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“Let us strive for the impossible.  

The great achievements throughout history have been  

the conquest of what seemed the impossible.” 

(Charles Chaplin) 

 

 “It was the time you spent with your rose 

that made it so important” 

(Antononie de Saint-Exupery, The little Prince) 
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ABSTRACT 
 

In clinical practice, bone tissue defects repair remains a significant challenge due to 
the limitations found in current treatments for bone tissue replacement or repair. 
Synthetic biomaterials are being explored as a promising alternative to overcome 
such limitations. New strategies based on well-defined combinations between 
osteoconductive materials, support, and populations of osteogenic cells are seen as 
an approach to improve bone regeneration. Here, the efficacy of polycaprolactone 
(PCL) fibers with carbon nanotube (CNT) and hydroxyapatite (nHap) nanoparticles, 
using two different methods for fabrication: electrospinning (ES) and rotary jet 
spinning (RJS), were investigated. Besides, bone marrow mesenchymal stem cells 
(BMMSCs) were seeded on the scaffolds and implanted in a critical bone defect in 
the calvary of rats to assess their potential in the bone repair process, compared to 
acellular scaffolds. Different morphologies were determined through the 
manufacturing method used. RJS fibers presented a particular topography (rough 
fibers) compared to ES fibers (smooth fibers). We show that the PCL scaffolds 
produced by RJS can decrease the colonization of bacteria, which may be related to 
physical (scaffold morphology) and or biological (bacterial surface) mechanisms. 
Subsequently, several parameters were analyzed for the scaffolds after the 
incorporation of the nanoparticles. PCL fibers with nHap:CNT nanoceramics showed 
the potential to stimulate biological activity in osteoblast cells compared to neat PCL. 
We also showed that increased bone formation occurred through the combination of 
three characteristics: the presence of nHap:CNT nanoparticles, rough surface 
evidenced by the RJS fibers, and scaffolds seeded with BMMSCs. In this study, we 
show that the choice of biomaterial and surface topography combined with cells of 
interest are key factors that can favor bone repair. 

 

Keywords: Electrospinning. Rotary jet spinning. Polycaprolactone fibers. 

Nanohydroxyapatite. Carbon nanotubes. Bone marrow mesenchymal stem cells. 

Bone repair. 

 

 

 

 

 



COMPÓSITOS FIBROSOS DE PCL COM NANOCERÂMICAS PRODUZIDAS POR 

ELETROFIAÇÃO E ROTOFIAÇÃO PARA APLICAÇÕES ÓSSEO 

REGENERATIVA 

 
 

RESUMO 

Na prática clínica, o reparo de defeitos do tecido ósseo continua sendo um desafio 

significativo devido às limitações encontradas nos tratamentos atuais para substituição ou 

reparo de tecido ósseo. Biomateriais sintéticos estão sendo explorados como uma 
alternativa promissora para suprir tais limitações. Novas estrategias baseadas em 
combinações bem deliniadas entre materias osteocondutores, suporte e populações de 
células osteogênicas são vistos como  uma abordagem para melhorar a regeneração óssea. 
Aqui, a eficácia de fibras de policaprolactona (PCL) com nanotubo de carbono (CNT) e 
nanopartículas de hidroxiapatita (nHap) incorporadas, usando dois métodos diferentes de 
fabricação: eletrofiação (ES) e rotofiação (RJS), foram investigadas. Além disso, células-
tronco mesenquimais da medula ossea (BMMSCs) foram semadas sobre os scaffolds e 
implantadas em defeito ósseo crítico na calvária de ratos para avaliar seu potencial no 
processo de reparo  ósseo, em comparação com scaffolds acelulares. Diferentes 
morfologias foram determinadas através do método de fabricação utilizada. Fibras 
rotofiadas apresentaram uma topografia especial (fibras rugosas) em comparação com 
fibras eletrofiadas (fibras lisas). Mostramos que os scaffolds de PCL produzidos pela RJS 
tem um potencial em diminuir a colonização de bactérias, no qual pode estar relacionado a 
mecanismos físicos (morfologia dos scaffolds) e/ou biológicos (superfície bacteriana). 
Posteriormente, vários parâmetros foram analisados após a incorporacao das 
nanoparticulas nos scaffolds. As fibras de PCL com nanoparticulas de nHap:CNT 
mostraram um potencial em estimular atividade biológica em células de osteoblasto 
comparado com o PCL puro. Além disso,  evidenciamos que aumento da formação óssea 
ocorreu através da combinação de três características: presença de nanoparticulas de 
nHap:CNT, superfície rugosa evidenciada pelas fibras RJS e revestimento dos scaffols com 
BMMSCs. Neste estudo mostramos que a escolha do biomaterial e a topografia de 
superfície combinados com células de interesse são fatores-chave que podem favorecer a 
reparacao óssea. 

 

 

 

Palavras-chave: Eletrofiação. Rotofiação. Fibras de policaprolactona. Nanohidroxiapatita. 

