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Chapter I Introduction 

1 Demands for tissue regeneration and their treatments with 

biomaterials 

 Disease and injury lead to damage, degenerate or loss of human tissues. There 

are enormous demands each year for various biomedical implants to repair diseased or 

lost tissues in worldwide. [1] Tissue transplantation is a medical procedure to replace a 

damaged or missing tissue. Tissues include soft tissues such as skin, tendons, ligaments, 

fascia, fibrous tissue, muscles, nerves and blood vessels; [2] and hard tissues such as 

bones, tooth enamel, dentin and cementum. [3]  

 Conventional tissue replacements, which including autografts, allografts and 

xenograft, have a variety of problems that cannot satisfy diverse demands for clinical 

application. [4–6] Currently, autografts remain the primary solution of many clinicians 

for the repair of dental, craniofacial and orthopaedic bony critical-sized defects. 

However, autografts require a painful secondary surgery site which increases the risk of 

patient pain and infection. [7–9] The use of allografts eliminates the need to resect 

tissue from a secondary location in the body and also does not carry the same risk of 

disease transmission. [10–11] The technological advances of xenograft materials are 

more recent and extensive clinical trials are still required due to the many obstacles 

arising from the interspecific immunologic barriers. [12–13] 

 Each year, nearly 1 million allografts are transplanted in the U.S. alone. The 

high incidence of injuries by physical impacts and high percentage of aged population 

makes the demand of allograft transplantation in Japan increased greatly every year. 

[14] Soft tissue allografts are substitute tissues that are used to reconstruct deficient 

ligaments, spinal surgery, torn menisci, and osteochondral defects during knee surgery. 
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According to Transparency Market Research (TMR) study in 2017, the demand in the 

global soft tissue allografts market will swell at a healthy compound annual growth rate 

of 6.3% during the forecast period of 2017 to 2025. The report estimates the market for 

soft tissue allografts, across the world, to be worth 6.2 billion US dollars by the end of 

2025, substantially up from its evaluated valuation of 3.6 billion US dollars in 2016. In 

order to meet this huge demands, a variety of materials have been developed to mimic 

specific cell and tissue niches due to the diversity of mechanical and biochemical 

properties of native human tissue. [15] Biomaterials emerged under this situation and 

already have applications in tissue regenerative. 

 Biomaterials is an interdisciplinary field encompasses elements of medicine, 

biology, chemistry, tissue engineering and materials science. They are designed and 

expected to restore or augment the physiological function of diseased or damaged 

tissues via tissue replacement, such as permanent hip replacements; or regeneration. 

Biomaterials can be obtained from synthesis methods in the laboratory using variety of 

chemical approaches by utilizing metallic components, polymers, ceramics and/or 

composite materials. Synthetic biomaterials do not suffer from risks of low supply or 

high cost associated with autografts and allografts nor do these materials suffer from 

inconsistency that occurs because of variability in donor bone quality. [16] The 

biocompatibility, multifunctionality, and physiochemical properties are essential 

characteristics for biomaterials, because when they incorporate with living cells, 

integrated systems biology behavioural mimicry can be accomplished. When 

biomaterials are implanted in human body, cells of the innate immune system are the 

first to respond to the implantation of a biomaterial in vascularized tissue. Following 

blood biomaterial contact, a layer of protein immediately adsorbs onto the biomaterial 

https://en.wikipedia.org/wiki/Polymers
https://en.wikipedia.org/wiki/Bioceramic
https://en.wikipedia.org/wiki/Composite_materials
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surface, resulting in the formation of a blood clot; which is rich in growth factors, 

cytokines and chemoattractants capable of recruiting cells of the innate immune system 

to the injury site. [17]  

 

2 Therapeutically relevant aspects in biomaterials for tissue 

regeneration 

 Tissue regeneration is a part of complex dynamic event that involves many 

molecules and cells. After implant material implantation, the therapeutic actions should 

thus be harmonized with the biological events and even facilitate a better healing 

process. Therapeutic actions include reducing tissue rejection and inflammation, 

homing progenitor and stem cells, stimulating angiogenesis, improving cellular activity. 

[18] In order to achieve these biological processes, some key actions need special 

consideration in designing biomaterials. For example, angiogenesis is critically 

important because the blood vessels work as the transport of oxygen and nutrients, as 

well as the metabolic waste. In bone regeneration, especially for large defects, blood 

vessels must enter the defect, otherwise any new bone will die. For continuous ingrowth 

of bone tissue, interconnected porosity is important: a minimum pore size between 100 

and 150 μm is needed for bone formation; however, enhanced bone formation and 

vascularization are reported for scaffolds with pore sizes larger than 300 μm. [19–22] In 

order to produce porous biomaterials, methods such as sol-gel process, 

particulate-leaching techniques, phase separation, electrospinning and 3D printing, 

showing effectivity in tuning the porous structure. [23–28] In bone tissue formation, 

osteogenic differentiation is crucial to obtain specified functional cell from multipotent 

stem cells. Many physical, chemical, physico-chemical and biological factors have been 
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implicated in osteogenic stimulation. [29–30] Along with biochemical growth factors, 

physical and chemical factors are implicated as inducers of stem cell differentiation. 

Chemical factors include biological ions, which play essential roles in regulating 

cellular functions, have be widely studied by many research groups. [31–33] 

 Inorganic ions of calcium (Ca), zinc (Zn), magnesium (Mg), strontium (Sr), 

silver (Ag), silicon (Si) and cobalt (Co) have shown beneficial effects on bone 

biological processes including cell mitosis, osteogenesis, angiogenesis or antibacterial 

properties. [18, 34] Phosphate-based or silica-based bioactive glasses can incorporate 

those relevant ions within the random networks. [35–36] Different ions can be 

structured during the thermal (sintering or quenching) processes in preparation 

processing. As a result, it is possible to control the different levels of these ions release 

amount. However, the exact mechanism of interaction between the ionic dissolution 

products from bioactive glasses and human cells are not fully understood, thus many 

works specifically investigate the effect of the dissolution behavior to osteogenesis 

angiogenesis and antibacterial activity.   

 Besides inorganic ions, biochemical growth factors also play an important role 

in the design of biomaterials for tissue regeneration. [37–38] For instance, tumor 

necrosis factor  (TNF-), which can promote osteoblast differentiation and inhibit 

osteoblast activity. [39] Vascular endothelial growth factor (VEGF), fibroblast growth 

factor (FGF) and platelet-derived growth factor (PDGF) are widely used to stimulate 

angiogenic growth. [40]  
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3 Biodegradable polymer composites for tissue regeneration 

 Polymer composites employ organic polymer matrix as carrier materials to bear 

drug, protein or some kinds of inorganic materials. [41–46] The polymer matrix could 

able to promote the properties of the composite materials such as impact resistance, 

stability, structural integrity, mechanical flexibility, controlling release, moulding and 

hydrophilia. Some of promising inorganic biomaterials for application in bone tissue 

engineering include bioceramics such as hydroxyapatite (HA), octacalcium phosphate 

(OCP), -tricalcium phosphate (-TCP), bioactive glasses and their related composite 

materials combining inorganic materials with polymers. However, since these inorganic 

materials are often difficult to process into highly porous structures and are 

mechanically brittle, composite with polymer matrix could combine to improve their 

bioactivity and mechanical properties.  

 For bone tissue healing progresses, it is desirable that the implant materials 

degrade gradually, and new bone tissues form and start to bear stress at the same time. 

The non-biodegradable polymers for implantation materials do not display this desired 

characteristic. To fabricate the ideal implantation materials, biodegradable and 

bioresorbable linear aliphatic polymers such as poly(glycolic acid) (PGA), 

poly(D,L-lactic acid) (PDLLA), their copolymer poly(D,L-lactic-co-glycolic acid) 

(PDLLG), poly(L-lactic acid) (PLLA), poly(-caprolactone) (PCL), poly(hydroxyl 

butyrate) (PHB) and poly(propylene fumarate) (PPF), which are frequently used for 

preparing polymer composite materials for tissue regeneration. [47–48] Numerous 

researches about inorganic materials/biodegradable polymer composites for tissue 

regeneration have published. [49–56] Generally speaking, composites can be designed 
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and produced with specific requirements: by using a wide range of polymeric matrices, 

reinforcements and processing routes. 

 In our group, biomaterials with controlled releasabilities of Ca
2+

 and silicate ions 

consist of siloxane-containing vaterite (SiV) with biodegradable polymeric matrices 

have been investigated for bone tissue regeneration. [57–61] The vaterite lamellae 

(5–20 nm in size) build the main structure of SiV with a small amount of amorphous 

calcium carbonate insert randomly, the γ-aminopropyltriethoxysilane (APTES) 

distribute enclosed to the main structure. [62] The Si–O–Si bonds form by APTES 

could be substituted by other stronger-polarity ions. Under this principle, the 

siloxane-containing vaterite doped with magnesium (MgSiV) was prepared. For the 

structure of MgSiV, the main structure is principally almost same as that of SiV. While 

Mg
2+

 ions form Mg–O‒Si bonds and aggregate on the surface of calcium carbonate 

through a deprotonated OH group bonding with Ca
2+

 ions during processing. [63–64]  

 The Ca
2+

 ion is the most widely studied for bone formation, which mediates 

multiple cellular responses, including cell proliferation and osteogenesis. [65] Silicate 

ion also plays a key role in bone growth and has shown excellent in vitro and in vitro 

osteogenic potential. [66–67] Except for healing bone, Ca
2+

 and silicate ions are 

reported to play a central role in wound healing. [68–70] Mg
2+

 ion has been reported to 

stimulate cellular activity, especially the adhesion of osteoblasts. [71] By combining 

these therapeutic ions to SiV or SiV-derivative materials (MgSiV), it is meaningful to 

investigate a series of biomaterials by implementation of SiV.    

 

  

javascript:popupOBO('CHEBI:52241','C3TB20589D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=52241')
http://www.chemspider.com/Chemical-Structure.12933.html
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4 Aim of this thesis 

 The objective of this thesis is to prepare bioactive composites consisting 

inorganic materials, SiV or SiV-derivative materials (MgSiV) and biodegradable 

materials to design flexible biomaterials for tissue regeneration. The ions-release 

abilities of MgSiV/biodegradable polymers, which were expected to tailor by applying 

different polymer matrice, were investigated first. Then coaxial electrospinning was 

implemented to obtain the biocomposites fibrous materials with flexibility and effective 

ion-release ability for application in tissue regeneration.  

