows) indicating
approving scaffold cytocompatibility. Fig. 10C showed the
morphological appearance of FDI/PI stained Saos-2 cells
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nHA/Cs/Gel

200um
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Il nHA.Cu3%/Cs/Gel scaffold
nHA.Cu5%/Cs/Gel scaffold
Il nHA.Cu7%/Cs/Gel scaffold

200um

Fig. 9. The effect of pure and Cu- substituted nHA/Cs/Gel scaffold conditioned media (CM) on Saos-2 osteoblast proliferation and viability. (A) MTT results
illustrated that CM from nHA.Cu3%/Cs/Gel and nHA.Cu5%/Cs/Gel scaffolds significantly affected osteoblast proliferation on days 1 (b P value <0.01, a: P
value < 0.05), and 3 (for nHA.Cu3%/Cs/Gel scaffold, a: P value < 0.05). A positive correlation was found between osteoblast growth and scaffolds but nHA.
Cu7%/Cs/Gel scaffolds (c: Pvalue < 0.001, b Pvalue <0.01, a: P value < 0.05). (B) the live dead staining on day 7 exhibited a high number of live cells (green)
vs dead ones (red) indicating desirable osteoblast viability exposed to scaffold CM.

(A) nHA/Cs/Gel

Scaffold,

(B)

(©

nHA.Cu3%/Cs/Gel

nHA.Cu5%/Cs/Gel nHA.Cu7%/Cs/Gel

Fig. 10. The distribution and morphology of Saos-2 osteoblasts within pure and Cu- substituted nHA/Cs/Gel scaffolds. (A) DAPI staining images presented the
spread of osteoblasts within scaffolds. Cells that reside in regions near the surface of the scaffold seemed sharper while those distributed into deeper parts
were blurred. The stained scaffolds were observable in the background (yellow arrow). (B) SEM images of cells seeded on scaffolds after 3 days showed that
cells were able to attach to the scaffold pore walls, extend filopodia (yellow arrows) reflecting scaffold cytocompatibility.

cultured on polystyrene plates treated with scaffold CM
for 7 days (data are the same described in Fig. 9B).

Discussion

Recently, developing a new generation of porous chitosan-
based composite scaffolds with the potency of sustained
ion release and ameliorated physicochemical properties
have attracted more attention.” Copper, an essential
trace element of bone matrix, improves the angiogenic
and osteogenic properties of BTE scaffolds. However,
the fabrication of scaffolds with optimized content of Cu

considers demanding issues to discuss.” We previously
reported the synthesis of the nHA/Cs/Gel composite
scaffold with optimized Cs/Gel ratios. * In the present
study, we first focused on the Cu substitution into HA
nanoparticles at different weight ratios, and in the next
step, we compared the effect of Cu incorporation on the
physico/chemical characteristics of HA/Cs/Gel composite
scaffolds and the corresponding biological responses of
osteoblasts.

Structural analyses of pure and Cu- substituted HA
nanoparticles by XRD were in agreement with JCPDS
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n0.09-0432 indicating a single phase of hydroxyapatite
with lattice parameters close to previous reports (Table
1).” Cu incorporation was found to expand a, and decline
c parameters. The decreased a parameter could be referred
to as Cu substitution for Ca ions; the lower ionic radius
of Cu ions (0.73 A versus 0.99 A of calcium ions) leads a
parameter to reduce.’®*! Increased cell unit parameters are
justifiable in consideration of enhanced content of lattice
H,0O confirmed with FTIR peaks at 3570-3572 cm™.*> At a
higher level of Cu incorporation (7% wt), dehydroxylation
of materials might lead to a small decrease in a parameter
expansion.”® XRD spectra demonstrated the existence
of nHA, Cs, and Gel components within scaffolds. Little
amounts of CO, found in FTIR patterns of nanoparticles
(1456-1468 cm™) form due to the interaction of CO,
molecules in the air with Ca and Cu ions located on the
surface of apatite crystals.*® FTIR peaks at 1552 cm™ and
1639 cm™ definite that new bonds were formed following
the interaction of Cs and Gel with the cross-linking
reagent (EDC).** EDC molecules activate the carboxylic
acid functional groups of Gel structure to subsequently
interact with amine groups of Cs.*® A peak at 1321 cm!
reflects the chemical bond between carboxylic groups
of gelatin with Ca ions of nHA, rising the mechanical
strength of the scaffold.*

