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A B S T R A C T

Pure collagen is biocompatible but lacks inherent osteoinductive, osteoimmunomodulatory and antibacterial
activities. To obtain collagen with these characteristics, we developed a novel methodology of doping bioactive
elements into collagen through the synchronous self-assembly/mineralization (SSM) of collagen. In the SSM
model, amorphous mineral nanoparticles (AMN) (amorphous SrCO3, amorphous Ag3PO4, etc.) stabilized by the
polyampholyte, carboxymethyl chitosan (CMC), and collagen molecules were the primary components under
acidic conditions. As the pH gradually increased, intrafibrillar mineralization occurred via the self-adaptive
interaction between the AMNs and the collagen microfibrils, which were self-assembling; the AMNs wrapped
around the microfibrils became situated in the gap zones of collagen and finally transformed into crystals. Sr-
doped collagen scaffolds (Sr-CS) promoted in vitro cell proliferation and osteogenic differentiation of rat bone
marrow mesenchymal stromal cells (rBMSCs) and synergistically improved osteogenesis of rBMSCs by altering
the macrophage response. Ag-doped collagen scaffolds (Ag-CS) exhibited in vitro antibacterial effects on S.
aureus, as well as cell/tissue compatibility. Moreover, Sr-CS implanted into the calvarial defect of a rat resulted
in improved bone regeneration. Therefore, the SSM model is a de novo synthetic strategy for doping bioactive
elements into collagen, and can be used to fabricate multifunctional collagen scaffolds to meet the clinical
challenges of encouraging osteogenesis, boosting the immune response and fighting severe infection in bone
defects.

1. Introduction

During the development of bone or dentine in vivo, self-assembly of
the collagen matrix is thought to precede mineralization [1]. Thus far,
in vitro intrafibrillar mineralization of collagen has been generally
achieved via the model of mineralization following self-assembly
(MFS), in which collagen is completely self-assembled [2], and then,
amorphous calcium phosphate (ACP) stabilized by polyelectrolytes as
analogues of non-collagen proteins (NCPs) enters the collagen fibrils via
gap zones [3–8]. The conceivable mechanisms in this model could in-
volve size exclusion [9,10], capillary forces [11], electrostatic

interactions [3,12] or a balance between osmotic equilibrium and
electroneutrality [8]. Particularly, in vivo and in vitro studies of ame-
logenin inducing mineralization support a recently developed concept
of templated mineralization in which the formation of an organic
template and mineralization begin simultaneously in a cooperative self-
assembly process of amorphous primary particles and organic macro-
molecules [13,14]. Therefore, it is natural to raise the question of
whether collagen could be intrafibrillarly mineralized via synchronous
self-assembly/mineralization (SSM), which could be exploited to de-
velop a new collagen scaffold.

Since collagen molecules start to self-assemble in the initial acidic
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environment in vitro, finding the analogues of NCPs that stabilize
amorphous mineral nanoparticles (AMN) under acidic conditions is key
to achieve the synchronous self-assembly/mineralization of collagen
(SSM model). Fortunately, our previous study indicated that CMC, a
polyampholyte, has both carboxyl and amino groups and can therefore
act as an anionic or cationic polyelectrolyte below or above its iso-
electric point (IP = 3.5), respectively [15,16]. The SSM process starts at
pH 2, and as the pH gradually increases, collagen fibrils begin to self-
assemble from collagen molecules. Simultaneously, collagen micro-
fibrils may wrap around the ACP nanoparticles and orient them in the
gap zones of collagen, after which collagen fibrils with embedded ACP
nanoparticles form [3]. Finally, the ACP nanoparticles transform into
hydroxyapatite (HAP) crystals along the pores between collagen mi-
crofibrils to achieve intrafibrillar mineralization. Moreover, amorphous
carbonate mineral MCO3(M = Ca, Sr, Mg, Ba, Mn, Cd, Pb) nano-
particles have been generated through polymer-induced liquid-pre-
cursor (PILP) processes or synthesized in ethanol solutions [17].

Typically, strontium (Sr) has been demonstrated to facilitate the
osteogenic differentiation of mesenchymal stem cells (MSCs) through
the upregulation of extracellular matrix (ECM) gene expression and
activation of the Wnt/β-catenin pathway. In addition, strontium can
regulate the local immune microenvironment by manipulating macro-
phage polarization [18–21]. Thus, Sr has been doped into implant
materials such as HAP, to enhance osteoinductivity [22]. In addition,
silver, which exhibits antimicrobial activity by disrupting bacterial cell
membranes, and binding to microbial DNA and the sulfhydryl groups of
bacterial metabolic enzymes, has been incorporated into different nat-
ural and synthetic polymers including cellulose, chitosan, PCL, gelatin
[23,24]. Therefore, it would make sense to develop multifunctional
collagen scaffolds modified with bioactive elements possessing os-
teoinductive, osteoimmunomodulatory and antibacterial abilities.
These studies motivated us to apply CMC to stabilize various carbonates
or phosphates under acidic conditions, thereby introducing bioactive
elements into collagen scaffolds via the SSM model.

The strategies for incorporating bioactive elements into collagen
scaffolds mainly include direct mixing of inorganic materials with self-

assembled collagen [25], one-step collagen fibril self-assembly and
mineral precipitation [26], and intrafibrillar mineralization via a col-
lagen-based MFS model [27,28]. Simple mixing of inorganic materials
with self-assembled collagen could not achieve intrafibrillar miner-
alization [29]. Such an extrafibrillar combination of minerals and col-
lagen is fragile, leading to the burst release of its constituent ions. Thus,
to enable the sustained release of ions, intrafibrillar mineralization
should be used to introduce bioactive ions into collagen.

The efficacy of intrafibrillar mineralization in the MFS model is
affected by the size of mineral nanoparticles and their aggregation
degree due to the size exclusion mechanism involved [9,10,30]. In
addition, the aggregate of mineralized particles on the outer surface of
the scaffold in the MFS model could obstruct the diffusion of mineral
nanoparticles and ions into the scaffold interior, thus depressing the
degree of internal mineralization.

In contrast, the SSM model involves the de novo synthesis of col-
lagen scaffolds because all components are primary under acidic con-
ditions. With the SSM model, it is possible to design and develop
multifunctional collagen scaffolds by doping a range of amorphous
minerals containing bioactive elements into collagen fibrils for bone
regeneration. Herein, we hypothesized that positively charged CMC
could stabilize nanoparticles (including amorphous strontium carbo-
nate, amorphous silver phosphate, etc.) under acidic conditions, and
that these amorphous mineral nanoparticles could be introduced into
collagen fibrils via the SSM model. Accordingly, osteogenesis and im-
munomodulation of Sr-doped collagen scaffolds (Sr-CS) and anti-
bacterial activity of Ag-doped collagen scaffolds (Ag-CS) were in-
vestigated.

2. Materials and methods

To better epitomize the experimental procedure, a flow diagram is
shown in Scheme 1 with all steps involved.