Nanotubos de carbono. Células-tronco mesenquimais da medula óssea. Reparo ósseo. 
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1 OVERVIEW 

 

This PhD. thesis approaches the development of polycaprolactone (PCL) 

fibers with CNT and nHap nanoceramics, using two different methods for fabrication: 

ES and RJS. First, polymeric PCL fibers were developed (without the incorporation 

of nanoparticles) under different concentrations of polymer until the material with the 

best fiber characteristics was obtained. Once standardized, the materials were 

characterized. The analyses were of morphology, wettability, thermal property, 

bacteria colonization, and cytotoxicity effect.  Subsequently, nHap and CNT 

nanoparticles were incorporated in the standardized fibers. It was then characterized 

and analyzed in vitro in the human osteoblast (hOB) lineage, evaluating its biological 

activity (cell morphology, viability and proliferation, alkaline phosphatase (ALP) 

activity, and calcium deposition). The materials that showed more significant 

osteoblast functions for both methods were determined and analyzed in vivo. The in 

vivo effects of scaffolds without and with bone marrow mesenchymal stem cells 

(BMMSCs) seeded were evaluated by graft in a critical defect in rat calvaria. 

The use of nHap and CNT nanoceramics are attractive for regenerative 

medicine due to their osteoconductive characteristics and high mechanical 

properties, respectively. A new composite based on nHap / CNT was patented by 

Prof. Dr. Anderson Lobo, responsible for this research project (Patent: 

BR10201300578). Besides, BMMSCs are an excellent source of cells to minimize 

tissue damage. Therefore, the combination of PCL scaffolds with nHap, CNT, and 

BMMSCs was a strategy to enhance bone tissue repair. 

The production of polymeric fibers using the electrospinning and rotating 

technique was carried out at the University of Vale do Paraíba (UNIVAP) under the 

supervision of Professor Dr. Anderson de Oliveira Lobo. 

In vitro experiments were performed at Northeastern University under the 

supervision of Professor Dr. Thomas J. Webster. 

Bacteria colonization experiments were carried out at Northeastern University 

under the supervision of Professor Dr. Thomas J. Webster and the University of 

Campinas (UNICAMP) under the supervision of Professor Dr. Marcelo Lancellotti.  
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In vivo analyses were performed at Universidade Estadual Paulista (UNESP) 

under the supervision of Professor. Drª. Luana Vasconcellos and Prof. Dr. Macus 

Alexandre Finzi Corat from the University of Campinas (UNICAMP). 

The present thesis shows that the choice of biomaterial and the scaffold 

morphology combined with cells of interest are key factors that can favor bone 

repair.
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2 INTRODUCTION 

 

Although bone tissue has a capacity for regeneration, when critical defects 

occur due to significant injuries resulting from trauma or pathologies, the patient’s 

endogenous regeneration capacity is limited 1, 2. Therefore, the repair or replacement 

of bone tissue represents a significant challenge for medical and dental clinics. 

Current bone repair treatments are performed using autologous, allogeneic, and 

xenogenic bone grafts; however, these grafts have substantial limitations, such as 

limited material, immune rejection, infection, and disease transmission 3-5. Therefore, 

synthetic biomaterials are being explored as a promising alternative to overcome the 

limitations found in current bone tissue replacement or repair treatments. Polymeric 

fibers have been widely studied as a promising biomaterial for use as scaffolds for 

bone tissue engineering applications due to their structure similar to the extracellular 

matrix; in addition, they can be designed according to specific needs 6-8.  

Among the most used methods to produce polymeric fibers are electrospinning 

(ES) and rotary jet spinning (RJS). ES is a widely used and relatively economical 

method to produce fibers. Es uses an electric field to produce ultrathin fibers. The 

high voltage is applied between a grounded collector and a polymer solution. Under 

the applied electrostatic force, the polymer is ejected from the nozzle, forming a jet 

called a Taylor cone. Lastly, in the path to the collector, the solvent evaporates, 

producing the fibers. However, the ES requires a high voltage electric field that 

depends on the solution’s conductivity and has imprecise control over fiber 

orientation and has a low production rate, limiting its wide-spread application 9-11. 

In contrast, RJS is a simple method that provides higher production rates. It 

uses high-speed rotation to manufacture aligned fibers, in which the polymer solution 

is ejected from the nozzles, and the solvent evaporates, producing the fibers. 

Therefore, this method requires a highly volatile solution 12, 13. Despite the differences 

between the techniques, both show very promising studies, such as supports for 

biomedical applications 10, 14-16. 

Polycaprolactone (PCL) is a biodegradable, biocompatible polymer, and its 

semi-crystalline nature provides high mechanical properties. Besides, its cost is 

relatively accessible and can be modified without significant loss properties. This 

polymer has been widely used to develop scaffolds for regenerative bone 

applications, drug delivery, and cartilage regeneration 17, 18.  
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New strategies based on well-defined combinations between osteoconductive 

materials, support, and osteogenic cells are seen as an approach to improving bone 

regeneration 19-21. Incorporating nanoceramics of carbon nanotubes (CNT) and 

hydroxyapatite (nHap) into the polymeric matrix can be an alternative to enhance the 

characteristics of PCL fibers, in addition to offering great potential in the tissue 

regeneration process. CNTs have high mechanical properties and are often used as 

reinforcement material 22, 23. nHap has excellent osteoconductive properties and is 

considered an excellent bioceramic material to produce scaffolds to promote bone 

repair 24, 25.  

