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Abstract
The objective of this study was to investigate the therapeutic potential of nano-bioglass/phosphatidylserine/collagen scaffolds loaded with steroidal saponins as an
inducer factor for skeletal defects. The drugs-encapsulated bone substitute was prepared by loading steroidal saponins-collagen microsphere suspension in nano-bioglass
and phosphatidylserine composite. The scaffolds possess an interconnected porous
structure with a porosity of about 82.3%. The pore size ranges from several micrometers up to about 400 μm. The drug release assays showed the long-term sustained
release of steroidal saponins from the scaffolds with effective and safe bioactivity.
Moreover, in vitro and in vivo studies showed that the involvement of steroidal saponins contributed to the secretion of nerve growth factor in MC3T3-E1 cells, which may
be the possible factor that greatly enhanced bone healing. The results suggest that the
bone substitute is an effective implantable drug-delivery system for use in bone repair.
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Introduction
As the major pharmacological constituents of ophiopogon japonicus, a traditional Chinese medical herb, steroidal saponins
are osteoinductive and can be used to treat bone and joint diseases[1]. However, steroidal saponins are usually not effective with oral
administration because of enzymatic degradation and poor absorption. In addition, high concentration of steroidal saponins administered in the body was easy to cause coagulation reaction. Herein clinical use of the drug needs suitable system for its delivery, and
this system should can release the drug in situ for appropriate time to interact with target cells at safe dose during bone healing[2]. In
recent years, biodegradable scaffolds have been widely studied and become well established controlled drug delivery systems[3,4].
The forms are convenient because the slow releasing of drugs is preferred to sudden exposure of inducing factor[5].
In our previous work, a biodegradable bone material, nano-hydroxyapatite /phosphatidylserine/collagen, was developed.
In vitro and in vivo studies have indicated that the scaffold has good biodegradablility and osteoconductivity and promotes early
mineralization and new bone formation[6].
Beside that, we previously developed a novel collagen microencapsulation technology entrapping steroidal saponins in a
self-assembled collagen matrix consisting of collagen fiber meshwork. These stable microspheres provide a physiologically relevant
microenvironment to support osteoblast proliferation, viability, and differentiation[7]. Therefore the possibility of using steroidal
saponins as an inducer factor assures better biological performance for bone regeneration.
Based on the fact that nBG/PS/COL scaffolds can enhance bone growth, the overall aim of this research was to confirm if
bone substitute fashioned from collagen microspheres loaded with steroidal saponins and distributed in nBG/PS composite would
produce more new bone than non-drug-loaded implants. To accomplish this aim, the steroidal saponins-loaded scaffolds were
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constructed, and the microstructure, drug release assays, and in
vitro and in vivo biocompatible properties were evaluated and
discussed.