 In chapter II, the dissolution behavior of MgSiV, embedded in three kinds of 

biodegradable polymers in Tris buffer solutions (TBS) were examined to find an 

effective ion releasing system. PLLA and PDLLG (lactide : glycolide = 75 : 25 or 50 : 

50; denoted as PDLLG75 or PDLLG50, respectively) were chosen as the matrix 

polymers. The variety of surface morphologies, ions releasing behaviours, 

morphologies of cross-section surface and pH values of the immersed solution were 

traced to evaluate the effect of polymer matrices to the composites.  

 According to the results of chapter II, PDLLG75 showed favorable ion release 

and degradation behaviors comparing with other polymer matrices. These 

characteristics are crucial to stimulate cell activation for tissue regeneration. In chapter 

III, for purpose of controlling the ion release of SiV effectively to have an application in 

filling irregular shaped bone voids, soft and thin layer (~2 m) of PDLLG75 was coated 

on the SiV/PLLA composite fibers by coaxial electrospinning. Obtaining 

cotton-wool-like materials with core-shell structure fibers was one of the significant 

objectives in this thesis, as this kind of material was expected to improve the 

mechanical flexibility and ion release of the SiV/PLLA composite fibers. The 
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mechanically flexible, recovery-ability and the ion-release behavior (in TBS) of the 

material was estimated. 

 Ions released from SiV could also play an important role in soft tissue 

regeneration. In chapter IV, for purpose of regulating the bone-like crystal (usually 

apatite) formation to prevent the calcification of soft tissue, and also controlling the ion 

release of SiV effectively, a coaxial electrospinning process was engineered to apply 

PDLLG coating on the fibres with SiV enclosed within a bio-inert polymeric matrix 

(PLLA). By careful selection of the electrospinning parameters, the diameter-thickness 

of shell layer could be modulated. The relationship between the rate of ion release and 

shell-thickness was discussed in detail. The apatite-formation abilities and the 

mechanical properties of the fibermats were investigated.  
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Chapter II  Dissolution behavior of Mg/Si-doped vaterite 

particles in biodegradable polymer composites 

 

1  Introduction 

Tissue engineering scaffolds play a decisive role in the repair and regeneration of 

bones [1–4]. These scaffolds provide a supporting matrix and an essential environment 

for cells to attach, spread, proliferate, differentiate, and mineralize. Scaffolds consisting 

of biodegradable polymers and bioactive materials have attracted great research 

attention because they can combine the tailored degradability of polymers with the 

osteoconductivity of bioactive materials [2, 3]. Bioactive materials, such as Bioglass
®
 

45S5, combined with lactic acid-based polymers, showed impressive bone-forming 

ability [5, 6]. 

The ions released from 45S5 have been reported to stimulate the attachment, 

proliferation, differentiation, and mineralization of osteoblastic cells in vitro and 

angiogenesis both in vitro and in vivo [7–9]. The calcium (Ca
2+

) and silicate ions 

released from 45S5 can stimulate osteoblast cell division and the production of growth 

factors and extracellular matrix proteins [9–11]. Ca
2+

 ions are necessary for bone 

remodeling since they directly activate intercellular mechanisms by affecting the 

calcium-sensing receptors in osteoblastic cells [12]. In aqueous solutions, silicate ions 

are associated with the formation and calcification of bone tissue [13, 14]. Magnesium 

(Mg
2+

) ions have been reported to stimulate cellular activity, especially the adhesion of 

osteoblasts [15, 16]. These stimulatory effects on cellular activities play an important 

role in bone regeneration. 
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 From these reports, it can be inferred that materials capable of releasing Mg
2+

, Ca
2+

, 

and silicate ions might be beneficial as new biomaterials. In our previous work, 

siloxane-containing calcium carbonate (vaterite) doped with magnesium (MgSiV) was 

developed [17, 18]. MgSiV particles had distorted spherical shapes with a diameter of 

~1.3 m and a thickness of ~0.6 m; they were capable of releasing Ca
2+

, Mg
2+

, and 

silicate ions in aqueous solutions. The ions released from MgSiV are expected to 

promote cell adhesion, proliferation, and differentiation. The ion releasing behavior of 

MgSiV in aqueous solutions has been reported in our earlier work [17]; it was observed 

that the ions were released in a short period of time. The rapid release might cause pH 

instability and have a significant effect on homeostasis. We propose that MgSiV can be 

used as a filler in polymeric composites. The ion releasing behavior of 

MgSiV-containing composites has not been examined so far to the best of our 

knowledge.  

 In this work, lactic acid-based polymers, such as poly(L-lactic acid) (PLLA) and 

poly(D,L-lactide-co-glycolide) (PDLLG), were used as the matrix polymers to prepare 

the composites with MgSiV particles as the fillers. PLLA and PDLLG belong to the 

family of linear aliphatic polyesters, which are often used to prepare bioactive 

composites. The extra methyl group in the PLLA repeating unit reduces its molecular 

affinity to water and leads to a slow degradation [24]. PDLLG with its higher fraction of 

glycolide units is likely to hydrate and swell faster than PLLA and also to degrade faster 

[19–22]. This work focuses on the Mg
2+

, Ca
2+

, and silicate ion release from 

MgSiV-PLLA and MgSiV-PDLLG composites in Tris buffer solutions (TBS). Changes 

in the surface morphologies of the composites and pH values of the solutions are also 

discussed. 



20 

 

2  Experimental section 

2.1 Raw materials 

 Poly(L-lactic acid) (PLLA) (LACEA, Mitsui Chemicals Co. Ltd., Japan) and two 

kinds of poly(D,L-lactide-co-glycolide) (PDLLG) (Purasorb
®
; lactide : glycolide = 75 : 

25 and 50 : 50; Corbion Purac Biomaterials, The Netherlands) were used in this work. 

According to the ratio of lactide to glycolide in PDLLG (75 : 25 and 50 : 50), they were 

named as PDLLG75 and PDLLG50, respectively. The molecular weights of PLLA, 

PDLLG75, and PDLLG50 were 140, 170, and 170 kDa, respectively.  

 MgSiV particles were prepared using a carbonation method described in our 

previous report [17]. Briefly, 133.4 g of Ca(OH)2 was dissolved in a co-solvent 

containing 2000 mL of methanol and 200 mL of distilled water (DW). After CO2 gas 

was blown in the solution for 20 min, 11.7 g of Mg(OH)2 and 60 mL of 

3-aminopropyltriethoxysilane (APTES) were added into the slurry, which was stirred 

for another 40 min while CO2 was being blown. The resulting slurry was dried at 110 
o
C 

to obtain MgSiV particles (diameter ~1 m). The silicon and magnesium contents of the 

MgSiV particles were estimated to be 2.8 mass% and 2.0 mass% by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). 

 

2.2  Preparation of MgSiV-polymer composite films 

 To prepare the MgSiV-polymer composites, MgSiV particles were initially 

kneaded with the polymers. The ratio of polymer to MgSiV was 53 : 47 (vol%) (40 : 60 

in mass%). 28 g of the polymer was poured into a pre-heated kneading reactor and held 

for 5 min for melting and then 42 g of the MgSiV particles was added into the reactor 
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and kneading was carried out for 15 min. The processing temperatures were set at 190 

o
C for PLLA, 130 

o
C for PDLLG75, and 110 

o
C for PDLLG50.  

 A solution-casting method was employed to prepare the composite films. Four 

grams of the kneaded composites were dissolved in 40 g of chloroform and stirred in a 

capped vessel for 6 h at room temperature. The MgSiV-polymer composite solution was 

poured into a glass culture dish ( = 90 mm) to evaporate the solvent. After the cast 

solutions were dried for 1 d, composite films with ~0.3 mm thickness were obtained. 

The resulting composite films are denoted as MgSiV-PLLA, MgSiV-PDLLG75, and 

MgSiV-PDLLG50. 

 

2.3 Surface morphologies 

 The surface and fracture morphologies of the composite films were observed 

using a scanning electron microscope (SEM, JSM-6301F, JEOL, Japan) after the 

specimens were coated with a thin layer of platinum. The cross-sections, obtained by 

breaking the films soaked in liquid nitrogen for 2 min with tweezers, were observed to 

analyze the fracture face morphologies. To characterize the crystalline phases, X-ray 

diffraction (XRD, X'pert X-ray diffractometer, Philips; CuK, 50 kV, 40 mA) was 

carried out. The scanning rate was 1 
o·min

-1
.  

 

2.4 Ion release behavior 

 The ion releasing behavior of the composite films was evaluated in TBS as 

described previously [17]. The preparation of TBS was carried out as follows – initially, 

6.118 g of tris(hydroxymethyl) aminomethane was dissolved in 1000 mL distilled water 
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at 37 
o
C and the pH of the solution was adjusted to 7.4 with 1 M hydrochloric acid. To 

examine the dissolution behavior of the composite films, each film of ~ 0.3 

mm-thickness was cut into square-shaped samples (20 mm × 20 mm), which were 

soaked in 10 mL TBS in a polystyrene vessel. The vessel was sealed and stored 

statically in an incubator at 37 
o
C. At predetermined time intervals (1 h ~ 7 d), the 

soaked samples were taken out from the solution, rinsed with DW, and dried at room 

temperature; meanwhile, the Mg
2+

, Ca
2+

, and silicate ion contents in the solutions were 

analyzed. The experiments were performed in triplicate at each time point for statistical 

relevance. 

 The concentrations of the Mg
2+

, Ca
2+

, and silicate ions in the solutions after 

soaking the samples were measured by ICP-AES (ICPS-500, Shimadzu, Japan). 

Calibration curves were generated using magnesium, calcium, and silicon standard 

solutions at 1, 10, and 50 mg·mL
–1

. The pH values of the solutions were measured using 

a potentiometric pH meter (F-73T, HORIBA Ltd., Japan) at room temperature.  