Besides, there is a significant interest in using implantable biomaterials in 

combination with bone marrow mesenchymal stem cells (BMMSCs) to minimize 

tissue damage. These cells are the most commonly used source in cell therapy; 

because they have the potential to differentiate into various types of cells of the 

mesenchymal lineage, immunomodulatory capacity, and paracrine effect 20, 26-28.  

Several studies have shown that BMMSCs can be useful in repairing or regenerating 

myocardial tissues, bone tissue, tendon, cartilage, and meniscus 29-31. Besides, 

preclinical trials have demonstrated that scaffolds seeded with BMMSCs increase 

osteogenic capacity 20, 32-34.  

Therefore, the combination of PCL scaffolds with nHap and CNT nanoparticles 

with BMMSCs can be an advantageous way to improve bone tissue repair. 

The main goal of this thesis was to investigate the best technique to produce a 

polymeric biomaterial (PCL) with the incorporation of nHap and CNT nanoparticles, 

which result in better biological responses in vitro and in vivo.  

The design, characterization, and some in vitro effects of the produced 

materials were first described by Machado-Paula et al. 35, published in Materials 

Science and Engineering C (Paper 1). In sequence, it had been demonstrated that 

the scaffold with nHap and CNT has the potential to stimulate biological activity in 

osteoblast cells compared to pure PCL. BMMSCs were seeded on the engineered 

scaffolds and implanted in a rat model to assess their potential in the reconstruction 

of critical bone defects in the calvaria, compared to acellular scaffolds. Among the 

results, we observed that the greater bone neoformation occurred through the 

combination of the three characteristics presented, specifically the presence of nHap 

and CNT nanoparticles, morphology surfaces produced by RJS fibers, and BMMSCs. 

These results had been reported in Paper 2.  
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As such, this study showed the promising potential of a well-defined 

combination of suitable nanocomposite scaffolds with seeded BMMSCs for improved 

bone tissue engineering applications. These findings contribute to the manufacture of 

intelligent structures that can modulate cellular behavior, mediating biological signals 

to conduct tissue formation properly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   18 
 

3 LITERATURE REVIEW 

 

Bones have the function of supporting and protecting the organism, besides 

providing locomotion and functioning as a deposit of calcium, phosphorus, and ions. 

The bone matrix is made up of organic and inorganic parts. The organic matrix’s 

main element is collagen fibers, mainly type I, proteoglycans, adhesive glycoproteins, 

and non-collagenous proteins such as (osteocalcin, osteopontin, and osteonectin). 

Besides, it has cellular components constituted by osteoblasts responsible for the 

deposition of the bone matrix, osteocytes accountable for bone maintenance, 

osteoclasts are responsible for bone resorption, and the osteogenic cell that is a 

stem cell that is the precursor of an osteoblast, see details in Fig. 1 1, 36. The 

inorganic matrix is composed mainly of calcium and phosphate, and fewer of 

magnesium ions, sodium, potassium, and carbonate. The combination of phosphate 

and calcium forms crystals of hydroxyapatite, Ca3(PO4)2, constituting approximately 

60 to 70% of the bone’s weight, which is associated with collagen fibers, which 

provides the strength and hardness, characteristics of bone tissue 1, 36. 

 

Figure 1: Bone cell types and function. 

 

Source: Adapted from 37-39. 
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Macroscopically, bone tissue is classified as compact bone or cortical bone 

(outer layer of bones) and spongy bone (inner layer of bones) (Fig. 2). Compact 

bone provides protection and strength as well as surrounds the medullary cavity. It 

consists of units called osteons or Haversian systems that contain osteocytes 

connected by canaliculi, which consists of a set of lamellae surround a central canal 

(bone’s blood vessels and nerve fibers). Osteons are aligned parallel to the bone’s 

long axis, helping the bone resist bending or fracturing. The spongy bone 

corresponds to a network of trabeculae inserted in small spaces in the medullary 

compartment. It is highly vascular, which delivers nutrients to osteocytes and 

removes waste. Red-bone marrow is found between the trabeculae where the 

production of blood cells occurs (hematopoiesis)40, 41. 

 

 

Figure 2: Bone tissue structure. 

 

Source: Adapted from 39 

 

The bones are highly dynamic structures; it is a tissue that undergoes a 

continuous process of renewal and remodeling through resorption and deposition of 

bone matrix. Remodeling allows tissues already worn out or those who have suffered 

injuries such as microfractures replaced by new tissues 42, 43. 

The natural process of fracture regeneration occurs in three main stages: the 

inflammatory phase, repair, and remodeling (Fig. 3A). The inflammatory phase 

occurs at the beginning of the fracture due to the hematoma caused. There is an 
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extended-release of cytokines specialized in bone repair (TGFβ, IL1 and 6, PGE2, 

TNFα). Besides, stem cells (CT) and osteoprogenitor cells express bone 

morphogenetic proteins (BMP) indispensable in the pre-osteoblast maturation path in 

osteoblasts and, consequently, bone formation. 