Materials and Methods
Materials: 58s-BG was synthesized using a sol-gel
method and consisted of 60 wt% SiO2, 35 wt% CaO and 5 wt%
P2O5. PS and NuSieve GTG agarose gel were supplied by Boao
Medical Ltd. (Shanghai, China) and Liyuan Medical Ltd. (Xiamen, China), respectively. Lyophilized steroidal saponins were
obtained from the College of Pharmacology, Shandong University of Traditional Chinese Medicine (Jinan, China).
Dulbecco’s minimum essential medium (DMEM) and
fetal bovine serum (FBS) were purchased from Sigma (St Louis,
MO, USA). Tissue-culture clusters and flasks were purchased
from Corning (Midland, MI, USA). All other reagents were of
analytical grade.
Preparation of composite scaffolds: The steroidal saponins-loaded collagen microsphere was prepared as previously
reported[7]. The steroidal saponins-loaded nBG/PS/COL scaffolds were made with similar procedure of nBG/PS/COL composite[6]. In brief, the nBG particles and drug-encapsulated collagen microspheres were gradually added to the solution of PS and
intensively mixed. Then 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (4:1
ratio) were incorporated in deionized water at a content of 2.5
mg/mL and the pH was adjusted to 5.5 with 2-(4-Morpholino)
ethanesulfonic acid (MES); the solution was kept at 40C for 24
h to allow cross-linking. The mixture was then transferred to a
freezer (VXE380, Jouran, France) at 600C for 12 h to solidify the
solvent and induce solid–liquid phase-separation. The solidified
mixture was freeze-dried in a freeze-dryer (ALPHA2-4, Christ,
Germany) at 300C for 24 h to form porous scaffolds. Control
samples (nBG/COL/PS) were also prepared using the same process without the addition of steroidal saponins.
Microstructure observation: Scanning Electron Microscopy
(SEM) (S-3400N, Hitachi Co., Tokyo, Japan) were used to investigate the microstructure of two groups of composite samples. The samples were sputter-coated with gold film for examination at the voltage of 20 kV.
In vitro drug release study: Drug release was determined by
incubating 20 mg of steroidal saponins-loaded nBG/PS/COL
scaffolds or control cylinders (10 mm in diameter and 20 mm
in height) in 30 mL of isotonic phosphate buffered saline (PBS)
at 370C. At 1, 2, 4, 6, 8, 12, 16, and 40 days, the samples were
centrifuged, and the supernatant was collected. The remaining
wet materials were weighed and re-suspended in fresh PBS. The
drug content of supernatant collected for each interval was determined by using the ultra performance liquid chromatography
(UPLC, Waters Co., Milford, USA), and steroidal saponins were
used as the standard.
The degradation ratio of steroidal saponins-loaded nBG/PS/COL
scaffolds in PBS after 20 days of incubation was calculated by
the formula of η = (w1- w2) / w1 × 100%. w1 and w2 are respectively the weight of the composite before and after incubation.
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Cell culture using scaffolds as supports: MC3T3-E1 cells
(Japan Riken Cell Collection) were used to study the osteoblast
biocompatibility of the two types of scaffolds in bone formation. Prior to the cell-culture assays, samples were sterilized by
exposure to γ- irradiation. The cell density was adjusted to 1.0
× 104 cells/mL, and 2 mL of cell suspension were seeded on the
samples. After 24 h incubation, samples were washed with PBS
and immersed in PBS containing 2.5% glutaraldehyde (pH 7.4)
for 1h, then dehydrated through an ethanol series (from 30, 50,
70, 90, 95 to 100%), followed by critical-point dried and then
coated with gold for SEM examination.
Reverse transcription-polymerase chain reaction (RT-PCR)
analysis: RT-PCR was performed using standard methods, as
previously described[8]. PCR products were electrophoresed on a
2% NuSieve GTG agarose gel, stained with ethidium bromide,
and detected with a fluorescence image analyzer (Cellometer Vision CBA, Nexcelom, MA, USA). Primers were designed as follows: NGF (5′→3′): Forward, TCCACCCACCCAGTCT-TCCAC;
Reverse, GCCTCTTCTTGTAGC-CTTCCT.
In vivo biocompatibility evaluation: The reaction of bone-tissue to the scaffolds was examined using a rabbit tibia defect
model. Two 20-mm bone defects were created in two groups of
five rabbits. The right defect was an untreated control, whereas
the left defect had one of two types of implants: (1) nBG/PS/
COL scaffolds, or (2) steroidal saponins-loaded nBG/PS/COL
scaffolds.
The implanted composite and surrounding tissues were
removed 8 weeks after operation. Samples were decalcified, embedded in paraffin and sectioned prior to histological staining
using hematoxylin and eosin (HE) and observed using light microscopy.

Results
The SEM micrographs of the scaffolds with and without
steroidal saponins are shown in Figure 1. Two types of scaffolds
both possess interconnected porous structure, which indicates
that the involvement of steroidal saponins did not significantly
affect the porous morphologies. The porosity of steroidal saponins-loaded scaffolds (82.3 ± 4.8%) is also similar with that of
steroidal saponins free scaffolds (81.9 ± 5.1%), and the pore size
ranges from several micrometers up to about 400 μm.
1 Microstructure of steroidal saponins-loaded scaffolds

Figure 1: SEM morphologies of (a) steroidal saponins-loaded nBG/PS/
COL scaffolds and (b) nBG/PS/COL scaffolds without steroidal
saponins.
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In order to further evaluate the bioactivity of steroidal saponins-loaded nBG/PS/COL scaffolds, implant experiments in vivo were carried out. Figure 4 shows representative
samples of the histology analysis of each treatment in the rabbit
bone defect. Clearly, no treatment results in little healing, with
only occasional islands of new bone emanating from the defect
margins, a potential source of bone growth factors (Figure 4a).
Treatment with implants (with no drugs) does a little to enhance
healing. Islands of bone formed along the interface between the
implants and local tissues, but a full table had not formed by
week 8 (Figure 4b). However, defects treated with the steroidal
saponins-loaded implants produced bone tables at the implant
margins and the periosteum. The sum of new bone and type, and
the amount of collagen present were significantly higher. The
bone appeared to be maturing, tending toward remodeling with
lamellar bone (Figure 4c).