 

3 Results and discussion 

 

3.1 Surface morphology 

 Figure 2‒1 shows the SEM images of the composites before and after being 

soaked in TBS. Before the samples were soaked, MgSiV particles were found to be 

spread on the film surfaces homogeneously.  

 Immediately after soaking the films in TBS, MgSiV particles on the film surface 

started to dissolve. After 1 h, the amount of particles decreased and numerous pores, 

which were comparable in size with the particles (~1 m), were observed on the 
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surfaces. These phenomena are thought to originate from the rapid dissolution of 

MgSiV particles on the surface of the composite films, which were covered with a thin 

polymer layer that would dissolve within 1 h; during soaking, the thin polymer layers 

were rapidly hydrolyzed and degraded and the particles could dissolve in the solution. 

 After 1 d, new needle-like products precipitated on the surface of the samples. In 

the case of MgSiV-PLLA, there were almost no changes in the sizes and number of 

surface pores while the number of needle-like products increased. In the case of 

PDLLG-based composites, after day 3, the number of ~1 m-sized pores decreased and 

larger pores appeared, which implies the degradation of PDLLG matrices. After day 3, 

numerous cube-like products were observed on MgSiV-PDLLG50.  

 Figure 2‒2 shows the XRD patterns of the composites before and after soaking 

them in TBS. The patterns clearly show the phase transformation of calcium carbonate 

crystals. Before soaking, the composites were characterized by the strong diffraction 

peaks originating from vaterite phase in the MgSiV particles, containing a small amount 

of calcite [23]. After 1 d of soaking, the peak intensities of vaterite in all the samples 

reduced and peaks corresponding to aragonite appeared. The new needle-like products 

are believed to be aragonite crystals. After 7 d of soaking, strong peaks corresponding 

to aragonite were observed in the diffractograms of MgSiV-PLLA and 

MgSiV-PDLLG75. It has been reported that aragonite is formed in a carbonation 

process when the aqueous solution contains Mg
2+

 ions [24–27]. The existence of Mg
2+

 

ions in the solution modifies the nucleation kinetics in the crystallization process of 

calcium carbonates. The growth rate of calcite decreases while that of aragonite is 

unaffected [26, 27]. In the case of MgSiV-PDLLG50, after 7 d of soaking, strong 

diffraction peaks corresponding to calcite were observed. The cube-like products are 
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believed to be calcite crystals. The XRD patterns and the surface morphologies (Figure 

2‒1) suggest that, at day 7, calcite was the dominant crystal phase in MgSiV-PDLLG50.  

 

3.2 Ion release behavior 

 Figure 2‒3 shows the cumulative amounts of Mg
2+

, Ca
2+

, and silicate ions 

released from the composite films after they were soaked in TBS. Silicate ion release 

was measured in terms of silicon ion release from a calibration curve generated using 

the standard solution for ICP-AES.  

 The amount of Mg
2+

 ions released from the PDLLG-based composite films 

increased rapidly within 3 d, after which the release was almost constant due to 

discontinuous release. In other words, almost all of the Mg
2+

 ions embedded in the 

PDLLG-based samples were dissolved within 3 d of soaking in TBS. On the other hand, 

in the case of Mg
2+

 ion release from MgSiV-PLLA, the cumulative release amounts 

were always smaller than those of the PDLLG-based samples; furthermore, a 

continuous increase in the amount of the released Mg
2+

 ions was observed. After 7 d of 

soaking, ~70 % of the magnesium in the intact sample was estimated to have been 

released. The Mg
2+

 ion release behavior might originate from the chemical structure of 

MgSiV. During processing, Mg
2+

 ions form Mg–O‒Si bonds and aggregate on the 

surface of calcium carbonate through a deprotonated OH group bonding with Ca
2+

 ions 

[17, 28]. Ca
2+

 ions were released rapidly from MgSiV-PLLA and MgSiV-PDLLG75 

within 12 h (~10 % of calcium content in the original samples); after day 1, the released 

Ca
2+

 ion content decreased and was almost constant until 7 d. In the case of 

MgSiV-PDLLG50, Ca
2+

 ions were released rapidly within 12 h, and the released 

contents were high at day 3 and day 7. The silicate ion release behavior was similar to 
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that of Mg
2+

 ion. Within 3 d, almost all of the silicate ions were released (80 ~ 100 % of 

silicon content in the original samples). In the case of MgSiV-PLLA, the release of 

silicate ions was suppressed relatively after 12 h.  

 The rapid release of the silicate ions within 12 h is considered to be due to the 

dissolution of the MgSiV particles on the surfaces of the films. Immediately after the 

films were exposed to TBS, dissolution started. For example, consider the case of 

MgSiV-PDLLG75. As shown in Figure 2‒4, at hour 1, a homogeneous distribution of 

the MgSiV particles could be seen on the surface; pores were formed when these 

particles dissolved. The composites include ~50 vol% MgSiV particles, which are 

embedded in the polymer matrix phase and some of the particles might be in contact 

with other particles. When the particles dissolved, pores were left in the matrix and 

continuous pores, if any, transformed into channels. In our previous work [29], when 

PDLLG75 was coated on a material with Ca
2+

 and silicate ion release capability, the 

resulting material’s release kinetics followed the Weibull model, showing a purely 

diffusive release after the hydration of the PDLLG75 layer. In this work, because of the 

water uptake ability of PDLLGs, the MgSiV particles embedded tightly in the polymer 

matrix dissolve and ions diffuse through both the channel and the PDLLG matrix. After 

day 3, almost no MgSiV particles could be observed and some new products formed 

inside the porous sample. In the case of PDLLG-based composites, it is believed that 

the absorption-diffusion model comes into play immediately after the films are soaked 

in TBS. 

 In Figure 2‒3, slight decreases in the cumulative amounts of Mg
2+

 and silicate 

ions were observed. Although this might be in the region of measurement error, the 
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possibility of adsorption to form new products around the sample surface might be also 

considered. Experiment for clarifying this phenomenon is in progress.  

 

 

 

 

Fig. 2–1. SEM images of the composite films before and after soaking in TBS for 1 h ~ 

7 d. The scale bar is 10 m.  
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Fig. 2–2. XRD patterns of the composite films before and after soaking in TBS for 7 d. 

a = aragonite, v = vaterite, and c = calcite. 
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Fig. 2–3. Mg
2+

, Ca
2+

, and silicate ions release profiles after soaking the composite films 

in TBS at 37 °C. The error bars indicate standard deviation. 
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 The amount of ions released from MgSiV-PLLA was smaller than that from 

PDLLG-based samples. This would be due to the strong hydrophobicity and low 

degradability of PLLA. The extra methyl group in the PLLA repeating unit reduces its 

molecular affinity to water and leads to slow hydrolysis [30]. Therefore, the penetration 

of TBS into the composite is very slow and it takes a long time for the particles 

embedded in the PLLA matrix to be exposed to TBS. As a result, the release of ions is 

controlled. The routes for ion release from MgSiV-PLLA are believed to be developed 

by the dissolution of MgSiV particles on the surface and agglomerated ones; thus, the 

absorption-diffusion model cannot suitably explain the release behavior in this case.  

 Figure 2‒5 shows the pH values of TBS after soaking the samples. In the case of 

MgSiV-PLLA and MgSiV-PDLLG75, the values increased until day 3. Mg
2+

, Ca
2+

, and 

silicate ions released from the MgSiV particles on the surface would increase the pH 

value of TBS. As a result, the degradation of PLLA and PDLLG75 might be promoted 

slightly [20]. As the released ion content reduced after 3 ~ 7 d, the pH values were 

almost constant. In Figure 2‒3, the cumulative amounts of Ca
2+

 ions released from the 

composites were found to increase up to 12 h of soaking, after which they decreased to 

~200 mg·L–1
, which then remained constant. After 1 d, the formation of aragonite took 

place (Figures 2‒1 and 2‒2). Aragonite has been reported to form in Mg
2+

 

ion-containing aqueous solutions at pH > ~8 with needle-like shapes [24]. In other 

words, Ca
2+

 ions released from MgSiV were consumed to form aragonite crystals.  

 On the other hand, the solution in which MgSiV-PDLLG50 was soaked, 

exhibited different Ca
2+

 ion content and pH values (in Figures 2‒3 and 2‒5, 

respectively). PDLLG50 has been reported to have the highest degradability among the 

various PDLLG systems available [22]. The decrease in the pH of the solution is 
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considered to be due to the rapid hydrolysis of the polymer chains [20]. As a result, the 

release of Ca
2+

 ions is accompanied by a decrease in the pH. After 7 d of soaking, the 

pH of the solution was around 7.5 (<8). During the precipitation of calcium carbonate 

polymorphs, solutions with high Mg/Ca ratios tend to precipitate aragonite while those 

with low ratios tend to form calcite [27]. In the case of MgSiV-PDLLG50, after 1 d, the 

low pH would enhance the release of Ca
2+

. As a result, the Mg/Ca ratio in the solution 

decreased, thus favoring calcite formation.  

 As described earlier, the rate of ion release from MgSiV-PLLA was slower as 

compared to PDLLG-based composites due to the poor water uptake ability and slow 

degradation rate of the PLLA matrix. Therefore, to rapidly release Mg
2+

 ions and 

enhance cell adhesion, PDLLG-based composites would be preferable. 

 However, when MgSiV-PDLLG50 is used in the body, the fast degradation of 

PDLLG50 would lead to a dramatic decrease in the pH of the environment around the 

material. The high water uptake and swelling ability of PDLLG50 could lead to wide 

channels and pathways, which can enhance the interaction of the particles with aqueous 

solutions and facilitate ion diffusion. It should also be kept in mind that the large 

variations in pH and amount of ions released might limit the application of these 

materials in bone repair.  

 In contrast, MgSiV-PDLLG75 is expected to exhibit a suitable ion release 

behavior. A large portion of the Mg
2+

 ions were dissolved out within 3 d. Ca
2+

 ions were 

released continuously and consumed in aragonite formation. This behavior is expected 

to have a beneficial effect on cell adhesion. After 3 d, the silicate ion release was almost 

controlled. Obata et al. reported that when an appropriate amount of silicate ions was 

supplied only at the initial stages of cell culture, mineralization could be enhanced [31]. 
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Such phenomena are caused by the formation of pathways for ion release, originating 

from the water uptake ability of the polymer. As shown in Figure 2‒1, 

MgSiV-PDLLG75 exhibited a healing effect on the small-sized pores on its surface 

after 1 d. Since the pH values after soaking MgSiV-PDLLG75 in TBS increased 

moderately to 7.8‒8.1, no negative effect on bone-forming ability would be given.  