In the repair process, there is the formation of a collagenous matrix called 

bone callus and the formation of blood vessels in which they develop from the blood 

support. Healing does not occur without angiogenesis, which is an essential step in 

bone formation. The bone callus provides the necessary protection and stability for 

bone remodeling to occur 44, 45. In the remodeling phase, the bone callus is 

reabsorbed and remodeled; in this process, the osteoclasts and osteoblasts act, 

reabsorbing and depositing bone, respectively. This process can take from months to 

years to complete and form a tissue closer to natural 1, 46. Bone remodeling, e.g., of 

old tissue, involves detecting multiple signaling molecules for remodeling (Fig. 3B). 

Signals generated by osteocytes or through direct endocrine activation are detected 

by osteoblasts, which recruiting osteoclast precursors, and from there, the same 

process of resorption and remodeling occurs 47-49. 

However, when referring to extensive injuries called critical defects, in this 

case, regeneration does not occur spontaneously 1, 2, 45. Therefore, bone tissue 

replacement represents an essential challenge for medical and dental clinics 50-52. 
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Figure 3: Bone repair and remodeling cycle. 

 

Source: Adapted from 37, 39. 

 

Among current treatments, bone grafting with autograft is still considered a 

standard gold method due to its greater osteogenic capacity. Nonetheless, this 

approach is limited due to the amount and morbidity from bone graft harvested 3, 4, 53, 

54. An alternative treatment is allografts and xenografts. Allografts are the second 

option in orthopedic surgery, and Xenografts are biological apatite derived from 

animal bone, available in large quantities. However, they also have limitations: lower 

osteogenic capacity, the potential for infections, immune rejection, and disease 

transmission 3-5, 55, 56.  

The bone repair and remodeling process involve a complex cascade of 

biological responses, and the interaction between cell-cell and cell-environment 
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becomes significant to restore tissue function. Besides, the cell adhesion process is 

an essential requirement for successful graft incorporation for tissue repair 43, 51. 

Faced with a sensitive biological system, the materials used as scaffolds in 

tissue engineering have been diverse and often challenging 57-59. One of the 

significant challenges of regenerative medicine is to design and manufacture a 

suitable scaffold that allows cells to multiply, differentiate, and originate in a new 

tissue similar to natural 58, 60, 61. One of the crucial components in tissue engineering 

is support, providing a model for fixing cells and tissues, growth and formation of the 

extracellular matrix (ECM) 58, 60. Thus, the choice of the biomaterial used is 

fundamental to allow the cells to form an adequate tissue 61, 62. Therefore, it is 

important to manufacture new materials with better physical and chemical 

characteristics than those currently used 63, 64. 

Another essential factor is the mechanical properties of the material that 

provides tissue support, in which it must be resistant enough to withstand 

physiological stress. Besides, to achieve isomorphic tissue replacement, the support 

must biodegrade at a rate corresponding to ECM’s deposition 52, 62. 

Therefore, the desirable conditions for the production of scaffolds involve 

three-dimensional (3D) structures that can mimic the environment in vivo, favorable 

mechanical property, biodegradable, biocompatible, and osteoconductive 51, 65. 

In general, biomaterials are structures that can be used as scaffolds for 

studies of tissue regeneration in vitro or in vivo 58, 66. Some examples of these 

biomaterials include TiO2 nanoparticles 67, nHap 68, Nano-crystalline diamond (NCD) 

69, polymer fibers 14, CNT 70, and other diverse substrates (polymeric, ceramic, or 

metallic) in order to increase mechanical stability and improve interaction with the 

fabric 62, 71. 

Polymeric fibers are one of the materials that most resemble the fibrous 

structures of native MEC. They can be synthesized from various types of natural 

polymers such as MEC proteins (collagen, elastin, and fibronectin) and synthetic 

polymers such as poly ε-caprolactone (PCL), poly lactic-glycolic acid (PLGA), and 

poly polyvinyl acetate (PVA). Polymeric fibers have been used to support the 

engineering of tissues such as cartilage, bones, blood vessels, and other structures 7, 

8.   

The PCL has the linear formula (C6H10O2)n  (Fig. 4). This polymer has been 

widely used in tissue engineering for its biocompatibility and biodegradability. Its 
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semi-crystalline nature provides superior mechanical properties (high strength and 

elasticity) at a relatively affordable cost. Besides, they can be modified without 

significant loss of their properties. PCL reaches a liquid state between 59 and 64 ° C; 

therefore, they have high elasticity at the physiological temperature as it comes to a 

rubbery state 17, 18. For these qualities, the PCL stands out before other polymers. 

This polymer is using for the development of scaffolds for regenerative bone 

applications, targeted drug delivery, and cartilage regeneration 12, 18. The PCL has 

also been approved by the United States Food and Drug Administration (FDA) 18, 72. 

 

Figure 4: Polycaprolactone structure.  