Scheme 1. Flow diagram of the experimental procedure.
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2.1. Materials

CMC and glacial acetic acid were purchased from Life Science
Products & Services (Shanghai, China). Other chemicals, including
strontium chloride hexahydrate (SrCl2·6H2O), magnesium chloride di-
hydrate (MgCl2·2H2O), zinc chloride (ZnCl2), ferric chloride (FeCl3),
copper nitrate (Cu(NO3)2), silver nitrate (AgNO3), dipotassium hy-
drogen phosphate (K2HPO4), sodium carbonate (Na2CO3), hydrochloric
acid (HCl), sodium hydroxide (NaOH), 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), Tris-HCl-
NaCl buffer, phosphate-buffered saline (PBS), and HEPES buffer
(pH = 7.2–7.4, sterilized), were all purchased from Sigma-Aldrich
(Beijing, China) and used as received. Foetal bovine serum (FBS),
Dulbecco's Modified Eagle's Medium (DMEM), and penicillin/strepto-
mycin were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
The alkaline phosphatase (ALP) assay, Cell Counting Kit-8(CCK-8) and
live/dead cell double staining kits were purchased from Solarbio
(Beijing, China). Haematoxylin and eosin (H&E) and Masson's tri-
chrome stain kits were purchased from Muto Pure Chemicals Co. Ltd.,
Japan.

2.2. Preparation of type I collagen

Rat tail tendon fascicles extracted from Sprague-Dawley (SD) rats (7
weeks old) were dissolved in Tris-HCl-NaCl buffer (0.05 M, pH 7.4) for
24 h and then dissolved in acetic acid (0.03 mol/L) with stirring for two
days. Next, the collagen solution was centrifuged (3000 rpm) for
30 min at 4 °C. The precipitation was collected in sterile centrifuge
tubes and stored at 4 °C.

2.3. Preparation and characterization of CMC-AMN solutions

The CMC solution was prepared by dissolving 200 mg of CMC
powder into 30 mL of deionized water with stirring (1000 rpm) for
15 min until the CMC powder was fully dissolved. The pH was adjusted
to approximately 2 using 1 mol/L HCl at room temperature. Then,
0.168 g of SrCl26H2O was dissolved in 10 mL of deionized water, and
this solution was added dropwise to the CMC solution. Next, 0.026 g of
Na2CO3 was added dropwise to the CMC solution with stirring
(500 rpm) for 5 min to form a well-proportioned and stable CMC/
amorphous strontium carbonate (ASC) solution. The final concentra-
tions of Sr2+ and CO3

2− were 10 mM and 6 mM, respectively. Other
CMC/AMN solutions were prepared in a similar way, and the chemical
compositions are shown in Table 1. Samples of the CMC/AMN solutions
for transmission electron microscopy (TEM)/selected-area electron
diffraction (SAED) characterization were prepared by dropping the
solutions onto 400-mesh copper grids covered by carbon support film,
after which the grids were air-dried at room temperature. These un-
stained samples were examined using a JEM-1230 system operating at
110 kV (JEOL Tokyo, Japan). SAED was used to determine the crys-
tallinity of the minerals. The particle size distribution of the nano-
particles was characterized using a Zetasizer Nano ZS (Malvern In-
struments, Westborough, MA, USA). Zeta potential measurements of

CMC/AMN stabilized solutions were performed using a Malvern Nano
ZS system (Malvern, England).

2.4. Preparation and characterization of pure collagen scaffold and
bioactive element-doped collagen scaffold (BE-CS)

To fabricate the pure collagen scaffold, type I collagen was placed in
a dialysis bag (8000-14,000 Da) immersed in 15 mL of PBS for 2 days.
Then, a 1-mm-thick and 10-mm-diameter mould was used to set the
collagen hydrogel for lyophilization.

Incorporation of Sr2+/Ag+ into collagen was achieved using syn-
chronous self-assembly/mineralization of collagen (SSM) by mixing the
acidic CMC-stabilized nanocomposite solution with the acid-dissolved
type I collagen in a dialysis bag at a volume ratio of 3:1. The dialysis
bags were then immersed in 15 mL of PBS buffer (0.01 mol/L, pH
6.8–7.4) for 2 days (changing the buffer each day) as the solution pH in
the bags decreased to approximately 6.0. Next, the solution pH in the
dialysis bags was adjusted to approximately 7.0–8.0 by adding drops of
NaOH (1 M) to facilitate the transformation of the amorphous minerals
to crystals. Finally, the dialysis bags were placed in 15 mL of HEPES
buffer (10 mM) for 2 days (changing the buffer each day). The samples
for TEM/SAED characterization were prepared by dropping the self-
assembled collagen gel doped with bioactive elements on 400-mesh
copper grids covered with carbon support film, and the gel layer was
thinned by air-blowing; the grids were then air-dried at room tem-
perature. These unstained samples were examined using a JEM-1230
system operating at 110 kV.

Porous 3D scaffolds of bioactive element-doped collagen were pre-
pared by 24 h of lyophilization of the collagen gel collected by cen-
trifugation (3000 rpm, 5 min). Before lyophilization, the collagen gel
was cross-linked with a solution of EDC and NHS (3:1) for 24 h in
Teflon moulds, which tailored the shape of the scaffolds.

The attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra of the collagen scaffolds were recorded in reflection mode
using an infrared spectrophotometer (Shimadzu 8400S, Japan). Spectra
were collected from 700 to 4000 cm−1 at a resolution of 16 cm−1 with
100 scans each.

The morphology and structure of scaffolds were characterized using
scanning electron microscopy (SEM, JSM-6701F, JEOL, Japan) at
15 kV. Energy-dispersive (EDX) spectroscopy (Inca X-Max, UK) was
applied to determine the elemental distribution in the scaffolds. Before
the observations, the samples were sputter-coated with gold using a
sputter coater in an argon atmosphere.

Thermogravimetric analysis (TGA) was performed with a Q5000
thermogravimetric analyser (TA Instruments, New Castle, DE, USA) in a
nitrogen atmosphere by heating to 1000 °C at a rate of 20 °C/min.
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES,
PE-7000DV, USA) was applied to detect the trace elements released
from the scaffolds.

2.5. Sustained release of strontium ions and silver ions

To investigate the release profiles of Sr2+ and Ag+, Sr-CS and Ag-CS
(5 mg) were soaked in 10 mL of PBS (pH 7.2, 0.01 M) and incubated at
37 °C for 21 days. On days 7, 14, and 21, the supernatant was collected
after centrifugation to determine the in vitro ion release using ICP-AES.
Three parallel measurements were conducted for averaging. To ensure
continued release, the PBS in the system was replenished, and the
samples were maintained at 37 °C.

2.6. Cell culture

SD rat bone marrow mesenchymal stromal cells (rBMSCs) and
murine-derived macrophages (RAW264.7 cells) were used in the in vitro
study. rBMSCs and RAW264.7 cells were purchased from Cyagen
Biosciences (Guangzhou, China). Both cells types were incubated in

Table 1
Recipes of preparation for amorphous mineral nanoparticles.