 For effectively stimulating cell activation for bone repair, the material used 

should exhibit desirable ion release and degradation characteristics. In this context, 

MgSiV-PDLLG75 is expected to be a promising candidate for bone repair. Advanced 

applications to medical devices with drug delivery systems using MgSiV-PDLLG75 

would be also expected. The devices might be derived via various techniques, such as 

protein-entrapping [32], electrospinning [33], sol-gel processing [34], hydrogelation [35] 

and oil-spill treatment [36]. 
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Fig. 2–4. Cross-sectional SEM images of MgSiV-PDLLG75 fracture samples after 

films were soaked in TBS for 1 h, 1 d, and 3 d. 

 

 

Fig. 2–5. The pH values of TBS (at 37 
o
C) after soaking the composite films. The error 

bars indicate standard deviation.  
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4 Conclusions 

 

・ Three kinds of composites containing MgSiV particles were prepared using PLLA, 

PDLLG75, and PDLLG50 as the polymeric matrices.  

・ The release of Mg
2+

, Ca
2+

, and silicate ions from these composites in TBS was 

investigated. The strong hydrophobicity of PLLA controlled the release of ions 

from the MgSiV-PLLA composite. The fast degradation of PDLLG50 induced a 

decrease in the pH of the TBS soaking solution.  

・ During a 7 d period, MgSiV-PDLLG75 composites exhibited continuous ion 

release and the pH of the soaking solution was found to be steady; these 

composites exhibited desirable water uptake ability and degradability, which 

helps in the creation of pathways for ion release and diffusion. Therefore, it is 

concluded that MgSiV in combination with PDLLG75 is suitable for use in bone 

repair applications. 
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Chapter III Preparation of mechanically-flexible, cotton 

wool-like, bioresorbable composites with calcium 

and silicate ions-releasability 

 

1 Introduction 

 Numerous works on bone regeneration using bioactive materials have been 

reported. In particular, recently much attention has been paid to bone tissue engineering. 

[1] Bone-void fillers are effective for the regeneration: various materials, such as 

hydroxyapatite, β-tricalcium phosphate, bioactive glass, and so on, have been 

commercialized as the fillers, which have connective porous structure. [2, 3] 

 Hench, et al. reviewed that calcium and silicate ions released from bioactive 

glasses implanted in bone-void show stimulatory effect on bone regeneration. [4, 5] 

These ions activate osteogenesis and angiogenesis through mediation by insulin-like 

growth factor (IGF), transforming growth factor β (TGF-β), bone morphogenic proteins 

(BMPs), vascular endothelial growth factor (VEGF) and so on. [6] Xynos, et al. 

reported that calcium and silicate ions increase the proliferation of human osteoblasts 

through gene activation. [7, 8]  

 Inorganic-organic composite scaffolds with controllable degradation and 

bioactive properties are receiving considerable interest for bone tissue regeneration. 

[9–11] In our group, some polymer–ceramic hybrids or composites with the ability to 

release calcium and silicate ions has been prepared for the regeneration. [12–14] One of 

the most promising materials among them is believed to be a composite consisting of 

poly(L-lactic acid) (PLLA) and siloxane-doped calcium carbonate (vaterite) (SiV) 
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particles, which are derived from aminopropyltriethoxysilane (APTES) and amorphous 

calcium carbonates (ACCs). [15] A siloxane group around the particle surfaces makes 

an amide-I bond to a carboxy group at the end of a PLLA chain and the Ca
2+

 ion in 

ACC is coordinated with carboxy groups: SiV particles in the composite are embedded 

tightly in the PLLA matrix [13]. The SiV-PLLA composite (denoted by SiVPC, 

hereafter) showed the release of calcium and silicate ions, and enhanced cells’ 

proliferation and differentiation in culture tests using murine osteoblast-like MC3T3-E1 

cells. [12, 13]  

 SiVPC can be easily shaped to long fibers with diameters of submicrometer to 

several tens micrometers using electrospinning. A kneaded mixture of PLLA and SiV 

particles at around 200 
o
C is dissolved in chloroform, and a high voltage source was 

utilized to inject charge of a certain polarity into the solution, which is accelerated 

toward a collector of the opposite polarity. As a result, nonwoven SiVPC can be 

obtained. [13] 

 The resulting SiVPC fibrous material containing 20 vol% (30 wt%) of SiV 

showed hydroxyapatite-forming ability by soaking in simulated body fluid (SBF), while 

that containing 47 vol% (60 wt%) of SiV exhibited the rapid the forming ability. [14] 

Numerous large spaces between the fibers in the nonwoven allowed cells’ ingrowth and 

proliferation. In vivo test using New Zealand rabbits showed excellent bone formation 

around the fibers containing 47 vol% of SiV. [13] 

 For repairing irregular bone defects, bone filling materials with the shapes of 

granules or porous blocks are used during the healing process. If the materials are 

mechanically flexible, they would be receiving considerable interest. Although 

nonwoven materials are very promising for bone regeneration, their thickness would be 
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usually limited to 0.1~0.2 mm. In our earlier work, cotton wool-like SiVPCs have been 

developed by a modified electrospinning method. [16] From the view point of 

significance on in vitro bioactivity and animal tests above-mentioned, cotton wool-like 

SiVPC containing 47 vol% of SiV is expected to be one of the optimum materials. The 

fibers, however, are brittle due to the high SiV content and the cotton wool-like 

structure easily collapsed during handling. 

 One of the ideas for improving the mechanical brittleness is to choose the 

well-characterized biodegradable poly(D,L-lactide-co-glycolide) (PDLLG), which is a 

copolymer of poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), as the matrix 

polymer in SiVPC. PDLLG is amorphous since the PLA and PGA polymer chains are 

not tightly packed. [17] Tensile properties, especially the ductility, could be expected to 

be improved by altering the matrix polymer from PLLA to PDLLG. Although the 

composite containing PDLLG as a matrix polymer exhibited better mechanical 

properties than SiVPC with PLLA matrix, almost all of silicate ion dissolved out at a 

burst initially after being soaked in aqueous solution. [14] This may be originate from 

the high hydrophilicity and degradability of PDLLG. 

 In the present work, we hypothesized that coating a SiVPC fiber containing 47 

vol% of SiV with a thin PDLLG layer, that is, preparing a so-called “core-shell”-type 

structure, may resolve the above-described issues: since the thin PDLLG layer could 

prevent direct contact of SiVPC with water immediately after soaking the fiber in 

aqueous solution, the burst-release of silicate ion might be inhibited, and meanwhile the 

mechanical properties might be improved.  

 In the present work, a coaxial electrospinning technique was used for preparing 

the homogenous PDLLG coating layer. [18] The preparation method, the mechanical 
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properties and ions-releasing behaviors of the cotton wool-like materials were 

discussed.  

 

2  Experimental Section 

 As degradable polymers for fibrous materials, PLLA (LACEA, Mitsui 

Chemicals, Co., Ltd. Japan; Mw = 140 kDa) and poly(D,L-lactide-co-glycolide) (PDLLG, 

lactide : glycolide = 75 : 25) (Purasorb
®
; Corbion Purac Biomaterials, The Netherlands, 

Mw = 195 kDa) were chosen. The SiV particles, which were supplied from Yabashi 

Industries, Japan, were prepared by a carbonation process with methanol, following our 

previous reports. [12, 13] The particles had spherical shapes of ~1.4 μm in diameter and 

the Si content in them was estimated to be 2.6 wt% by X-ray fluorescence analysis. 

 PLLA and SiV particles were kneaded mechanically at 200 
o
C for 10 min to 

prepare SiVPC. The ratio of PLLA : SiV was 53 : 47 in vol% (i.e., 40 : 60 in wt%). The 

resulting composites were dissolved in chloroform (Wako Pure Chemical Industries, 

Japan) to prepare 8 wt% solution of PLLA in SiVPC. PDLLG was also dissolved in 

chloroform to prepare 15 wt% solution. 

 Figure 3‒1 shows a schematic drawing of a coaxial electrospinning method in 

the present work: a concentrical metallic nozzle was used for the spinning. A jet was 

generated on the tip of droplet, and a core-shell-type fiber was formed after adjusting 

some conditions such as an applied electric field strength, the viscosity and flow rate of 

each solution, and so on. [23-25] In the present work, 10 kV of the voltage was applied 

for electrospinning to the concentrical nozzle at room temperature. Each solution was 

loaded into each syringe pump (FP-W-100, Melquest, Japan), where the inner diameters 
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of the core-side (i.e., SiVPC) nozzle and the shell-side (i.e., PDLLG) one were 0.5 and 

1.10 mm, respectively. The flow rates of the core-side and shell-side solutions were 

37.6 and 3.3 µL·min
-1

, respectively.  

 

 

 

 

 

Fig. 3–1. Schematic drawing of a coaxial electrospinning for preparing cotton-wool-like 

materials. 
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 A ground plate was soaked in ethanol and then placed in the vessel (100 mm in 

diameter). The distance between the concentrical nozzle and the vessel used as the 

collector was 150 mm. A high-tension field was applied to the nozzle. The impressed 

solution with core-shell-type structure flowed to the ground plate in the methanol, and 

chloroform was dissolved out to ethanol. As a result, the solution was solidified. 

The resulting core-shell-type fibers in ethanol were collected and then washed with 

fresh ethanol, subsequently dried at room temperature, resulting in the formation of 

cotton wool-like materials.  

 Meanwhile, cotton wool-like SiVPC without the PDLLG-coating were prepared 

by electrospinning 12 wt% PLLA-solution containing SiV in chloroform at 15 kV of 

applied voltage into the above-described ethanol bath collector using a 18-gauge needle, 

as a control group.  

 The resulting fibers were observed by scanning electron microscopy (SEM; 

JSM-6301F, JEOL, Japan). 