 

Source: From 73 

Among the various techniques commonly used to generate ultrathin PCL 

fibers, electrospinning (ES) has been widely studied, and more recently, rotary jet 

spinning (RJS) was introduced.  In comparison, electrospinning is better known and 

is relatively economical for producing ultrafine fibers. Three-dimensional fibrous 

structures that mimic natural MEC can be easily manufactured with this process 10, 14. 

Several researchers have demonstrated that fibrous scaffolds by ES allow a better 

and more natural environment for cell attachment and proliferation since they mimic 

the MEC’s topography 10, 74-76. 

Electrospinning uses an electric field to create a potential difference between a 

grounded collector and a polymer solution, in which the liquid is expelled through the 

capillary of a needle. As the voltage increases, the charged electrostatic force 

overcomes the liquid’s surface tension, causing a jet to form, called the Taylor cone. 

Finally, on the way to the collector, the solvent evaporates, producing the fiber (Fig. 

5A) 10, 76, 77. Despite the popularity and versatility of ES, it requires a high voltage 

electric field that depends on the solution’s conductivity and has imprecise control 
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over fiber orientation and has a low production rate, limiting its wide-spread 

application 11, 13. 

In contrast, RJS is a simple method as it uses high-speed rotation for 

producing aligned fibers. This technique does not require a conductive solution, but a 

solvent with a low boiling point is necessary. The polymer fiber diameter and porosity 

can be controlled by varying nozzle geometry, rotation speed, and polymer solution 

properties. Furthermore, RJS provides higher production rates compared to those 

fabricated via ES, 5 μL of solution per min−2 compared to 1 mL of solution per min−1 

per nozzle, respectively 11, 13, 78. Although this technique is relatively new, there have 

been several very promising studies on RJS for biomedical applications 11, 13, 15. 

The RJS system consists of a reservoir with two opposite poles attached to a 

motor’s shaft with controllable rotation speed. When the reservoir spins on its axis, it 

ejects a polymeric jet through the centrifugal force’s holes. The solvent evaporates 

while the jet travels in a spiral, forming ultrafine fibers (Fig. 5B) 12, 78.   

RJS and ES are methodologies that may produce different materials with a 

particular characteristic in their structure, in what may bring insights to resolve 

problems found in the biomedical engineering field of implants. 

 

Figure 5: Electrospinning (A) and Rotary jet spinning (B) scheme. 

 

 Source: The author. 

 



   25 
 

Besides, to improve the properties of polymeric biomaterials and minimize 

damage to bone tissue, several studies have been carried out by combining different 

materials called composite 79-82. Composites consist of a combination of different 

types of materials, in which the unique advantage of a given material can be used to 

supply the defect of the other 71. Technologies based on well-defined combinations of 

osteoconductive matrices, osteoinductive factors, and increased mechanical property 

are desirable for bone reconstructive surgery. They have been showing success in 

stimulating the regenerative process 83.  

The incorporation of nanoceramics of carbon nanotubes (CNT) and 

nanohydroxyapatite (nHap) in the polymeric matrix can be an alternative to improve 

PCL’s physical-chemical characteristics addition to offering enormous potential in the 

tissue regeneration process. The physical-chemical characteristics are related to the 

surface, wettability, thermal and mechanical properties of the materials. 

nHap has the chemical formula of Ca10(OH)2(PO4)6 (Fig. 6) with a Ca/P ratio 

of 1.67. nHap is a bio-ceramic of the calcium phosphate class commonly used to 

repair and replace bone tissues due to its similar bone mineral composition 

properties. Due to this similarity, it has excellent biocompatibility and 

osteoconduction, which gives you an advantage over other devices used to replace 

bone tissue. However, nHap has low mechanical properties, which restrict its use in 

places subject to traction. 25, 81, 84.  

 

Figure 6: Structure of nanohydroxyapatite. 

 

Source: From 85. 

 

CNTs are carbon atoms forming a hexagonal network. There are two types of 

CNTs: Single-walled (SWCNT) (Fig. 7A) with a diameter of 0.4-2 nm and multi-
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walled (MWCNT) (Fig. 7B), consisting of two or more simple layers of graphite, with 

diameters reaching more than 100 nm. CNT’s are often used as reinforcement 

material due to its unique physical, mechanical, and electrical properties. CNTs have 

high biocompatibility; it behaves like an inert matrix to support the proliferation of 

cells. The superficial modification of the CNT, changing its wettability, thus presenting 

a hydrophilic characteristic favors the contact surface with adhesion proteins, 

essential in adhesion, growth, and extracellular matrix formation 22, 86. Therefore, 

CNTs are considered ideal candidates to improve the mechanical properties and 

biological performance of nHap. 

Accordingly, it considers that the combination of PCL scaffold with nHap and 

CNT nanoceramics may be an approach to improve the potential tissue regeneration. 

 

Figure 7: Structure of CNTs (A) Single-walled carbon nanotube (SWCNT) and (B) 

Multi-walled carbon nanotube (MWCNT). 

 

Source: Adapted from 87 and 88. 