Inorganic
mineral

Amount K2HPO4 (mg) Na2CO3 (mg) Concentration
Ratio

SrCl2·6H2O 106.61 mg 25.44 10:6
MgCl2·2H2O 38.09 mg 25.44 10:6
ZnCl2 13.63 mg 10.44 2.5:1.5
FeCl3 27.03 mg 10.44 2.5:1.5
Cu(NO3)2 12.08 mg 5.22 1.25: 0.75
AgNO3 (1 mol/

L)
0.125 mL 5.22 1.25: 0.75
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DMEM supplemented with 10% FBS and 1% (v/v) penicillin/strepto-
mycin at 37 °C in a humidified atmosphere with 5% CO2. For the os-
teogenic differentiation of rBMSCs, inductive medium was prepared by
adding 50 μmol/L ascorbate (Sigma, USA), 10 mmol/L β-glyceropho-
sphate (Sigma, USA) and 100 nmol/L dexamethasone (Sigma, USA).
The media were refreshed every day in all cases. Prior to rBMSC
seeding, the scaffolds were cut into discs with a diameter of 15 mm to
match the well size of a 24-well plate, and sterilized with a 25-kGy dose
of gamma radiation (cobalt-60) as a reference (Huanming Gaoke
Fuzhao Co., China) [31].

2.7. Cell viability

Cell proliferation on different scaffolds against rBMSCs was ana-
lysed using the CCK-8 kit. The strontium-doped and pure collagen
scaffolds (Sr-CS, Ag-CS and CS samples) were pre-wetted with complete
growth medium. Then, 1 × 104 rBMSCs in 1 mL of medium were
seeded onto sterilized scaffold disks (n = 3) placed in 24-well plates.
On days 1, 3, 5, and 7, CCK-8 solution (10% in fresh medium) was
added to each well of the 24-well plates to replace the original culture
medium and then incubated at 37 °C in 5% CO2 for 3 h. Subsequently,
the supernatant solution was transferred to a 96-well plate, and the
optical density (OD) of the incubated solution was measured at 450 nm
using a microplate reader (RT-6000; Rayto, Guangdong, China).

For the live/dead staining assay, on days 1, 3, 5, and 7, after the
cells were seeded onto the Sr-CS, Ag-CS and CS samples, the cell/
scaffold complexes were treated with acridine orange and ethidium
bromide (AO/EB) (Life Technologies Corporation, Carlsbad, CA), and
fluorescence images were captured using confocal laser scanning mi-
croscopy (CLSM, TCS SP5, Leica, Germany). For cell morphology eva-
luation, after 3 days, the samples were stained with Alexa Fluor 546-
phalloidin (Sigma-Aldrich) to label the cytoskeleton and mounted with
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI)
for nucleus staining, and fluorescence images were captured by CLSM.

2.8. In vitro differentiation study

On days 7 and 14, ALP activity was determined in the strontium-
doped and pure collagen scaffolds. In a 24-well culture plate, 1 mL of
the rBMSC suspension was seeded on each specimen at a density of
1 × 104 cells per well, and the culture medium was replaced with os-
teoinductive medium after 24 h of cell adhesion. To prepare cell lysates
for quantitative analysis, cell lysis buffer (1 mL) containing 1% Triton
X-100, 20 mmol/L Tris and 150 mM NaCl was added in sequence to
every well, followed by three freeze-thaw cycles and centrifugation.

After the ALP assay (Sigma Life Sciences, USA), quantification was
performed by measuring the absorbance at 520 nm with a microplate
reader according to the manufacturer's protocol. For quantitative real-
time polymerase chain reaction (RT-PCR) analysis, total cellular RNA
was isolated from cells cultured on each scaffold using a TRIzol RNA
extraction kit (Gibco, USA) and then reverse-transcribed into cDNA
using a Revert Aid First-Strand cDNA Synthesis kit (Thermo Fisher
Scientific, USA) according to the manufacturer's instructions. Three
genes related to osteogenesis, namely, RUNX2 and osteocalcin (OCN),
ALP, were selected. PCR was performed using a QuantiTect SYBR Green
PCR kit (Roche, Basel, Switzerland) and an Applied Biosystems 7500
system (Thermo Fisher Scientific). The primer sequences for the genes
are listed in Table 2.

2.9. Response of macrophage on the prepared scaffolds

RAW264.7 cells were seeded on the scaffolds in 24-well plates
(1 × 104/well). After 3 days of cultivation, the culture medium was
collected and centrifuged at 4 °C to obtain the supernatants, which were
mixed with fresh complete DMEM at a ratio of 1:2 to generate macro-
phage-conditioned materials for subsequent experiments. The

polarization of RAW264.7 cells was evaluated by RT-PCR (as described
earlier). The RT-PCR primers are listed in Table 3.

2.10. Response of rBMSCs to macrophage-conditioned medium

To investigate the effect of macrophages on the osteogenesis of
rBMSCs, RAW cell culture supernatants were used as the conditioned
medium to stimulate rBMSCs. rBMSCs were cultured at a density of
1 × 104 cells with conditioned medium. On days 7, and 14, ALP ac-
tivity was assayed. Total RNA was harvested, and gene expression as-
says were performed by RT-PCR. The osteogenesis-related genes were
RUNX2, OCN and ALP, as described earlier.

2.11. Incubation of bacteria with the scaffolds

The potential antibacterial activity of Ag-CS was evaluated by in-
cubating Staphylococcus aureus (S. aureus, ATCC 25923) with different
scaffolds. S. aureus ATCC 25923 was purchased from the American Type
Culture Collection (ATCC, VA, USA) and incubated in brain heart in-
fusion (BHI, Solarbio) broth in an anaerobic chamber (N2: 80%, H2:
10%, CO2: 10%) at 37 °C. The S. aureus suspension was diluted to a
concentration of 105 CFU/mL (CFU, colony forming units) for the an-
tibacterial assay. Sterilized scaffold samples (n = 3) were pre-wetted
with BHI, placed in 24-well culture plates with 1 mL of S. aureus sus-
pension, and cultured at 37 °C in an anaerobic chamber incubator.

2.12. Antibacterial effects of Ag-CS

The antibacterial activity of Ag-CS was evaluated using serial dilu-
tions and the spread plate method. At different intervals (24 h, 48 h,
and 72 h), the scaffolds were moved, gently rinsed with PBS to elim-
inate non-attached bacteria, and then ultrasonically treated at 40 W for
5 min in a new 24-well plate filled with 1 mL of BHI per well, Then, the
bacterial suspensions were sampled to count the viable bacteria ad-
hered to the scaffolds. During the incubation period, the bacterial sus-
pension medium was replaced with new culture medium daily. The
antibacterial efficacy of samples against adhered bacteria was de-
termined by the following formula: R = (B-A)/B × 100%, where A is
the average number of viable bacteria on a silver-doped scaffold sur-
face, and B is the average number of viable bacteria on a blank scaffold
surface. At predetermined time points (24 h, 48 h, and 72 h), the

Table 2
Primers sequences used for RT-PCR of BMSCs.

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

RUNX2 GCACCAGCCCATAATAGA TTGGAGCAAGGAGAACCC
OCN GGTGCAGACCTAGCAGACACCA AGGTAGCGCCGGAGTCTATTCA
ALP AACGTGGCCAAGAACATCATCA TGTCCATCTCCAGCCGTGTC
GAPDH CGTCTTCACCACCATGGAGA CGGCCATCGCCAGTTT

RUNX2, runt-related transcription factor 2; OCN, osteocalcin; ALP, alkaline
phosphatase; GAPDH, glyceraldehydes-3-phosphate dehydrogenase.