 To evaluate the mechanical flexibility of the materials, their 

compression-recovery abilities were examined, following a modified JIS L1097 method. 

Fifty milligrams of each sample were filled in a glass bottle with an inner diameter of 

15 mm and a height of 20 mm, and then a cover glass was placed on the sample. The 

height of the sample, h1, was measured and subsequently a weight of 5.4, 16.2, or 27.0 g 

was placed on the sample and remained for 30 seconds, that is, the applied load was 0.3, 

0.9, or 1.5 kPa, respectively. The height of the sample, h2, was measured. The weight 

was removed and then the height of the sample, h3, was measured 30 seconds after the 

removing. Compressibility (%), Z1, and recovery ratio (%), Z2, were estimated from the 

following equations, respectively: 
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Z1 = {(h1 - h2)/h1 x 100  (1) 

Z2 = {(h3 - h2)/(h1 - h2)} x 100  (2) 

 The ions-releasabilities of the core-shell-type fibrous materials were examined 

using TBS (pH=7.4 at 36.5
 o
C). Twenty milligrams of the sample were soaked in the 10 

mL of the solution at 36.5 
o
C for 32 days. At each time point, the sample was taken out 

from the solution. The amounts of calcium and silicate ions dissolved in the solution 

were measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; 

ICPS-7000, Shimadzu, Japan) (n = 3). 

 

3 Results and Discussion 

3.1 Preparation of core-shell-type fibers 

 The preparation method of cotton wool-like materials has been reported in our 

earlier work. [16] In the present work, a coaxial electrospinning method was applied to 

this technique. Figure 3‒2 shows an entire view and a scanning electron microscopic 

image (SEM image) of the resulting material. A large-sized cotton wool-like material of 

20~30 mm thickness, not a fibermat, was obtained [Figure 3‒2(a)]. It is easy to prepare 

the various-sized materials, dependently on the amount of jetted fibers. Many fibers, 

which were frizzled and independent of each other, provided high porosity with 

large-sized pores [Figure 3‒2(b)].  

Figure 3‒3 shows the magnified SEM images of a fiber. The fiber diameters were 

~10 µm. Many small-sized pits originating from the volatilization of solvent 

(chloroform) were observed on the surface [Figure 3‒3(a)]. [19] In our earlier work, the 

diameter of electrospun fibers were reported to be one of the important parameters for 
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the cells’ ingrowth. [20] The report showed that mouse osteoblast-like MC3T3-E1 cells 

on a PLLA fibermat could migrate and grow on fibers of ~10 µm in diameter 

three-dimensionally through gaps between them. On the other hand, in the case of the 

fibermat consisting of fibers with ~5 µm diameters, the cells grew two-dimensionally 

since the gap between fibers was too small for them to migrate. Therefore, the fiber 

diameters of the present cotton wool-like material were controlled to be ~10 µm, 

although they were changeable by choosing some spinning conditions such as the kind 

of solvent, viscosity, injecting speed, applied voltage, and so on. 

 The cross-sectional view of the fiber fractured in liquid nitrogen showed a 

core-shell-type structure [Figure 3‒3(b)]. The core part, in which SiV particles in a 

PLLA matrix were observed, of ~8 µm diameter and the PDLLG coating layer of ~2 

µm thickness were observed. It can be imaged from the fracture face that the SiVPC 

core fractured catastrophically and the PDLLG surface layer fractured after necking. A 

thin PDLLG layer has been successfully coated on the surface of SiVPC fibers without 

gaps between them. During the spinning process, PDLLG solution and SiVPC slurry are 

ejected out through different, coaxial capillary channels, forming a core-shell Taylor 

cone, and then it is forced by electrostatic potential, resulting in the formation of the 

“core-shell”-structured fiber. The advantage of this method is that the core fiber is 

uniformly coated with a thin layer. 
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Fig. 3–2. (a) Entire view of the cotton wool-like material prepared using a coaxial 

electrospinning method; (b) SEM image of the material. 

 

 

 

Fig. 3–3. SEM images of the resulting fibrous material using a coaxial electrospinning 

method. (a) The surface of the fiber; (b) Fracture face after breaking the fiber in liquid 

nitrogen. 
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 3.2 Mechanical flexibility of cotton wool-like materials 

 Figure 3‒4 shows the compressibilities and recovery ratios of the cotton 

wool-like materials, i.e., SiVPC and PDLGA-coated SiVPC consisting of the 

“core-shell”-type fibers. The each compressibility increased with increasing the applied 

load, and they reached to ~60 % under 1.5 kPa of pressure. In the recovery test, 

although the samples showed ~60 % of the recovery ratio after removing 0.3 kPa of low 

pressure, SiVPC lost its recovering ability after pressing under 0.9 or 1.5 kPa due to its 

brittle fracture. On the other hand, PDLLG-coated SiVPC maintained ~50 % of the 

recovery ratio, even after pressing under 0.9 or 1.5 kDa. 

 

 

 

Fig. 3–4. (a) Compressibilities of cotton wool-like SiVPC and PDLLG-coated SiVPC; (b) 

Recovery ratios of the materials. An error bar shows a standard deviation (n = 4). 
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Fig. 3–5. Entire views after cramming 500 g of cotton wool-like materials into a glass 

bottle (specific gravity bottle) of 10 mL. (a) SiVPC; (b) PDLLG-coated SiVPC. 

 

 Figure 3‒5 shows the demonstration of handling performance using cotton 

wool-like SiVPC and PDLLG-coated SiVPC. Five hundred milligram of them were 

crammed into a glass bottle (specific gravity bottle) with 10 mL. The fibers of cotton 

wool-like SiVPC were broken during the cramming: the numerous small-sized broken 

fibers spilled, to be seen on a table and in the bottle: when the sample passed a narrow 

bottle mouth, it was compressed and many fibers were broken. Since the cotton 

wool-like SiVPC possessed poor recovering ability, there remained some space which 

was not filled with the fibers. On the other hand, cotton wool-like PDLLG-coated 

SiVPC showed the excellent mechanical flexibility, that is, it was deformed along the 

shape of the narrow mouth and the bottle was successfully filled completely. 

 It may be said that cotton wool-like PDLLG-coated SiVPC has excellent 

handling performance: this unique performance might play an important role as 

bone-void fillers. 
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3.3 Dissolution of calcium and silicate ions 

 Cotton wool-like SiVPC collapsed into very small-sized pieces after being 

soaked in TBS for 3 days at 36.5 
o
C, while the PDLLG-coated SiVPC maintained its 

shape even after being soaked for 32 days. 

 Figure 3‒6 shows the cumulative percentages of the ions amounts dissolved in 

TBS from cotton wool-like SiVPC and PDLLG-coated SiVPC to total amounts of the 

ions in the materials before the soaking. The burst release of the ions from SiVPC was 

observed within 1 day: ~70 % of Ca
2+

 ion and ~98 % of silicate ion in the material were 

dissolved into the solution. On the other hand, in the case of the PDLLG-coated SiVPC, 

the initial release of the calcium and silicate ions after 1 day were controlled to ~23 and 

~53 % (i.e., ~45 and ~7 ppm), respectively. After that, the ions were released 

continuously in the present experimental span (i.e., to 32 days). The PDLLG-coating is 

found to be effective for controlling the burst release of the ions and achieving their 

long-term release.  

 Calcium and silicate ions are known to be important elements for metabolic 

process associated with the formation and calcification of bone regeneration. [1–9] The 

control of the ions released from the materials is an important factor for enhancing their 

biological capability. In the present work, for the cotton wool-like SiVPC fibrous 

material without coating, almost all of silicate ion and ~70 % of calcium ion dissolved 

out within 1 day, that is, most of SiV particles dissolved, leaving a large amount of 

interconnected pores. As a result, the brittle porous fibers composed of a thin PLLA 

skeleton would be formed.  

 On the other hand, by being coated with a PDLLG layer around SiVPC, the 

release amount of the ions has been controlled successfully. From the morphology of 
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the resulting fibers, as shown in Figure 3‒3 (a), all of the fibers were coated 

homogenously with a PDLLG layer, which included small-sized pits due to the 

volatilization of solvent (chloroform) during electrospinning. PDLLG is more 

hydrophilic than PLLA and likely to absorb water to swell. [21, 22] The good 

hydrophilicity and high degradation ability might allow the solution to permiate into the 

fibers, especially through around the pits. As a result, the ions could dissolve out in the 

solution. Then, by the swelling of PDLLG in the solution, the route would be narrowed 

and/or closed to control the ions release, resulting in the achivement of their long-term 

slow release.  

 

 

Fig. 3–6. Cumulative ion amounts dissolved from cotton wool-like materials as a 

function of soaking time. (a) Ca
2+

 ion; (b) Silicate ion (here, measured as Si
4+

 ion). An 

error bar shows a standard deviation (n = 3). 

 

 The core-shell-type fiber structure in the present work is concluded to be the 

excellent control system of ions release. The thickness of the coating layer should be 

one of the important factors for adjusting the ions-releasing behavior of the materials. 

Investigation on the control of the layer thickness is now in progress.  
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4 Conclusions 

 ・ Using a coaxial electrospinning technique, a PDLLG thin layer of ~2 

µm-thickness has been successfully coated on the surface of SiVPC fibers of 

~8µm-diameter, which organized cotton wool-like structure.  

 ・ The SiVPC fibers without the coating were brittle to be easily broken into the 

small-sized fiber pieces under compressing, while the PDLLG-coated SiVPC 

fibers were mechanically tough to maintain their shape even after loading of 1.5 

kPa. The mechanical flexibility of the cotton wool-like SiVPC was improved 

drastically by the thin PDLLG coating.  