 

Further, there is a significant interest in using implantable biomaterials 

combined with stem cells (SCs) to minimize tissue damage 20, 26, 27. Stem cells can be 

isolated from embryos, fetuses, or adults. Using adult stem cells (ASCs) is well 

accepted by society and does not involve the same ethical and religious 

considerations as seen using stem cells from embryos or fetuses. Besides, ASCs can 

be isolated from several organs and tissues 89-91. Especially, bone marrow stem cells 

(BMSCs) remain the best source for obtaining these cells and for use in cell 

therapies. The bone marrow comprises at least two kinds of stem cells, 

hematopoietic stem cells (HSC), which give rise to blood cells, and mesenchymal 
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stem cells (MSC), which is the best pluripotent cells among them, but make up a 

smaller proportion 90, 92, 93. 

Although MSCs are easily obtained from many tissues, such as the umbilical 

cord, placenta, fat, lung, liver, and skin, those derived from adult bone marrow have 

been more intensively studied. BMMSCs have a self-renewal ability and multi-lineage 

differentiation potential. They have also been reported to trans-differentiate into not 

only mesoderm lineages but also ectodermal and endodermal cells, also have the 

immunomodulatory capacity and paracrine effect 29, 31, 92, 94. MSCs can repair 

damaged tissue through cell differentiation or a paracrine effect. The paracrine effect 

is signaling of MSCs in which it stimulates the cells of the damaged tissue to self-

repair, in addition to promoting the migration of cells specialized in the tissue repair 

process and immunomodulatory effect. This mechanism minimizes damage to the 

tissue and helps in tissue regeneration 31, 92, 95. 

Scaffolds with BMMSCs seeded have been considered as an approach for 

improving tissue regeneration. Many preclinical trials showed that this strategy 

enhances osteogenic capacity 20, 32-34. Therefore, the combination of PCL scaffolds 

with nHap and CNT nanoparticles with BMMSCs can be an advantageous way to 

improve bone tissue repair. 

These approaches can contribute to the manufacture of intelligent structures 

that can modulate cellular behavior, mediating biological signals to properly conduct 

tissue formation, which are significantly attractive in tissue engineering. 

 

 

 

 

 

 

 

 

 

 

 

4 OBJECTIVE  
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4.1 General objective 

 

Demonstrate the best technique for producing a polymeric biomaterial (PCL) 

with the incorporation of nHap and CNT nanoceramics, and which of them result in 

better biological responses in vitro and in vivo. 

 

4.2 Specific Objectives  

 

 ............................................................................................................. Pr

oduce PCL fibers by electrospinning and rotary jet spinning 

 ............................................................................................................. C

haracterization of biomaterial 

 ............................................................................................................. St

andardize which fibers are best for each technique 

 ............................................................................................................. In

corporate nHap and CNT nanoparticles into standardized fibers and 

characterize them 

 ............................................................................................................. Ev

aluate fibers in vitro, in human osteoblast cells (hOB) by analyzing 

their biological activity: (cell morphology, viability and proliferation, 

alkaline phosphatase (ALP) activity, and calcium deposition) 

 ............................................................................................................. St

andardize which fibers are best for each technique for in vivo use 

 ............................................................................................................. To 

evaluate bone neoformation after implantation of biomaterial without 

and with bone marrow mesenchymal stem cell in rat calvaria defect.  

 

 

 

 

5 METHODOLOGY 
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5.1 Production of CNT and nHap nanoparticles  

 

5.1.1 Synthesis of superhydrophilic MWCNT  

Multi-walled carbon nanotubes (MWCNT) were produced by a chemical vapor 

deposition method by a mixture of camphor (C10H16O, 84 wt.%) and ferrocene (Fe 

(C5H5)2, 16%) as a catalyst, and it was vaporized at 220 °C in an antechamber. The 

vapor was carried by an argon gas flow at atmospheric pressure to the chamber of a 

CVD furnace (850 °C), allowing for the deposition of MWCNT on the quartz wall tube.  

The purification process for removing Fe nanoparticles from the produced MWCNT 

was performed by a high-temperature annealing technique under an oxygen-free 

atmosphere (N2)
96. The functionalization of MWCNT was achieved by incorporating 

oxygen-containing functional groups to provide them with superhydrophilic character. 

A direct pulsed current plasma reactor with a 1sccm rate oxygen flow, 85mTorr 

pressure, under -700 V, and pulse frequency of 20 kHz at 50% of the duty cycle with 

5-time intervals of 40 minutes each, were used for this process, as described 

elsewhere 86, 97, 98. 

 

5.1.2 Synthesis of nHap 

 

The nHap precipitation was completed using the following reagents: calcium 

nitrate tetrahydrate [Ca (NO3)2.4H2O] and ammonium phosphate monobasic [(NH4) 

H2PO4]. These concentrations were chosen so that Ca/P=1.67. Firstly, the solutions 

were prepared separately in which the powders were dissolved in 90 mL of deionized 

water.  Then, the solutions were mixed simultaneously, and 18 mL of ammonium 

hydroxide [NH4OH] was added to the solution to fix the pH. Next, the mixture was 

sonicated using ultrasound (Ultrasonic Processor 500 W; 20 kHz; 13 mm probe; 

model: SO-VCX-500, SONICS) for 30 minutes. The resulting suspension was left for 

72 hours in a 2,000 mL container and then washed with deionized water until the pH 

reached a constant value (~ 6). Then, the powder was placed in the oven for 48 h at 