It can be seen from FE-SEM images that nanoparticles
are agglomerated at the dry state and the degree of
agglomeration increases with Cu incorporation. Although
it is difficult to measure nanoparticles size and shape by
FE-SEM because of high agglomeration, it is suggested
that the increased nanoparticle aggregation could be due
to the decreased size of nanoparticles as a function of Cu
substitution.'® It is interpreted from observations that there
are no notable differences in the shape of nanoparticles in
various groups. Single nanoparticles appear in spherical
shapes with sizes less than 100 nm. Nanospheres and
nanorods are less cytotoxic compared to other forms of
nHAY and ameliorate the MC3T3-E1 osteoblast growth.*
The observational assessments reveal that scaffolds are
highly porous involving an interconnected network
of micropores in which pores are found in a range of
micrometer scales. Cu-substituted nHA incorporated
scaffolds have greater pores compared to pure nHA
incorporated ones mainly more than 100 pum in size.
Copper ions have smaller ionic radii and consequently
larger charge density than calcium ijons leading to the
formation of stronger ionic interactions between copper
ions and carboxyl groups of other scaffold components.
These interactions are impressive in giving rise to larger
pore sizes.* The scaffold porosity is a determining factor
in cell migration, proliferation, and vascularization and
the pore size of 100-200 um provides appropriate space
for bone ingrowth.*

EDX data showed the elemental composition of samples
and confirmed the presence of Ca, P, and Cu ions (Fig. 6).
The Ca/P atomic ratio of nHA was close to the theoretical

values of stoichiometric nHA (1.67) and natural bone
(1.75) reflecting the biomimetic nature of synthesized
nanoparticles.* Furthermore, incorporating Cu into nHA
gives rise to the decreased ratio of Ca/P, which could be
attributed to calcium deficiency and substitution of Cu
ions for Ca ions.* ICP data approve the moderate release
of Cu ions from nanoparticles and scaffolds for 21 and
28 days respectively. Long term Cu release may favor
the improvement of osteogenesis and angiogenesis.”
Our findings infer that the more Cu concentration in
the curation solution, the more initial Cu release from
substituted nanoparticles is observed. Those groups
containing lower amounts of Cu (3% and 5% Cu) follow
a more stable release within 21 days. In contrast, The Cu
release from scaffolds takes place independently from
the initial Cu concentration. For example, as described
in Table 2, the highest Cu release from nHA.Cu3%/Cs/
Gel and nHA.Cu5%/Cs/Gel scaffolds were 7/08 + 0.151
x 107 pug/mL (day 10) and 9/955 £ 0.09 x 10 pug/mL (day
7) respectively while that of nHA.Cu7%/Cs/Gel scaffolds
was 6/77 £0.161 x 10* ug/mL on day 10. The contradicted
data of nanoparticles and scaffolds could rely on the
availability of Cu ions in nanoparticles that easily exchange
with PBS while those of scaffolds are trapped within
the scaffold by interactions with other components.*
Mechanical strength is a crucial aspect of BTE scaffolds
and constructs with suitable compressive strength endow
osteoconductive and osteoinductive features mediated
by osteoblast mechanotransduction.”” Mechanical test
data point to the enhanced mechanical strength of Cu-
substituted nHA/Cs/Gel scaffolds. Cu incorporation
approaches the mechanical strength of scaffolds to that of
trabecular bone (100-150 MPa).* The highest mechanical
strength was observed in the Cu5% group but the Cu7%
group had a reduced compressive strength. This data was
in agreement with that reported by Ai et al. reasoned
that higher Cu contents prevent the nHA crystallization
and crystal growth, thereby diminishing the scaffold
compressive strength.*”

The diminished degradability is expected as reported
earlier* and is in agreement with mechanical test results
in which the weight loss of Cu3% and Cu5% containing
scaffolds are lower than pure and Cu7% incorporated
specimens. From the obtained results, it is inferred that
there is a reverse correlation between scaffold structural
stability and degradation. Cu incorporation is supposed
to stabilize the nHA chemical bond with Gel at 3% and
5% contents characterized by FTIR. In the case of nHA.
Cu7%/Cs/Gel scaffolds, it seems that large pore size
creates a large surface area® that in conjugation with lower
mechanical strength accelerates the degradation rate. The
porosity of Cu containing scaffolds is lower than that of
pure samples followed by the decreased water uptake.
Although the water uptake potential of scaffolds decreased
with Cu incorporation, all experimental groups showed
excellent water uptake more than 200% appropriate to

Biolmpacts, 2021, 11(5), x-x [ 11



Bozorgi et al

bone regeneration.*® nHA.Cu5%/Cs/Gel scaffolds show a
better swelling ratio due to the higher porosity and strong
interactions of Cu ions with hydrophilic functional groups
of scaffold components. Radwan-Pragtowska et al implied
that the interaction of water molecules with hydrophilic
free functional groups causes scaffold pores to reduce.”
We hypothesized that the greater pore size, as well as the
more compact structure of Cu incorporated scaffolds due
to stronger interactions of nHA and Gel, are decisive to
reduced porosity and water uptake respectively.