 ・ This coating effectively controlled the initial burst release of calcium and silicate 

ions from SiVPC fibers in TBS. The SiVPC fibers collapsed in the solution 

within the 3 days, while the PDLLG-coated SiVPC ones maintained the 

structure even after being soaked in the solution for 1 month. Since the cotton 

wool-like “SiVPC-core/PDLLG-shell“-type material has highly-porous structure 

beneficial for cells migration, mechanical properties convenient for filling in 

irregular bone defects, and ions-releasing ability effective for enhancing cellular 

activities, it is expected to have an excellent performance in use as bone-void 

fillers.  
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Chapter IV Tailoring the delivery of therapeutic ions from 

bioactive scaffolds while inhibiting their apatite 

nucleation: a coaxial electrospinning strategy for 

soft tissue regeneration 

 

1 Introduction 

 Recently new biomaterials have been developed that can deliver therapeutic ions 

for the regeneration of soft tissues. [1–3] Enriching the local environment of human 

cells in ions such as calcium or silicate ions can have significant effects on their 

metabolism, activating genetic pathways, which can subsequently accelerate the 

recovery of damaged tissues. [4–7] For instance, calcium plays a central role in wound 

healing as it is involved in various cellular processes triggered by cutaneous injuries. [8, 

9] In addition, internalised calcium is known to regulate inflammatory cell infiltration 

and favour the proliferation of fibroblasts. [10, 11] Few examples are available in the 

literature, demonstrating that a biomaterial-based approach is a viable strategy for the 

local delivery of calcium in wounded skin. [12–15] Kawai et al. developed 

calcium-based nanoparticles from a fetal bovine serum that can readily disintegrate in 

acidic pH, delivering ionised calcium. Intravenous injection in female Balb/cmice 

revealed a significant increase in the resorption of the wound as compared to the control. 

[15]  

 In the wider context of soft tissue regeneration, bioactive ceramics and glasses 

can deliver ions that have therapeutic properties. [3, 16] Ionic chemical cues can be 

present within the structure of the inorganic construct either as network modifier/former 

for bioactive glasses or as a part of the crystal lattice for bioceramics and can be 
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released upon hydrolytic degradation when immersed in body fluid. [17] However, most 

of the engineered bioactive glasses and ceramics have been designed towards the 

regeneration of hard tissue. Thus, the release of these active ions often comes with a 

great variation in surface chemistry, favouring the surface nucleation of bone-like 

crystal, an essential step in the osteoconduction cascade. [18] 

 While this is considered to be a desirable point in the regeneration of hard 

tissues, it may be a source of complications in regeneration of soft-tissues as it can lead 

to calcification, in particular for cardiovascular tissues. [19] In this report, we present a 

proof-of-concept for the fabrication of open 3D composite templates, allowing the 

release of inorganic chemical cues from bioactive glasses or ceramics while inhibiting 

the formation a hydroxyapatite layer on the surface of the template. A coaxial 

electrospinning setup was used to create a polymeric core-shell non-woven fabric within 

which the inorganic particles were loaded in the core of the fibres protected by a 

polymeric shell. [20] One important criterion of this engineered system is that the shell 

layer must uptake water from the surrounding body fluid in order to trigger the 

hydrolytic degradation of the inorganic particles and subsequent diffusion of the 

therapeutic ions in the media. 

 In order to validate this proof of concept, we selected silicon-containing vaterite 

(SiV) as an inorganic phase. SiVs are non-thermodynamically stable calcium carbonate 

spherical particles of approximately 1 m which can release calcium and organo-silicate 

ions upon immersion in aqueous media. [21–24] When directly exposed to aqueous 

media, full conversion into calcite is observed within 1 h with a dissolution rate 

tailorable as a function of the synthesis parameters. Poly(lactic acid) was selected as an 

organic phase for the core of the fibers since this composite has already been 
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successfully electrospun. [25–28] Poly(D,L-lactide-co-glycolide) (PDLLG) was selected 

as an outer layer for its ability to uptake water and therefore allowing the hydrolytic 

degradation of the enclosed SiV particles. [20, 29, 30] The effect of the relative 

diameter of the inner core to the size of the PDLLG shell on the mechanical properties, 

dissolution behaviour, and apatite nucleation was investigated. 

 

2 Experimental section 

2.1 Materials 

 Poly(L-lactic acid) (PLLA, Mitsui Chemicals, Co., Ltd. Japan; Mw = 140 kDa), 

poly(D,L-lactide-co-glycolide) (PDLLG, Purasorb
®
 PDLLG, Purac Biomaterials) and 

siloxane-containing vaterite (SiV, Yabashi Industries, Co., Ltd. Japan, 2.6 wt% of 

silicon, 1.4 m in diameter) were used as received. All other chemicals were purchased 

from Wako Pure Chemical Industries, Japan. 

  

2.2 Preparation of core-shell composite fibers by coaxial 

electrospinning 

 SiVPC (SiV/PLLA composite) was prepared by a melt-kneading method. [25] 

PLLA was poured into a preheated kneader and stirred for 5 min at 200 
o
C, and then 

mixed with SiV and stirred for another 10 min. The mass ratio of SiV to PLLA was set 

to 60 wt%. Coaxial electrospinning equipment (Kato Tech, NEU, Japan) was used to 

prepare the core-shell composite fibers. SiVPC (10 wt%) and PDLLG (15 wt%) were 

separately dissolved in chloroform and stirred at room temperature for 12 h. Each 

solution was loaded into separate syringes and set up on a pump (FP-W-100, Melquest, 
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Toyama, Japan). The syringes were connected to the coaxial needles (inner diameter in 

= 0.50 mm, outer diameter out = 1.10 mm) to form a concentric nozzle, with PDLLG 

and SiVPC representing the shell and the core of the electrospun fibers, respectively. 

The drum collector, with a tangential velocity of 2 m·min
-1

 wrapped in aluminum foil, 

was placed at 150–200 mm from the nozzle. The electrospinning was carried out 

applying a of +12 kV potential between the nozzle and the collector for 4 h, at room 

temperature with a relative humidity of ≈ 50 %. A schematic of the setup is shown in 

Figure 4‒1. 

 The extrusion rate of the SiVPC shell was set to 63 mL·min
-1

. The extrusion rate 

of the core layer (SiVPC) was set relatively to the shell at 2 × (CS-1) and 10 × (CS-2) 

slower. Conventional fibers were also prepared using the above method and a single 

needle from SiVPC and pure PDLLG dissolved in chloroform at 13 wt% and 15 wt%, 

respectively. 

 

2.3 Characterisation of core-shell composite fibers 

 Morphologies of the surfaces and the fracture surfaces of the fibers were 

observed with a scanning electron microscope (SEM, JSM-6301F, JEOL, Japan) after 

coating with amorphous osmium. The diameters of core-shell fibers were measured 

from 40 randomly chosen fibers using Image J software. The cross sections were 

observed by soaking the fibers in liquid nitrogen for 2 min and breaking with tweezers. 

Tensile test was conducted on an Autograph (AGS-G, Shimadzu, Japan). The 

experiment followed the Japanese Industrial Standard JIS L1015. All samples were cut 

using a metal punch (50 mm × 10 mm). The grip-to-grip distance was 40 mm and the 
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samples were elongated at a constant tensile rate of 1 mm·min 
-1

 until failure. Each 

composition was run in triplicate. 

 

2.4 Ion release behavior  

 The ion release behavior of the fibers was evaluated as previously described [23] 

in TBS. Briefly, 1000 mL of TBS was prepared by dissolving 6.118 g of 

tris(hydroxymethyl) aminomethane in distilled water at 36.5 
o
C, then adjusting pH to 

7.4 with 1 M hydrochloric acid. 20 mg of sample was placed in polypropylene 

containers, subsequently filled with 10 mL, tightly sealed, and kept in an incubation 

oven at 36.5 
o
C in static state. At each time point (3 h, 6 h, 12 h, 3 d, 7 d and 10 d), 

samples were taken out from the solution, rinsed with DW and dried overnight. The 

concentrations of silica and calcium ions in the residual solutions were measured by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES; ICPS-7000, 

Shimadzu, Japan). The ICP-AES was calibrated prior to use using calcium and silicon 

standard solutions at 2, 10, 40 mg·mL
-1

. Each time point was run in triplicate for 

statistical relevance. 

 

2.5 Apatite-forming ability  

 Simulated body fluid (SBF, pH = 7.4) [31] consisting of 142.0 mM Na
+
, 5.0 mM 

K
+
, 1.5 mM Mg

2+
, 2.5 mM Ca

2+
, 148.3 mM Cl

-
, 4.2 mM HCO

3-
, 1.0 mM HPO4

2-
, 0.5 

mM SO4
2-

 was prepared by dissolving reagent grade NaCl, NaHCO3, KCl, 

K2HPO4 · 3H2O, MgCl2 · 6H2O, HCl, CaCl2, and Na2SO4 in distilled water at 36.5 
o
C, 

and then using tris(hydroxymethyl) aminomethane and 1 M hydrochloric acid to adjust 
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pH to 7.4. 20 mg of samples was immersed in10 mL of SBF and kept at 37 
o
C in static 

state for 1 or 3 days. Samples were then washed with distilled water and dried in air. 

 For characterization of the crystalline phases, an X-ray diffraction (XRD, X'pert 

X-ray Diffractometer, Philips) analysis was conducted (CuKa , 50 kV, 40mA). The scan 

rate was 0.01 
o·s 

-1
 and a 2 range was from 20 

o
 to 60 

o
. Before tests, the dried sample 

were cut to 10 mm × 20 mm. 