60°C and ground using an analytical mill (Model A11, IKA, with an engine speed of 

28,000 rpm) to obtain the nHap powder. 
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5.1.3 Synthesis of CNT:nHap 

Initially, the MWCNTs (1% m/v) were diluted in deionized water, and then the 

salts for Hap: Ca (NO3)2.4H2O and (NH4) H2PO4; (Ca/P=1.67) were added. The pH 

control was controlled with NH4OH (pH ~10). The precipitations were subjected to 

ultrasound (Ultrasonic Processor 500 W; 20 kHz; 13 mm probe; model: SO-VCX-500, 

SONICS) for 30 minutes. The resulting suspension was left in the oven for 48 h at 

60°C and ground using an analytical mill (Model A11, IKA, with an engine speed of 

28,000 rpm) to obtain the CNT/nHap powder. 

 

5.2 Production PCL fibers   

5.2.1 Polymeric fibers groups 

Polymeric fibers were produced using Polycaprolactone (PCL – Mw 80,000, 

Sigma- Aldrich®) by electrospinning (ES) and rotary jet spinning (RJS) techniques. 

Firstly, different concentrations of PCL were produced. In the ES method, PCL 

concentrations were: (12%, 15%, 17%, and 20% w/t), and in the RJP method, (15% 

and 20% w/t). After determining which polymeric concentration presented the best 

conditions for both techniques, nanoparticles’ incorporation was carried out. It was 

determined that the PCL with 17% (w/t) obtained by ES and PCL at 15% (w/t) for 

RJS showed the best fiber characteristics. Table 1 shows the groups of materials that 

were produced, constituting in 4 groups for each technique, with or without the 

incorporation of nanoceramics (carbon nanotubes - CNT and hydroxyapatite -nHap). 

 In the other concentrations, the Polymeric solution was too dense (high 

concentration) or very liquid (low concentration), and they were difficult or not 

possible electrospun or rotary jet spun. 

 

 

 

Table 1. Group of samples 

 Polymeric solution 

A PCL 

B PCL + 1% CNT 
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C PCL + 1% nHap 

D PCL + 1% nHap:CNT 

 

5.2.2 Polymeric solution for electrospinning and rotary jet spinning  

 

PCL was prepared in different concentrations (w/t). For ES, the PCL polymer 

was dissolved in acetic acid (CH3COOH, glacial – Synth), and for RJS, the PCL was 

dissolved in chloroform (99%, Sigma- Aldrich®). 

 The solutions were magnetically stirred at 20ºC until completely dissolved. The 

entire procedure was performed in a closed system to avoid moisture precipitation, 

thus obtaining a perfect homogenization of the final solution. 

To incorporate the nanoparticles, while the PCL was dissolving, 1% of the 

nanoparticles were mixed in the solvent under ultrasonic agitation for 60 minutes. 

Then they were mixed to the polymeric solution. 

 

5.2.3 Electrospinning and rotary jet spinning of PCL fibers  

 

For ES the appropriate parameters (applied voltage, working distance, feed 

rates, and needle diameter) for the electrospinning process were checked. The 

polymer solutions were placed in a syringe (BD Yale, 5 mL) with a metal needle tip, 

and it was coupled to an infusion pump to control feed rates of the solution. A voltage 

was applied between the needle tip and the ground collector (see details in Fig. 5A). 

ES conditions were established as follows: 16 kV, needle tip (gauge 23), 15 cm as 

needle-collector distance, 0.8 mL h-1, controlled temperature (23 °C), and humidity 

(~30%). The fibers were randomly oriented and collected on an aluminum foil. 

The rotary jet spinning was made in the laboratory (see schematically in Fig. 

5B).  This system was constructed consisting of a mounted rotatable nozzle, with an 

inner volume of 6 mL with two end holes, where the tip was at 0.9 mm in diameter 

rotating on its vertical axis coupled to an MR– 115 Mini – Motor (3000 to 30.000 rpm 

- were used the speed 2 of the motor). The polymer solutions were placed in a 

syringe (BD Yale, 5 mL) coupled with the constant feed system with a peristaltic 

pump system installed (controlled by potentiometer). The fibers were collected 
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through static collectors. Extrusion was conducted at ambient temperature and 

humidity at 30% – 45%. 

 

5.3 Characterization 

5.3.1 Scanning electron microscope (SEM) 

Scanning Electron Microscopy (Hitachi S-4800) was used to characterize the 

surface of the samples and the morphology of the cells. The samples or cells were 

prepared and coated with a thin layer of platinum (~ 10 nm) using a sputter-coat 

system for 2 minutes. Then the micrographs were obtained, and the voltage was 3.0 

kV. 

 

5.3.2 AFM analysis  

 An Atomic Force Microscope, NTEGRA Spectra, was used to obtain AFM 

images. The different areas were scanned using 0.3 Hz in non-contact mode. In all 

cases, the image was composed of 512 x 512 pixels.  