Table 3
Primers sequences used for RT-PCR of RAW264.7

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

TNF-α ACTGAACTTCGGGGTGATCG TGTCTTTGAGATCCATGCCGT
IL-6 CATGTTCTCTGGGAAATCGTGG TCCAGGTAGCTATGGTACTCC
IL-10 CTCCTAGAGCTGCGGACTG GCTCCTTGATTTCTGGGCCAT
BMP2 TGCTAGATCTGTACCGCAGG TCTGTTCCCGGAAGATCTGG
TGFβ1 CAGTACAGCAAGGTCCTTGC ACGTAGTAGACGATGGGCAG
GAPDH GGGTCCCAGCTTAGGTTCATC TGCCGTGAGTGGAGTCATAC

TNF-α, tumor necrosis factor α; IL-6, interleukin-6; IL-10, interleukin-10;
BMP2, bone morphogenetic protein 2; TGFβ1, transforming growth factor β1;
GAPDH, glyceraldehydes-3-pgosphate dehydrogenase.
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samples were prefixed with phosphate-buffered 2.5% glutaraldehyde
(BioChemika, Fluka), rinsed with PBS three times and observed by SEM.
After incubation for 3 days, live/dead staining was conducted using an
AO/EB staining kit, and fluorescence images were recorded by CLSM.

2.13. Calvarial defect model

The Institutional Ethics Committee of Tianjin Medical University
approved the use of SD rats for the experiments conducted in this study.
The sixty male SD rats (200–250 mg) used to establish the calvarial
defect model for the in vivo study were divided into 3 groups (15 rats
per group) and treated as follows: (1) the defect was left unfilled
(control group); (2) the defect was filled with pure collagen scaffolds
(CS group); and (3) the defect was filled with Sr-CS (Sr-CS group).
Briefly, the rats were anaesthetized by intraperitoneal injection of
chloral hydrate (1 mg/330 g; Yulong, Yangshuo, China). After exposure
of the parietal calvarium, a full-thickness skull defect (5 mm in dia-
meter) was prepared with a trephine bur, which was cooled by con-
tinuously dripped sterile saline. After the scaffolds were filled into the
defects, the overlying tissue was closed with sutures using a 5-0 suture
line. At 4, 8, 12, and 24 weeks post-surgery, the three groups of rats
were sacrificed by injection of an overdose sodium of pentobarbital.
Retrieved skulls were fixed in formalin overnight for further in-
vestigations.

2.14. Characterization of bone regeneration

Micro-CT scans were performed to assess the 3D collagen scaffolds
and new bone formation using a micro-CT scanner (Sky Scan 1174v2,
SkyScan N.V., Kontich, Belgium). A 5 mm-diameter circular region was
selected in the centre of the calvarial defect area to perpendicularly
locate the cylindrical volume of interest for analysis. Reconstruction of
the projection image and calculation of bone volume (grey value >
1000) were performed using NRecon software v.1.6.9 (Bruker micro-
CT).

After micro-CT analysis, the isolated specimens were decalcified in
10% EDTA for 8 weeks, followed by dehydration and embedding in
paraffin. In the centre of the bone defects, 5-μm serial transverse sec-
tions were prepared for histological analysis. Three randomly-selected
cross-sections from each sample were stained with H&E and Masson's
trichrome (Baso Diagnostics Inc., Zhuhai, China). All images were
captured with digital slice scanning equipment (Nanozoomer,
Hamamatsu, Japan).

2.15. Statistical analysis

The experiments were repeated 3 times to ensure the validity of the
evaluation, and all data are expressed as the mean ± SD. Significant
differences were identified using one-way ANOVA with a post hoc least
significant difference (LSD) test and Student-Newman-Keuls (SNK) test.
A value of *P < 0.05 was considered significant, and **P < 0.01 was
considered highly significant.

3. Results

3.1. Characterization of the amorphous mineral nanoparticles

The various nanoparticles composed of amorphous minerals con-
taining Sr2+, Mg2+, Zn2+, Fe3+, Cu2+, and Ag+ could be stabilized by
CMC at pH 2, and the emulsified state of the mineral solutions could be
maintained for at least 24 h (Supporting Information S1). By contrast, at
pH 7, the emulsified state of the mineral solutions could be stabilized
for a maximum of 24 h. The morphology of CMC/ASC and CMC/ASP
nanoparticles at is shown in Fig. 1d, g, and their amorphous phase was
characterized by SAED. The morphology of the other CMC/AMN is
presented in Supporting Information S2. The mean diameter of the

CMC/AMN was approximately 35–300 nm based on dynamic light
scattering (DLS) measurements (Supporting Information S3). The zeta
potential of nanoparticles stabilized by 5 mg/mL CMC at pH 2 was
found to be positive (Supporting Information S4).

3.2. Fabrication and characterization of scaffolds

A series of time-resolved analyses were conducted to investigate the
SSM and MFS modes of mineralization using unstained samples. For the
MFS model, most ASC nanoparticles (Fig. 1a) only coated the surfaces
of the collagen fibrils after 3 days (Fig. 1b and c). Interestingly, during
SSM, an image of collagen fibrils simultaneously in the pre-assembly
and post-assembly scenes was captured after 24 h of mineralization,
and the co-occurrence of collagen microfibrils and ASC nanoparticles is
shown in the pre-assembly image (Fig. 1d and e). The spindle-shaped
mineral nanoparticles with a length of approximately 40 nm corre-
sponding to the gap region of collagen were orderly arranged along the
long axes of the fibrils (Fig. 1f). Moreover, the relationship between
ASP nanoparticles (Fig. 1g) and collagen fibres was similar to the
process observed for ASC nanoparticles (Fig. 1h and i). Finally, the
mineral crystals were clearly identified within the fibrils that re-
produced the cross-banding pattern, strongly indicating intrafibrillar
mineralization. Other minerals with Mg2+, Zn2+, Fe3+, and Cu2+ were
similarly organized into arrays with their c-axes co-aligned with the
long axes of the fibrils (Supporting Information S5).

The bioactive element-doped collagen scaffold was also character-
ized by STEM-EDX, FTIR, TGA and ICP-AES analyses. The typical Sr-CS
remained highly porous with no obvious change in porosity and mor-
phology from pure collagen scaffolds (Fig. 2). The porosity of the Sr-CS
group (65.52 ± 1.95)% was not significantly different from the CS
group (67.97 ± 1.44)% (P > 0.05). The presence of various elements
within the collagen fibrils was confirmed using STEM-EDX (Supporting
Information S8). FTIR was used to identify the intrafibrillar miner-
alization of collagen, taking the spectrum of pure collagen as a re-
ference [32]. The amide I peak at 1654 cm−1 predominantly corre-
sponded to the C]O stretch, the amide II peak at 1550 cm−1 to a
combination of the N–H in-plane bend and the C–H stretch, and the
amide III peak at 1300 cm−1 to a combination of the C–N stretch and
the N–H in-plane bend, which are representative of collagen (Fig. 3a).
The doping of various minerals into collagen resulted in a decrease in
the intensity of the amide I, II, and III bands. These phenomena could
be attributed to the interaction of the mineral cations with the carboxyl
or carbonyl groups of collagen [33].