Figure 2 shows steroidal saponin release from nBG/PS/
COL scaffolds. The profile shows a burst of drug (= 18%) on
the first two day with a total of 60% to 70% of the loaded drug
released from the scaffolds in 10 to 15 days, followed by slow
release of bound drug starting at around 25 days. This result corresponds to our early release profiles reported for collagen microspheres[7].
2 In vitro drug release

4 In vivo biocompatibility evaluation:

Figure 2: Release profile of steroidal saponins from nBG/PS/COL scaffolds over 40 days in vitro

Our previous study showed that the application of
steroidal saponins to MC3T3-E1 cells enhanced the biomineralization and proliferation of cells[7]. But the reasons by which
the administration of steroidal saponins improved bioactivity
in this model are vague. In this report, when we analyzed the
MC3T3-E1 cells cultured together two types of scaffolds by
RT-PCR, cells expressed the classical neurotrophin, such as
nerve growth factor (NGF) (Figure 3). Beyond that, the cells
cultured together with scaffolds that contained steroidal saponin
expressed significantly more NGF than either type of scaffolds
without the drug.

Figure 4: Histological morphology (HE stain magnification × 40) of
bone defects 8 weeks after implantation. (a) Untreated; (b) nBG/PS/
COL scaffolds without steroidal saponins; (c) steroidal saponins-loaded
nBG/PS/COL scaffolds.

3 Modulation of neurotrophin expression in MC3T3-E1 cells.

Discussion
Steroidal saponin has already been used for bone and
joint diseases, nerve damage, and hematischesis. The therapeutic drug concentration must be controlled by drug monitoring.
Previous study showed that high plasma concentrations of steroidal saponin will cause coagulation reaction[1]. Therefore, less
than 12 μg/ml plasma concentration was suggested in order to
prevent the side effects.
In our previous study, the nBG/PS/COL bone substitute has been proven to have unique osteoconducntion and osteoinduction[6]. The appropriate degradation characteristics and
porous microstructure make it possible to control the kinetic
property of drug release forming a safe and effective drug concentration in local tissues. Further, the scaffolds had sustained
release of drugs in 40 days that gave the implants a long-term
activity.
Makio et al had reported that NGF is essential for osteoblastic cell survival as an autocrine anti-apoptotic factor[9].
The present study has showed that the released steroidal saponins can specifically initiate the secretion of NGF in MC3T3-E1

Figure 3: RT-PCR analysis of NGF mRNA expression in MC3T3-E1
cells cultured together with nBG/PS/COL scaffolds without steroidal
saponins (a) and with steroidal saponins, (b) after 12 h and 24 h, respectively.
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cells. NGF plays an important role as counterbalance and a
counterpart to the apoptosis of the osteoblastic cells, and will
affect the life span of cells[10]. Additionally, NGF was detected
in osteoblasts, which suggests that the osteoblasts may govern
innervation by synthesizing and secreting NGF[11]. Sympathetic and sensory nerve fibers mainly present in the periosteum[12].
Therefore the form of NGF in osteoprogenitor cells should be
effective to the normal preservation of nerve fibers. On the other
hand, similar embryonal-like skeletal cells are mainly found in
the initial stage of fracture callus, therefore cells of the callus
should similarly contain NGF. In the present study NGF presence by cellular components has been presented as a possible
reason which increases this callus.

Conclusion
A bone graft substitute was prepared by loading steroidal saponins/collagen microsphere suspension in our previously
developed biomimetic nBG-PS composite. The drug release assays showed the long-term sustained release of steroidal saponins from the nBG/PS/COL composite with safe and effective
bioactivity. And the involvement of steroidal saponins contributed to the secretion of NGF in MC3T3-E1 cells, which may be
the possible factor that greatly enhanced bone healing. Therefore, it is reasonable to hypothesize that such bone substitute
could be an effective implantable drug-delivery system for use
in bone repair.
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