 

3 Results and discussion 

3.1 Preparation of the core-shell composite fibers varying the shell wall 

thickness 

 Figure 4‒1 shows the experimental setup used to obtain non-woven core-shell 

fibers composed of SiV particles embedded in poly(L-lactic acid) for the inner fiber and 

poly(D,L-lactide75-co-glycolide25) for the shell. Coaxial-electrospinning consists of 

applying a high-voltage to concentric needles from which two solutions of different 

compositions were fed. The variables affecting the coaxial-electrospinning were 

conceptually similar to those of single jet. [32] However, key parameters had to be 

carefully selected in order to achieve an uniform coating of the sheath polymer onto the 

core fibres, which can be found in Table 4‒1: [33] (i) the working range of applied 

voltage used was found to be between 12 to 16 kV, guaranteeing the formation of a 

single Taylor cone comprising both the core and the shell as shown the inset of Figure 

4‒1. Moghe et al. described that a subcritical voltage could lead to a single jet of sheath 

polymer, whereas a supercritical voltage could lead to multiple jets, spinning separately 

the core and the shell. [33] However, this phenomenon was not observed here. (ii) The 
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stabilization of the Taylor cone was obtained due to the low interfacial tension between 

the core and shell solutions as chloroform was used as solvent for both solutions, which 

also favored the formation of uniform core-shell fibers. [34] (iii) Intermixing of the core 

and shell solutions was avoided by assuring that the difference in viscosity between two 

liquids was sufficient and that the flow rate of the core solution was at least twice lower 

than the sheath solution. [35] (iv) Finally, the flow rate of the core solution must be high 

enough in order to facilitate the formation of an inner jet and uniform fibers without 

beading. [36] Here, a fixed flow rate of 63 mL·min
-1

 was selected for the shell solution, 

while varying flow rate from 6.8 (CS-2) to 26.4 (CS-1) mL·min
-1

, expecting an increase 

of the inner diameter and overall fiber diameters as an increase of the core solution flow 

rates. [33, 36, 37] 

 Figure 4‒2 shows SEM pictures of the fibers and their cross-sections after the 

electrospinning process, from which the characteristic sizes of the cores and shells were 

extracted and summarised in Table 4‒1. Uniform fibers were produced with no apparent 

disruption of the core relative to the shell. Cross-sectioning of the fibers revealed that 

the SiV particles were well confined within the core of the fibers, suggesting that no 

inter-mixing of the solution occurred during the electrospinning process. Interestingly, 

the overall diameter of the fibers, of an approximate value of 10 m, did not vary by 

decreasing the flow rate of the core solution, as suggested elsewhere in the literature. 

[36–38] Instead, the core diameter decreased from 7.4 m at 26.4 L·min
-1

 to 5.4 m at 

6.8 L·min
-1

. Conventionally the viscosity of the sheath solution is set higher than the 

core to facilitate the formation of a uniform Taylor cone, counterbalancing the 

interfacial tension. [34, 36, 39] However, due to the composite nature of the core 

solution, this criterion could not be validated here, which nonetheless did not have 
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detrimental impact on electrospinnability of the material. Thus, we hypothesized that 

when the differential viscosity between the sheath and core solution is inverted, the 

rapid drying of the sheath solution relative to the core induced a sudden increase of the 

interfacial tension between the two liquids, and as a result stress hardened the core 

fibers during the whipping process. The direct consequence was that the core diameter 

could be controlled by its flow rate. In order to validate our observation, the experiment 

was replicated with a core solution flow rate 20 times lower than the sheath solution. 

Fibres with an overall diameter of 11 ± 2 m and an inner diameter of 4.2 ± 1 m were 

obtained (shows in supplementary Figure 4‒S1), confirming the observation made 

above. The morphology of the fibers were also characterized by SEM as shown in 

Figure 4‒2. Fibres exhibited rough surfaces, with potential porosity, regardless of the 

experimental condition used. Several reports on single jet electrospinning demonstrated 

that the surface morphology of fibers made from polyester is dictated by complex 

interactions between the polymer, solvent and the local environment in which process is 

conducted. [40, 41] Here, experiments were conducted at room temperature with a 

relative humidity of 50 % and the morphology of the fibers were in good agreement 

with the these obtained by Putti et al. using poly(-caprolactone) in CHCl3, under the 

same conditions. [40] 
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Fig. 4–1. Schematic representing the coaxial electrospinning setup used here to produce 

core-shell fibers with a photograph of the concentric spinneret (inset). 

 

Table 4–1. Summary of the electrospinning parameters used to fabricate the core-shell 

composite fibers and their characteristic sizes. 

Entry 
Ratio 

a
 

LA/GA 

Viscosity 
b
 

(Pa·s-1
) 

Polymer 

content 
c
 

(wt%) 

Feed rate 
d
 

ratio 

Voltage 
e
 

(kV) 

Fiber f 

(m) 

Wall 

thickness 
f
 

(m) 

SiVPC 100/0 4600 10 –‒ 12 10 ± 1 –‒ 

CS-1 75/25 2.1 15 2.4 12 10 ± 2 1.3 ± 0.7 

CS-2 75/25 2.1 15 9.2 12 10 ± 2 2.3 ± 0.1 

CS-3 85/15 2.5 15 2.4 15 12 ± 2 1.6 ± 0.1 

CS-4 50/50 2.2 13 2.4 16 11 ± 3 1.3 ± 0.6 

a 
Molar ratio of lactic and glycolic acid in poly(D,L-lactide-co-glycolide); 

b 
obtained 

from the polymer/polymer-composites solubilised in CHCl3 as shown in [] 
c
; 

d 
sheath to 

core flow rate ratio with a shell set at 63 L·min
-1

; 
e 
voltage applied between the coaxial 

needle and the collector; 
f 
measured from the SEM micrograph n = 40. 
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3.2 Effect of the PDLLG wall thickness on ion release 

 In order to evaluate the ion release from the fibermats, 20 mg of SiVPC, CS-1 

and CS-2 were immersed in 50 mM TBS with pH adjusted to 7.4. The silicon and 

calcium release profiles are shown in Figure 4‒3a and were obtained by analyzing the 

collected solution by ICP-AES. Calcium and soluble silica from SiVPC burst in solution 

with initial release rates of RSiVPC,Ca = 27 g·mL
-1

 h
-1

 and RSiVPC,Si = 8 g·mL
-1

 h
-1

 

reaching 314.5 ± 0.6 g·mL
-1

 and 32.0 ± 0.8 g·mL
-1

 after 1 d of immersion and 345.4 ± 

5.1 g·mL
-1

 and 32.3 ± 0.8 g·mL
-1

 at 3 d for calcium and silicon, respectively, and 

staying constant thereafter. Both ions were released in media due to hydrolytic 

instability of the silicon-containing vaterite particles embedded within the PLLA matrix, 

with profile releases in agreement with our previous report. [22, 26, 28] The initial 

release rate of the calcium was only 3.4 times higher than silicon when silicon only 

represents 2.8% of the weight of the SiV particles. This means that the silicon release 

was relatively higher than calcium, which can be explained by the structural role that 

hydrolyzed 3-aminopropyltriethoxysilane (APTES), the silicon source in SiV, plays in 

SiV particles. [23] APTES stabilizes the premature crystalline phases during the 

synthesis of SiV particles by enclosing them in a peripheral layer. Thus, upon 

immersion of the particles in aqueous media, oligomeric and monomeric 

aminopropylsilanetriols were first released in solution, in a burst fashion, subsequently 

followed by the release of calcium. [23] 

 With the presence of a poly(D,L-lactide75-co-glycolide15) shell layer onto the 

SiVPC fibers, both initial rate of release and total amount released at 10 days were 

reduced with a more pronounced effect as the wall thickness increased. For instance, the 

calcium initial rate of release decreased to RCS-1,Ca = 16 g·mL
-1

 h
-1

 and to RCS-2,Ca = 2 
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g·mL
-1

 h
-1

 with a wall thickness of 1.3 and 2.3 m, respectively. The hydrolytic 

degradation of the embedded SiV particles, through the PDLLG layer, was possible due 

to the water uptake of the shell layer. [30, 42] 

 However, despite the apparent reduction in concentration in calcium and silica 

with the increase of the wall thickness, it is difficult to draw firm conclusion as an 

increase in wall thickness came with a decrease in SiV particle content at a fixed mass 

of fibers. Thus, to alleviate the uncertainty, the total content in silica and calcium per 

gram of fibers was evaluated after alkaline digestion, allowing the normalization of the 

release profiles presented in Figure 4‒3a, as shown in Figure 4‒3b. This revealed that 

with an outer layer of 1.3 m (CS-1), the general release rate of silica and calcium was 

reduced compared to SiVPC, however, with no statistical decrease of the initial rate. For 

instance, calcium was initially released at 7.0 ± 1 %·h-1
 for SiVPC and 6.0 ± 1 %·h-1

 for 

CS-1. With an outer thickness of 2.3 m, the initial release rate was 2.5 ± 0.5, 

approximately half of SiVPC. In addition, it appeared that the modal release for CS-2 

varied from CS-1 with a sustain release of calcium after 3 d immersion at a rate of 

release of 3 % d
-1

. In order to verify whether this change in release behavior was due to 

a change in mechanism of release or just a consequence of the increase in shell 

thickness, the profiles in Figure 4‒3b were fitted with the Weibull model, characterizing 

a purely diffusive, or Fickian, ionic transport, using the following equation: [43, 44] 

     
𝑀𝑡

𝑀∞
 =  1 − exp(−𝑎 ×  𝑡𝑏)        (1)    

where M∞ is the total amount of released ions at infinity, Mt the amount of ions released 

at t, a and b constants. All release profiles from the core-shell fibers could be fitted with 

the Weibull model with a R
2
 above 0.99, suggesting that the ionic release from the SiV 
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particles through the PDLLG layer was purely diffusive. In addition, when using 

PDLLG75 as a template, the value taken by b could inform on the mechanism of 

diffusional release and the degree of disordering of the medium (i.e. the PDLLG shell). 

[45, 46] Since the same polymer was used as a shell for CS-1 and CS-2, b is only 

describing the change in release mechanism. Thus, with CS-2 (b = 0.354 ± 0.01) the 

diffusion was characteristic of a percolation cluster whereas with CS-1 (b = 0.954 ± 

0.05) the diffusion followed a first order with regards to the Fick's law of diffusion, 

highlighting changes in release mechanism with the wall-thickness. In addition, this 

model suggests that increasing or decreasing the ordering of the template could also 

lead to variations in the ionic release profiles. Fortunately, the degree of ordering in 

PDLLG and its ability to uptake water can be tuned as a function its chemical 

composition, by varying the relative content of lactic to glycolic residue in the 

copolymer. An increase in lactic content would lead in a more hydrophobic shell and 

vice versa. To verify the validity of this hypothesis, the core-shell fibres similar to CS-1 

in geometry were produced using PDLLG with a lactic to glycolic molar ratio of 85 : 15 

(CS-3) and 50 : 50 (CS-4) (SEM pictures available in ESI, Figure 4‒S2) and immersed 

in TBS as shown in Figure 4‒4 (silicon release in Figure 4‒S3). CS-1 and SiVPC were 

plotted as a control. As expected the release behavior of PDLLG (85 : 15) was slower 

than PDLLG (75 : 25), which was itself higher than PDLLG (50 : 50). The data were 

fitted with the Weibull model and showing an increase in the value b with PDLLG (50 : 

50) to 1.515 and a decrease with PDLLG (85 : 15) to 0.724, indicating variations in the 

mechanism of release. [46] This highlights the complexity of ionic diffusion through 

PDLLG membranes or shell but also shows the high degree of tailor -ability of the 

system. It is important to note that these release profiles could also be greatly influenced 
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with the hydrolytic stability of the inorganic construct embedded with the core of the 

fibers and are only valid for SiV particles. 