The TGA results showed various mineral concentrations in the
scaffolds fabricated using the SSM model (Supporting Information S9).
ICP-AES was used to quantitatively investigate the composition of the
scaffolds. The SSM model achieved higher loading of elements than the
MFS model (Fig. 3b). Taken together, the TGA and ICP-AES results
supported the high efficacy of intrafibrillar collagen mineralization by
the SSM model.

3.3. Sr2+ and Ag+ release profiles

The Sr-release profiles shown in Fig. 3(c–f) indicate that the SSM
model maintained a sustained release pattern (8.04–0.45 μg/mL) over
21 days, while for the MFS model, the concentration of Sr2+ was
5.40 μg/mL on day 1 and decreased from day 7, reaching 0.02 μg/mL
on day 21. Moreover, the Ag-release profiles show that the SSM model
maintained a sustained release pattern (2.66–0.16 μg/mL) over 21 days.
In comparison, the concentration of Ag+ was 2.27 μg/mL on day 1 and
decreased from day 7, reaching 0.01 μg/mL on day 21. The accumu-
lated Sr2+ release reached 20.91 μg/mL for SSM and 7.79 μg/mL for
MFS; the accumulated Ag+ release reached 6.97 μg/mL for SSM and
3.16 μg/mL for MFS. MFS and SSM exhibited similar release kinetics for
Sr2+ or Ag+ over the whole experimental period. The SSM model
constantly released approximately four times the amount of ions

H. Liu, et al. Bioactive Materials 5 (2020) 844–858

848



compared with the MFS model, with higher cumulative concentrations
corresponding to higher bioactive element loadings. These release re-
sults supported those obtained for TGA and ICP-AES, thus, compared
with the MFS model, the SSM model could load more bioactive ele-
ments due to the higher efficiency of intrafibrillar mineralization.

3.4. Antibacterial activity of Ag-CS in vitro

The bactericidal and bacteriostatic activities of Ag-CS against S.
aureus were examined by the plate count method, and the inhibition
ratio was evaluated as the antimicrobial efficiency (Fig. 4a). The Ag-CS
group exhibited stronger antibacterial activity against S. aureus than the
CS group at 72 h (P < 0.05), which was supported by the SEM images
(Fig. 4c). To determine the viability of the bacteria on Ag-CS, the ad-
herent cells were stained with the fluorescent live/dead viability kit
before CLSM observation (Fig. 4b). Incorporating silver into collagen is

an effective method to impart scaffolds with antibacterial properties.

3.5. Assays of the cytotoxicity of Sr-CS and Ag-CS

To show the potential for practical biomedical use, we investigated
the biocompatibility of Sr-CS and Ag-CS. Excellent biocompatibility is
one of most important prerequisites for scaffold materials to support
cell adhesion, spreading, and proliferation. After 1 day of culturing,
similar levels of proliferation were observed among Sr-CS, Ag-CS, and
CS, and the last group was used as the control group. Interestingly, the
cell proliferation on all the samples intensified over time after rBMSCs
were cultured on 24-well plates. Typically, rBMSCs cultured on Sr-CS
showed better proliferation than those cultured on CS at 3, 5, and 7
days (P < 0.05) (Fig. 5a), while the cell proliferation on Ag-CS showed
no significant difference from that on the control scaffold (P > 0.05).
CLSM images were further used to visually evaluate the adhesion and

Fig. 1. (a) Low-magnification image of nanocomplexes of CMC/ASC at pH 7. Inset: High magnification of CMC/ASC and the corresponding SAED pattern indicating
the amorphous phase. (b, c) Image of aggregates of ASC nanoparticles (open arrows) irregularly covering self-assembled collagen fibrils after 3 days in the MFS
model. (d) Low-magnification image of CMC/ASC at pH 2. (e) Image of collagen fibrils with pre-assembly and post-assembly scenes (indicated by the red dashed line)
after 24 h of mineralization in the SSM model. (f) Image of the spindle -like ASC aggregated in gap zones of the fibril and lined up along the long axis regularly after 3
days of mineralization in the SSM model. (g) Low-magnification image of CMC/ASP at pH 2. (h) Image of collagen fibrils with pre-assembly and post-assembly scenes
after 24 h of mineralization in the SSM model. (i) Image of the spindle -like ASP arranged along the long axis after 3 days of mineralization in the SSM model.
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morphology of rBMSCs cultured with Sr-CS and CS (Fig. 5b). The cells
cultured on the two scaffolds displayed normal spindle-like shapes with
oval nuclei in general, obvious lamellipodia after culture for 3 days, and
a large spreading area with long and net-like lamellipodia at 5 days.
These results suggested that the scaffolds were not toxic to rBMSCs and
contributed to cell adhesion and proliferation.

3.6. Osteopromotive effects of Sr-CS

The osteogenic differentiation of rBMSCs on Sr-CS was evaluated by
measuring the ALP activity and expression level of osteogenesis-related
genes after culture for 7 and 14 days on Sr-CS and CS. In general, the
ALP activity of the cells on all the samples increased over the

incubation time. At different time intervals, the relative ALP activity of
the cells on the Sr-CS samples was significantly higher than on the CS
samples (P < 0.05). In particular, the Sr-CS samples showed more
noticeable osteoinductivity on day 14 (Fig. 5c). To further investigate
the osteogenic effects of the various scaffolds, osteogenesis-related gene
expression levels were examined by RT-PCR. The expression levels of
RUNX2 and OCN in the rBMSCs on all scaffolds increased from 7 to 14
days. Notably, the gene expression levels with the Sr-CS samples were
higher than those of the CS samples (P < 0.05) (Fig. 5d and e).

Fig. 2. (a) Micro-CT of CS and Sr-CS. (b) Images of lyophilized collagen scaffold. (c) Low-magnification SEM images of the area indicated by a rectangle with a red
dashed line in (b). (d) High-magnification image of the area indicated by a rectangle with a red dashed line in (c).

Fig. 3. (a) ATR-FTIR spectra of various scaffolds showed the typical peaks of pure collagen scaffold and decrease in the intensity of the amide I, II, and III bands in Sr-
CS and Ag-CS. (b) Weight percent of various scaffolds. (n = 3, mean ± SD, **P < 0.01 vs CS group). (c) Absolute and (d) cumulative concentration of Sr2+
released from collagen scaffolds by SSM and MFS after immersion in pH 7.4 phosphate-buffered saline (PBS) for 21 days. (e) Absolute and (f) cumulative con-
centration of Ag + released in pH 7.4 phosphate-buffered saline (PBS) (n = 3; mean ± SD).
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3.7. Osteogenesis of macrophage-conditioned Sr-CS

3.7.1. Response of macrophage on the prepared scaffolds
The morphology of RAW cells cultured with Sr-CS and CS was ob-

served by CLSM (Fig. 6a), and the results for the macrophage surface
marker detected by RT-PCR showed that genes encoding pro-in-
flammatory cytokines, such as the inflammatory genes IL-6, IL-10 and
TNF-α, were significantly downregulated in cells grown on Sr-CS
compared with those grown on CS after culture for 3 days (P < 0.05).
In contrast, the expression of the osteogenesis-related genes BMP2 and
TGFβ1 secreted by the M2 phenotype was significantly upregulated in
the Sr-CS compared with the CS group (P < 0.05) (Fig. 6b).