As well, we investigated the osteoblast response to
materials released from scaffolds into the culture medium.
To coordinate the Cu release data with those of the MTT
assay, we used the same amounts of scaffolds that were
assessed for Cu release. Therefore, we conclude that the
conditioned medium of 100 pg/mL of HA and the Cu3%
and Cu5%- substituted samples strongly upgrade the
proliferation of Saos-2 cells on days 3 and 7 in comparison
with the control group, a result by a study showing the
stimulatory effect of brushite, a precursor of HA on
MG63 cells activity and proliferation.”> The suggested
mechanism by which Cu ions trigger cell proliferation
is related to the activation of Atox1.”* Furthermore, we
negotiate that scaffolds bearing Cu ions harm osteoblast
growth compared to pure nHA/Cs/Gel scaffolds. Previous
studies intimate that Cu ions have both proliferative and
anti-proliferative effects in a time and dose-dependent
manner** and our finding was along with that reported
by Yang et al, evidenced the lower Cu release the more
reduced pre-osteoblast proliferation is observed.”
We compared the cell proliferation data with Cu ion
release from scaffolds and found that osteoblast growth
is directly dependent on the Cu ion concentration.
Though the antiproliferative mechanism of Cu ions at
low concentrations has not been well discussed, dropping
levels of Cu ions might induce oxidative stress and reduced
superoxide dismutase activity.* To expand our knowledge
of the challenging information on the toxic effect of
Cu ions,* %7 we performed live-dead staining to detect
whether Cu ions induce cytotoxicity. FDA/PI staining
images show higher numbers of both viable and dead
cells compared to the control group in scaffold groups,
reflecting the negligible toxic nature of scaffolds. Our
results confirmed the higher levels of mineral deposition
in 3D scaffolds when compared with osteoblasts cultured
in 2D polystyrene plates. nHA was previously found to
enhance the calcium and protein adsorption potential
of Cs/Gel composite networks.”® Moreover, nHA refines
the production of osteocalcin by osteoblasts coupled with
enhanced mineralized matrix secretion.” Cu incorporated
scaffolds showed higher calcium deposition of osteoblasts
than Cu-free samples, data were in coordination with
previous reports.®* © We perceived that osteoblast
mineralization was directly correlated to the released
Cu ions, not the initial amount of Cu incorporated
into scaffolds. The Cu release from nHA.Cu5%/Cs/Gel

Research Highlights

What is the current knowledge?

v nHA/Cs/Gel scaffolds are considered as a widely used
composite scaffold for BTE applications.

v Low concentrations of Cu upgrade the structural pore size,
mechanical strength, osteoblast viability, proliferation, and
mineralization of nHA/Cs/Gel scaffolds.

What is new here?

v Cu-substituted nHA incorporated Cs/Gel composite
scaffolds provide highly porous 3D constructs with promising
physicochemical properties, mechanical strength, sustained
Cu release, and osteoblast attachment, proliferation, and
mineralization. However, higher concentrations of Cu ions
imped scaffold physicochemical properties and cellular
response.

scaffold was strongly higher than that in other groups
(9/955 + 0.09 x 10-*ug/mL). Cu ions drive osteoblasts
to produce the mineralized matrix as a result of collagen
synthesis. © The highly porous scaffolding architecture
and appropriate pore size mimic the microstructure of
spongy bone that permits the uniform distribution of cells
within the scaffold,®* the attachment of cells to the pore
walls, followed by expansion and proliferation.

Conclusion

In the current study, we designed a two-step experiment
for synthesis and qualification of highly porous pure and
Cu-substituted nHA/Cs/Gel scaffolds using a simple salt
leaching/ freeze-drying method. Further investigation
demonstrated that different components of scaffolds
interact with each other to make a three-dimensional
network of interconnected micropores. Cu- incorporated
scaffolds have the potential to release Cu ions over a long
term period along with improved mechanical strength,
microstructure, pore size, and degradation behavior in
vitro. Moreover, they provide an appropriate environment
to support osteoblast homogenous spread, survival,
attachment, proliferation, and mineralized matrix
production. However, the Cu content is an impressive
parameter to determine the physico/chemical and
biological aspects of scaffolds. In summary, we assume
that nHA.Cu5%/Cs/Gel scaffolds possess optimized
properties comparable to other groups and could be proper
candidates for BTE applications but more experiments
seem necessary to uncover the osteogenic and angiogenic
potential of Cu incorporated scaffolds.
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