 

3.3 Apatite-forming ability 

 The precipitation of hydroxyapatite onto the surface of glasses or ceramics is 

known to be a surface nucleation driven process, where topography, surface chemistry 

and local environment play detrimental roles in the mechanism. [18] By enclosing the 

SiVPC fibers with a bio-inert polymer, we hypothesized that crystal nucleation could be 

suppressed. [47] To confirm this statement, SiVPC, CS-1 and CS-2 were immersed in 

simulated body fluid (SBF) over 3 d and the variation in surface chemistry was 

monitored by XRD and SEM. This measurement is not to be related to the potential in 

vivo performance of these non-woven fibers but to understand the change in chemistry 

upon immersion in media that have the same ionic strength that blood plasma. [48] 

 Figure 4‒5 shows the SEM micrographs of the fibermats before and after 1 and 

3 d of immersion in SBF. After 1 d, cauliflower-like crystals of ≈ 1 m were partially 

covering the SiVPC fibers, which slightly grew in size and number after 3 d of 

immersion. The morphology of the crystals was typical of early stage nucleation of 

calcium-phosphate on bioactive materials. [18] It is likely that the rapid increase in 

calcium concentration along with the rough surface of the fibers could have favored the 

nucleation of calcium-phosphate crystal as SBF is supersaturated towards 

hydroxyapatite. [49] However, it is unclear whether the polymer or the exposed SiV 

particles acted as nucleation center. The presence of a shell layer significantly reduced 

or suppressed the crystal nucleation on the surface of the fibers. Upon immersion of 

CS-1, submicron particles could be observed on the surface of the fibers. However, it is 
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difficult to appreciate whether these particles were formed by nucleation, or were SiV 

particles exposed by early erosion of the PDLLG shell layer. With a wall thickness of 

2.3 m, such as with CS-2, no precipitate could be observed, with smooth fibers at 1 

and 3 d of immersion, result of the shell hydration. [30, 42] Figure 4‒6 shows the XRD 

patterns before and after immersion in SBF for SiVPC, CS-1 and CS-2. SiV particles 

are characterized by diffraction peaks at 21
o
 and 25

o
 and 33

o
 2 (ICSD 18127), 

originating from the (004), (110) and (114) planes of their hexagonal unit cell, 

respectively. [23] Before immersion, the intensity of diffracted peaks, corresponding to 

SiV, decreased with an increase of the wall thickness. Clear diffraction at peak at 2 ≈ 

32
o
 could be observed after 3 d of immersion for SiVPC, which is characteristic of 

crystallized calcium-phosphate (ICSD 01-084-1998) and corroborated the observations 

made with SEM. However, the definition of the peak was not sufficient to conclude 

with certainty that the crystal formed was hydroxyapatite. With CS-1, vaterite was the 

only crystalline phase detected, regardless of the immersion period whereas calcite was 

detected after 1 d of immersion for CS-2 (ICSD 52151). It is likely that with CS-2 the 

slow ionic diffusion along with the efficient hydration of the shell led to the conversion 

of SiV into calcite within the core of the fibers as no crystal could be seen on their 

surface. 

 

3.4 Mechanical properties of the core-shell composite fibers 

 It is important that when synthesizing synthetic materials for medical application, 

the resulting template has enough strength to be physically handled and manipulated by 

the surgeons without breaking. [2] SiVPC is known to be brittle due to the high loading 

of inorganic particles (60 wt%). [26] Thus, additionally to the above proof of concept, 
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we investigated whether the addition of a PDLLG shell layer could have a beneficial 

effect onto the mechanical properties of the electrospun composites. 

 Tensile test was performed SiVPC, CS-1, CS-2 and the resulting stress-strain 

curves are shown in Figure 4‒7 and the extracted tensile strength, elongation at break 

and Young's modulus in Table 4‒2. As expected, SiVPC fibermat was brittle with an 

elongation at break of 1.77 ± 0.79 %. Upon the addition of a PDLLG shell layer, the 

mode of deformation went from brittle to ductile, with a proportional increase of the 

mechanical properties with the increase of the wall thickness. For instance, the Young's 

modulus of the fibermats, extracted for the elastic region, went from 22 MPa for SiVPC 

to 118 for CS-2 along with 530 % increase in the tensile strength and 1441 % in 

elongation at break. 

 

 

 

Fig. 4–2. SEM micrographs showing the porous structure of the core-shell fibers after 

electrospinning and their corresponding cross-section. 
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Fig. 4–3. Calcium and silicon release profiles upon immersion in TBS over 10 d with (a) 

the concentration given in mg·mL
-1

 and (b) the normalized concentration. The 

normalized profiles of the core-shell fibers were fitted using eqn (1). 

 

 

Fig. 4–4. Normalised calcium release profiles in TBS from core-shell fibers of the same 

wall-thickness, varying the ratio of lactic to glycolic acid in the PDLLG shell layer. The 

normalized profiles of the core-shell fibers were fitted using eqn (1). 
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Fig. 4–5. SEM micrographs of SiVPC, CS-1 and CS-2 before and after immersed in 

SBF for 1 day and 3 days, the scale bar is 1 m. 

 

 

Fig. 4–6. XRD patterns of the core-shell fibers before and after 1 d and 3 d of 

immersion in simulated body fluid. 
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Fig. 4–7. Typical stress-strain curves obtained from tensile deformation of the 

fibremats. 

 

 

 

Table 4–2. Summary of values extracted from the stress-strain curve in Figure 4‒7 

describing the mechanical properties of the core-shell fibers. Values are given from a 

population of n = 3. 

Samples 
Tensile strength 

[MPa] 

Elongation at break 

[%] 

Young’s modulus 

[MPa] 

SiVPC 0.52 ± 0.33 1.77 ± 0.79 22 ± 1 

CS-1 1.78 ± 0.39 10.60 ± 0.80 49 ± 1 

CS-2 2.76 ± 0.33 25.52 ± 7.89 118 ± 11 
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4 Conclusions 

 

・ SiV/PDLLG core-shell composite fibers were prepared by coaxial electrospinning, 

the core consisted of a hybrid between siloxane-containing vaterite and PLLA 

while the shell consisted of PDLLG.  

 ・ By variety of the wall-thickness, the apatite-forming ability of bioactive inorganic 

construct could be suppressed while retaining the release of inorganic chemical 

cues in the surrounding media. 

 ・ This engineered strategy could opened new perspectives to the large library of 

inorganic construct that have been originally designed for the repair of hard 

tissue towards the regeneration of soft tissue, where calcification could lead to 

non-negligible complications.  

 ・ These non-woven porous materials could also be used as investigation platform to 

study the effect of local ionic release onto the surrounding cell metabolism. 
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Supplementary figures 

 

 

 

Fig. 4–S1. SEM micrographs of fibers and cross-sections morphologies of core-shell 

fibers with a relative extrusion speed between of the core to the shell of 20. 

 

 

 

Fig. 4–S2. SEM micrographs of fibers and cross-sections morphologies CS-3 and CS-4. 
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Fig. 4–S3. Normalised silicon ions release profiles from core-shell fibers of the same 

wall-thickness, varying the ratio of lactic to glycolic acid in the PDLLG shell layer. The 

normalized profiles of the core-shell fibres were fitted using eqn (1).
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Chapter V Summary  

 In the present thesis, the objective is to prepare flexible biocomposite materials 

with inorganic materials and biodegradable polymer matrices. To design this 

biomaterials for tissue regeneration, it was of critical importance to apply 

therapeutically relevant aspects to stimulate cellar activity and angiogenesis. Therefore, 

SiV or SiV-derivative materials (MgSiV), which were with abilities to release 

therapeutic ions, and biodegradable polymer materials were used to fabricate bioactive 

composite materials. Ions-release behaviour, HA-forming ability, potential applications 

of SiV and MgSiV were investigated.  

 In chapter II, three kinds of composites containing MgSiV particles were 

prepared using PLLA, PDLLG75, and PDLLG50 as the polymeric matrices. The strong 

hydrophobicity of PLLA controlled the release of ions from the MgSiV-PLLA 

composite. The fast degradation of PDLLG50 induced a decrease in the pH of the TBS 

soaking solution. During a 7 d period, MgSiV-PDLLG75 composites exhibited 

continuous ion release and the pH of the soaking solution was found to be steady; these 

composites exhibited desirable water uptake ability and degradability, which helps to 

create pathways for ion release and diffusion. 

  In chapter III, PDLLG75 with ~2-µm-thick-layer was coated on a SiV/PLLA 

composite fiber by a coaxial electrospinning technique to meet the demands of filling 

various irregularly shaped bone voids. The obtained cotton-wool-like material was 

core-shell-structure and the fibres with a diameter of ~12 µm. In TBS, the initial burst 

release of calcium and silicate ions was effectively controlled. The mechanical 

flexibility of the composites material was drastically improved by the thin PDLLG75 

coating, showed a ~60% recovery after removing the compressive load.   



86 

 

 In chapter IV, a coaxial electrospinning process was applied to generate 

core-shell fibres by enclosing SiV/PLLA composite fiber within PDLLG shell. The 

results demonstrated a dramatic increase of mechanical flexibilities for the fibermats. 

The apatite-forming ability of the inorganic biomaterial (SiV) could be suppressed 

while retaining the release of inorganic ions in the surrounding media by modulating the 

thickness of PDLLG layer. This engineered strategy could open new perspectives to the 

large library of inorganic construct that have been originally designed for the repair of 

hard tissue towards the regeneration of soft tissue.  
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