3.7.2. Response of rBMSCs to macrophage-conditioned medium
The results of the ALP activity assay showed that cells had a higher

osteogenic output in the Sr-CS than the CS group after culture for 7 and
14 days (P < 0.01) (Fig. 6c). Compared with the expression in the CS
group, the mRNA expression of mineralization-related genes (RUNX2,

OCN, ALP) in rBMSCs stimulated by Sr-doped macrophage-conditioned
medium was significantly upregulated on both day 7 and day 14
(P < 0.01) (Fig. 6d and e).

3.8. Immune response and bone regeneration of Sr-CS in vivo

The Sr-CS group showed significantly greater levels of cellular via-
bility than the CS group. Based on these results, animal tests to evaluate
potential clinical applications of Sr-CS were performed. In this study,
the calvarial osteogenesis animal model was utilized to assess the os-
teogenic capability of the materials: the materials were implanted into
full-thickness skull defects (5 mm in diameter), and the formation of
new bone tissues in or around the materials was investigated
(Supporting Information S11). After 1, 2, 3, and 6 months of im-
plantation, the defect areas were retrieved together with their sur-
rounding tissues and fixed in formalin overnight for further analysis.
The 3D reconstruction and micro-CT analysis of the specimens (Fig. 7)
at each time point were used to assess new bone formation based on the

Fig. 4. (a) The antibacterial rate of pure collagen scaffolds and Ag-doped collagen scaffolds after 24 h, 48 h and 72 h (n = 3, mean ± SD, **P < 0.01 vs CS group).
(b) Fluorescence microscopic inspection of CS and Ag-CS showing the viability of the bacteria on samples after 24 h, 48 h and 72 h. (c) Image showing the adherence
of S. aureus (red arrow) on CS and Ag-CS samples.
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calculated BV/TV values from in vivo evaluations. The results showed
that among all groups, new bone formation was most marked in the Sr-
CS group at the macro level. After 1 month, the BV/TV value in the Sr-
doped group was 28.07 ± 1.25%, while new bone matrix formation
could not be observed in the blank and control groups. After 2, 3, and 6
months, the BV/TV values in the Sr-doped group were 41.37 ± 2.08%,
64.17 ± 1.2%, and 66.57 ± 0.77%, respectively, which were sig-
nificantly higher than in the other two groups (P < 0.05).

We mainly utilized two kinds of histological staining to observe the
differences among the three scaffolds in vivo at the histological level
(Fig. 8a and b). The purplish red colour of tissue stained with H&E and
Masson's trichrome indicated bone matrix composed of uniform acid-
ophilic tissue, and new bone formation was revealed by the uniform,
dark blue colour, which confirmed the micro-CT results. To confirm the
inflammatory cell infiltration and distribution around the different
implanted biomaterials, tissue sections from the rat calvarial defect
model were immunostained with CD68+ (Fig. 8c). Analysis of the stain
results from the above classes of indicators revealed the actual in vivo
inflammation and bone formation due to introduction of the scaffold
materials. Osteoid formation with osteoblasts and the initiation of ca-
pillary vessels could be well observed after the first month in the Sr-
doped group, showing the potential for osteoinduction. These structures
were hardly observed in the control groups. By contrast, H&E staining
revealed that a greater amount of fibrous connective tissue surrounded
the CS-filled defect and the defect in the blank group than the Sr-CS-
filled defect at 1, 2, and 3 months. Masson's trichrome staining of
specimens revealed the same results as H&E staining. Additionally, as
shown by H&E staining, a reduced macrophage (CD68-positive cells)
distribution and proportion was observed in the Sr-CS group than in the

blank and control groups (P < 0.01), and the blank and CS groups
exhibited a similar inflammatory response at 1 and 2 months. In-
flammatory cells were significantly more scattered in the tissues in the
blank and CS groups than the Sr-CS group. Due to the long-term growth
and repair process, there was no significant difference in the staining
results obtained for the three groups of samples at 3 and 6 months.
These in vivo investigations verified that Sr-CS resulted in a less severe
immune response than CS and enabled satisfactory regeneration of
bone tissue.

4. Discussion

The essence of biomineralization is the mineralization of organic
matrices, which involves the self-assembly of minerals and organic
matrices in a temporal and spatial context. Typical organic matrices
mainly include chitin, collagen, and amelogenin, and inorganic com-
ponents mainly include calcium carbonate and calcium phosphates
[12,34]. Specifically, there are a variety of noncalcific biominerals,
such as biosilica in diatoms [35], iron oxides in chiton, and limpet teeth
[36], and an uncommon copper hydroxide in the teeth-like jaws of a
bloodworm [37]. These special cases have inspired scientists and en-
gineers to develop a noncalcific collagen matrix that exhibits specific
functions. A representative case is the development of silicified collagen
matrices for bone regeneration applications, which was achieved
through the infiltration of choline-stabilized silicic acid (Ch–SA) into
polyallylamine (PAH)-enriched type I collagen via the gap zones [30].
Since the self-assembly of collagen was carried out before silification,
this method could be classified as an MFS model. This methodology is
specific for stabilizing silicic acid but not other amorphous mineral salts

Fig. 5. (a) CCK-8 assay results of rBMSCs distributed on different collagen scaffolds after culturing for 1, 3, 5 and 7 days (n = 3, mean ± SD, *P < 0.05 vs CS
group; **P < 0.01 vs CS group). (b) Fluorescence microscopic inspection of cells cultured with the CS group and Sr-CS group for 1, 3, 5 and 7 days (AO/EB staining).
The scale bars are 100 μm. The fluorescence microscopic images were taken after staining the nuclei (blue) and actin filaments (red) in both groups of samples for 3
days to observe the precise morphology of cells. The scale bars are 10 μm. (c) ALP activity of rBMSCs distributed on different collagen scaffolds after culturing for 7
and 14 days. (n = 3, mean ± SD, *P < 0.05 vs CS group; **P < 0.01 vs CS group). (d,e) The relative mRNA levels of osteogenesis-related genes (RUNX2, OCN,
ALP) in rBMSCs cultured in different groups for 7 days and 14 days (n = 3, mean ± SD, *P < 0.05 vs CS group; **P < 0.01 vs CS group).
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for which the introduction of various elements into collagen may not be
feasible.

In this study, we attempted to introduce various amorphous mi-
nerals into collagen self-assembled by the SSM model, by which various
bioactive elements could be doped into the collagen scaffolds. Since in
vitro self-assembly of collagen starts under acidic conditions [38], the
presence of CMC, a polyampholyte that can stabilize various amor-
phous mineral salts below pH 3.5, is a precondition for the SSM model.

In acidic environments, most mineral salts will essentially be ionized
and thus completely dissolve, and carbonate or phosphate is protonated
in solution. Thermodynamic prediction suggests the precipitation or
ionization of supersaturated cationic mineral ions and acid radicals
under neutral environment or alkaline, or acidic environments, re-
spectively. However, our present findings showed that in addition to
ACP, CMC was able to stabilize various nanoparticles of amorphous
carbonates or phosphates, including ASC and amorphous magnesium

Fig. 6. (a) Fluorescence microscopic images of RAW264.7 cells obtained after staining nuclei (blue) and actin filaments (red). RAW264.7 cells cultured with the CS
group and Sr-CS group for 2 days. The scale bars are 20 μm (b) The relative mRNA levels of cytokines and osteogenic-related genes of RAW 264.7 cells stimulated by
macrophage-conditioned CS and Sr−CS for 3 days. (c) ALP activity of rBMSCs distributed in different macrophage-conditioned media after culturing for 7 and 14
days (n = 3, mean ± SD, *P < 0.05 vs CS group; **P < 0.01 vs CS group). (d,e) The relative mRNA levels of osteogenesis-related genes (RUNX2, OCN, ALP) in
rBMSCs cultured in different macrophage-conditioned medium groups for 7 days and 14 days (n = 3, mean ± SD, *P < 0.05 vs CS group; **P < 0.01 vs CS
group).

Fig. 7. (a) Reconstructed 3D micro-CT images of new bone regeneration at 1, 2, 3 and 6 months post-operation. The scale bars are 5 mm. (b) Quantitative analysis of
regenerated bone in values of BV/TV for the control group and groups filled with CS or Sr-CS (n = 3, mean ± SD, **P < 0.01 vs Sr-CS group).
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Fig. 8. (a,b) Histological analysis of bone formation at 1, 2, 3, and 6 months by H&E and Masson's trichrome staining of rat cranial defects and surrounding tissue at
different test times: blank control, filled with CS, and filled with Sr-CS. (black arrows, host bone; red arrows, new bone; black stars, osteoid; blue arrows, fibrous
tissue). The scale bars are 500 μm. (c) Immunohistochemical staining for CD68+ cells in the three groups at 1, 2, 3, and 6 months. The scale bars are 100 μm.
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phosphate, among others, at both pH 2 and pH 7 (Supporting In-
formation S1). A potential barrier to the crystallization of amorphous
minerals in solution is related to the degrees of freedom of the carbo-
nate or phosphate anions (e.g., rotational, tilting and protonation)
(Fig. 9a) [17]. Under neutral or alkaline conditions, this barrier can be
increased by the introduction of additional degrees of freedom from the
addition of acidic polymers (in addition to the reduction in super-
saturation of the mineralization solution from the sequestration of ca-
tions by negatively charged acidic polymers), which would reduce the
symmetry of carbonate or phosphate and amplify the effect via proto-
nation of those anions as HCO3

− or HPO4
2−. The same rationale can be

applied for the stabilization of amorphous minerals with CMC as an
acidic polymer at pH 7 [39]. In contrast, at pH 2, the protonation of
carbonate or phosphate is dominant, indicating a dissolution tendency
of the minerals; thus, deprotonation of the mineral anions is required to
weaken the trend of ionization between mineral cations and anions for
the formation of ACP. CMC at pH 2 competes with mineral anions for
protons, causing a certain degree of deprotonation of the mineral an-
ions to facilitate the deposition of mineral cations and anions (forming
ACP). Cleverly, this deposition tendency is appropriately inhibited by
sequestering cations using positively charged CMC, balancing the in-
teractions among CMC, mineral cations, and acid radicals, and thereby,
maintaining an emulsified state of the solution containing amorphous
mineral nanoparticles at pH 2. Accordingly, with the help of CMC,
nanoparticles of ASC, amorphous magnesium carbonate, amorphous
zinc phosphate, amorphous iron phosphate, amorphous silver phos-
phate (ASP), and amorphous copper phosphate were incorporated into
collagen fibrils via the SSM model. An increase in pH to neutral or al-
kaline (deprotonation tendency) conditions can convert the ASC na-
noparticles to strontium carbonate crystals (strontianite crystallites),
similar to the transformation from ACP to HAP. This rationale is con-
sistent with other mineral transformations from the amorphous phase
to the crystalline state in the present study. This process is described in

the illustration shown in Fig. 9b.
In the MFS model (Fig. 9c), due to the screening at the gap zones

(size-exclusion effect) [9], the polymers stabilizing ACP are not able to
enter the collagen fibrils, and small and dispersed ACP nanoparticles as
prenucleation clusters are likely to infiltrate the self-assembled col-
lagen, with such infiltration potentially driven by the balance between
osmotic equilibrium and electroneutrality [8]; substantially, this pro-
cess represents a migration of ACP nanoparticles from a polymer matrix
to a collagen matrix. Unlike acidic conditions, neutral or alkaline con-
ditions cause ACP nanoparticles to be less thermodynamically and ki-
netically stable, which leads to the formation of large and dense na-
noparticles due to the aggregation tendency (Fig. 1a). These amorphous
minerals cannot enter the self-assembled collagen fibrils, and their
aggregations on the surfaces of collagen may block the gap zones and
thus inhibit the infiltration of other smaller nanoparticles [40]. Thus, in
this study, the efficacy of doping with bioactive elements was lower
using the MFS model than the SSM model.

In summary, in the SSM model, the amorphous mineral nano-
particles stabilized by CMC and the collagen molecules were both pri-
mary components; as the pH gradually increased, the collagen mole-
cules began to self-assemble into collagen fibrils in the presence of
amorphous mineral nanoparticles. Here, dialysis caused a slow increase
in pH in the SSM model, which provides sufficient time for the assembly
of collagen molecules and nanoparticles. The TEM results indicated that
this effect could be a self-adaptive interaction between the amorphous
mineral nanoparticles and collagen microfibrils, in which the nano-
particles were wrapped and squeezed by the collagen microfibrils and
the nanoparticles between the collagen microfibrils would adopt
spindle shapes with a length of approximately 40 nm corresponding to
the gap region of the collagen along the long axis of the collagen mi-
crofibrils. The amorphous mineral nanoparticles could then fuse, ex-
tend and transform into mineral crystals to achieve the intrafibrillar
mineralization of collagen.

Fig. 9. (a) Schematic diagram showing the interactions between CMC, metal cations and acid radicals. At pH 7, with protonation of HCO3-, ASC can be stabilized by
the acidic polymer CMC. In contrast, at pH 2, CMC competes with mineral anions for protonation, thereby causing deprotonation of the mineral anions to a certain
degree to form ASC. (b) Schematic diagram showing that various bioactive elements were incorporated into collagen fibrils via the SSM model. In this model, the
amorphous mineral nanoparticles are first stabilized by CMC and then mixed and interacted with the collagen microfibrils. With further collagen self-assembly,
nanoparticles are trapped and localized in the gap zones. (c) Schematic diagram showing various bioactive elements aggregated on the surfaces of collagen fibrils via
the MFS model.
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Collagen scaffolds that mimic the natural extracellular matrix pro-
vide structural support for cells in a 3D environment. However, com-
pared with the extracellular matrix, pure collagen scaffolds lack proper
exogenous and endogenous osteogenic factors and osteoimmunomo-
dulatory ability [41,42]. In this study, the representative element
strontium (Sr), possessing osteoconductive and osteoimmunomodula-
tory properties, was doped into collagen through the SSM model, and
this scaffold exhibited sustained release of Sr2+ that differed from the
significant initial burst release of Sr2+ from the scaffold built by the
MFS model (Fig. 3c–f). In addition, the Sr-CS generated by the im-
mediate co-precipitation of collagen fibrils and apatite minerals doped
with Sr (i.e., the collagen/apatite self-assembly model) led to more
extrafibrillar mineralization of collagen, showing a burst release of Sr2+

[29]. Since the collagen matrix works as a steric barrier to retard the
diffusion of mineral ions, the intrafibrillar mineralized scaffolds are
prone to a sustained release of mineral ions. Thus, the release profiles of
mineral ions indirectly indicated the higher intrafibrillar mineralization
efficiency using the SSM model.

It has been well documented that strontium activates multiple sig-
nalling pathways to act on osteoblasts and osteoclasts, and regulates
bone formation and resorption at the cellular and molecular levels,
thereby increasing bone mineral density and enhancing bone stiffness
and osteoinductive capacity [43–45]. In this study, rBMSCs cultured on
Sr-CS or CS proliferated gradually over the culture time, showing no
negative effect on the attachment and proliferation of rBMSCs, thus
indicating their in vitro biocompatibility and noncytotoxicity. Interest-
ingly, rBMSCs cultured on Sr-CS displayed significantly higher expres-
sion levels of osteogenesis-related genes (RUNX2, OCN, ALP) and ALP
activity than those cultured on CS (Fig. 5). Therefore, the strontium
ions released from the scaffolds fabricated by the SSM model could
promote osteogenesis of BMSCs in vitro.

Most importantly, it has been recognized that the inconsistencies
between in vitro and in vivo evaluations of biomaterials are due to the
response of osteoblastic lineage cells and the neglect of the role of
immune cells [46–48]. Due to the multi-directional effects of macro-
phages on the dynamic flux of bone formation and homeostasis, the
response of macrophages to bone biomaterials has become the subject
of much interest in the evaluation of osteoimmunomodulatory prop-
erties [49,50]. Accordingly, we tested the in vitro osteogenic capacity of
Sr-CS with the novel approach of including macrophages. Macrophages
can be polarized towards different phenotypes in response to their
microenvironment. Having been activated with the M1 phenotype, M1
macrophages can produce pro-inflammatory mediators (TNF-α, IL-6,
and IL-1β) that contribute to the progression of inflammation; by con-
trast, when polarized to the M2 phenotype, M2 macrophages tend to
secrete various anti-inflammatory cytokines (IL-10 and TGFβ1), re-
sulting in wound healing [51,52]. In this study, the expression levels of
pro-inflammatory factors in macrophages on Sr-CS were lower than on
CS, and Sr-CS exhibited greater osteogenetic potential according to the
osteogenesis-related gene expression (Fig. 6). The potential mechanism
appeared to consist of strontium ion regulation of immune status by
suppressing IL-6 and TNF-a expression in macrophages, which actually
stimulate transduction pathways that lead to the activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NFĸB). Stron-
tium released from scaffolds stimulated the appropriate process of
macrophage polarization from M1 to M2. The inflammatory role of
NFĸB has been antagonized, suggesting the anti-inflammatory effect of
strontium. These results are consistent with a previous study in which
macrophage responses were modulated with strontium-substituted
submicrometer bioactive glass [53]. Moreover, biomaterials could
mediate the osteogenic differentiation of BMSCs by BMP2 and TGF-β1
expressed and secreted from macrophages [54,55]. In this study, the
high level of BMP2 and TGF-β1 gene expression stimulated by Sr con-
firmed the improved osteogenetic and immunoregulatory effects of Sr-
CS. However, to evaluate osteogenesis stimulated by bone biomaterials,
a systemic study is required to determine whether bioactive ions can

synergistically stimulate bone regeneration, and more detailed immune
responses are needed to investigate the involvement of other im-
munocytes.

Having demonstrated the osteogenetic potential of Sr-CS in vitro, we
next used a rat calvarial defect model to examine the in vivo therapeutic
effect of the collagen scaffolds on osteogenesis. To monitor the forma-
tion of bone tissue, histological and microradiography studies were
performed on the specimens after different implantation periods. The
micro-CT results illustrated more new bone regeneration in the Sr-CS
group than the CS group. The BV/TV value achieved was higher in the
Sr-CS group (66.57 ± 0.77%) than the CS group (54.10 ± 1.20%)
and blank group (44.40 ± 3.40%) at 6 months post-operation (Fig. 7).
Histological analysis and immunohistochemical staining of CD68+ cells
from the rat cranial defect and surrounding tissue at different testing
times showed no signs of foreign-body reactions or acute inflammation,
and preferable bone formation was observed in the Sr-CS group (Fig. 8).
Both the microradiography and histological analysis results indicated
that Sr-CS showed better biocompatibility and osteoinductivity; pre-
senting less inflammation than the other scaffolds, Sr-CS acted as a
potential immunomodulatory material for improved bone regeneration.

In the present study, we presented the development of a multi-
functional scaffold that with osteogenetic and antibacterial properties.
Silver-based products have shown to be promising candidates for an-
timicrobial and anti-inflammatory materials that also have low sys-
temic toxicity. Currently, silver colloid-loaded collagen sponges (typi-
cally Gelatamp) [56] are used in periodontal bone grafting or dental
implant surgery to avoid surgical infections caused by pathogenic
bacteria. Herein, we found that by using the SSM model, the in-
corporation of Ag+ resulted in an antibacterial scaffold that also
showed sustained release of Ag+. Free Ag+ ions have an inherent an-
timicrobial effect by disrupting cell membranes and disturbing perme-
ability and respiration. These ions can also bind to microbial DNA and
sulfhydryl groups of the metabolic enzymes of bacteria, resulting in
bacterial inactivation [23,57,58]. Ag-CS resulted in a significant re-
duction of S. aureus growth in comparison to the collagen control at 3
days (Fig. 4). Therefore, the SSM model provides a new methodology
for loading silver into collagen.

5. Conclusion

In this study, collagen scaffolds with osteogenic, im-
munomodulatory and antibacterial properties for bone tissue en-
gineering were successfully fabricated via the SSM model. Compared
with other methods, the SSM model achieved high-efficiency loading of
bioactive elements and sustained release of these elements. Based on in
vitro and in vivo biological assessments, Sr-CS showed significantly
improved osteogenesis of rBMSCs and modulated the macrophage re-
sponse to achieve an improved effect on bone regeneration, and Ag-CS
exhibited excellent antibacterial effects against S. aureus. Therefore, the
SSM model represents a de novo synthetic strategy for doping various
bioactive elements into collagen; using this approach, multifunctional
collagen scaffolds could be fabricated to meet the clinical challenges of
encouraging osteogenesis, boosting the immune response and fighting
severe infection in bone defects. The development and investigation of
multiple bioactive element-doped collagen scaffolds will be carried out
in the future.
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