The Nova program of NTMDT was used to perform the analysis. At the first 

stage, in the original image, a filter was applied to flatten the image. This first 

correction was necessary due to the piezoelectric that controlled the scanner. The 

Root Mean Square  Roughness was calculated through the following equation 

applied throughout the image:  

 

Equation 1. Root Mean Square  Roughness 

 

 

 Is the number of pixels in the  direction and  in the  direction;  is the mean 

height and  is the height at the  pixel. In a second step, a High-Pass 3x3 filter 

was applied, allowing one to isolate the fibers from the rest of the image. From this 

processed image, we obtain the Filtered Root Mean Square  Roughness, 
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and finally, using the Dangwoo et al. expression 99, we obtained the Effective Root 

Mean Square  Roughness. 

5.3.3 Contact angle and surface energy measurement 

 

The characterization of the wettability and surface energy of material allows for 

a later interpretation of cellular behavior. The wettability of the samples was 

determined using a goniometer (DSA100, Krüss), and for measuring contact angles, 

single drops of deionized water and diiodomethane were dropped on the surface of 

the samples (n= 3).  

The measurement was based on the Young-Laplace method (sessile-drop), in 

which 2µl of deionized water and diiodomethane is deposited on the material surface. 

Images of the drop in contact with the sample were captured, advanced 

measurements (5 min) of the angle were taken from 5 to 3000s at room temperature.  

The surface energy was calculated, and the work of bacteria adhesion was 

also inserted. The surface energy composed of polar and dispersive components of 

the samples was evaluated by measuring the contact angle. The interfacial tension 

between two condensed phases can be determined by Young’ equation 100, 

according to which 

 

Equation 2. Young’ equation 

                             
    SLSVLVcos              

Where  is the measured contact angle between the liquid and solid, and LV, SV, and 

SL are the interfacial energies of the liquid/vapor, solid/vapor, and solid/liquid 

interfaces, respectively. This equation can be rewritten as the Young-Duprè equation: 

Equation 3. Young-Duprè equation 

 

                       SLSVLVa cos1W                
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Where Wa is the adhesion energy per unit area of the solid and liquid surfaces. In the 

general form of equation (1), (2) then can be written: 

Equation 4. Young-Duprè equation 

 

                       D

S

D

L

p

S

p

LLV cos1  22                  

Where p
L and p

S are the polar components of the surface energy of liquid and solid 

phases, respectively, and D
L and D

S are the dispersive component of the surface 

energy of the liquid and solid phases, respectively. Because D
L and p

L have been 

published for many liquids, it is possible to approximate D
S and p

S from a single 

measurement of  by with equation (4). Therefore, by measuring the contact angles 

of two different liquids (distilled water and diiodomethane) with well-known polar and 

dispersive components of surface energy (Table 1), Eq. (4) can be solved to 

determine the polar and dispersive components of the surface energy of the 

materials 101, 102. The liquid was dropped automatically by a computer-controlled 

system. All measurements were carried out at room temperature. 

Table 2. Test liquids and their surface tension components 101. 

Surface tension data (mN/m) 
D

L 
p

L LV 

Water 21.8 51.0 72.8 

Diiodomethane 50.8 0.0 50.8 

 

Thermodynamically, the process of adhesion and spreading of cells and 

bacteria from a liquid suspension onto a solid substrate can be described by the 

following equation 103: 

Equation 5. The equation for surface thermodynamics of bacterial adhesion 

 

   SLBLBSAdhF        
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where FAdh is the interfacial free energy of adhesion, BS is the bacteria-solid 

substratum interfacial free energy, BL the bacteria-liquid interfacial free energy, and 

SL is the solid-liquid interfacial free energy, respectively. They can be calculated by 

using contact angle data and the van Oss acid-base approach 104-106.  

  The following equation was used to determine the interfacial energy of cell 

adhesion to a solid surface 104-106: 

 

Equation 6. Equation of interfacial energy of cell adhesion to a solid surface. 
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2  .         (5) 

According to thermodynamic theory, if FAdh is negative, bacteria spreading is 

energetically favorable, while if FAdh is positive, bacteria spreading is 

thermodynamically unfavorable. 

 

5.3.4 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC, Q10, TA instruments) was used to 

evaluate the thermal parameters from the produced fibers. For that, the following 

parameters were used: a heating rate of 10 ºC min-1, the temperature ranged from -

150 to 250 ºC, and an atmosphere of N2 (at a flow rate of 50 mL min-1). The sample 

weight ranged from 8 to 10 mg. In order to determine the degree of crystallinity (Xc) 

of the samples, the following equation was used: 

 

 

Equation 7. Degree of crystallinity (%) 

 

X
c
 = (ΔHm/ΔHo

m) × 100 %                                   
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Where ΔH
m

 corresponded to the heat of fusion of the endothermic peak of fusion, 

and ΔHo
m was the heat of fusion for the 100% crystalline raw PCL. 

 

5.3.5 Bacteria colonization 

Bacteria colonization within the polymeric scaffolds was assessed by colony-

forming units (UFCs) and by micrographs. Responses from gram-positive and gram-

negative bacterial strains were observed. 

Staphylococcus aureus (ATCC-12600) [American Type Culture Collection, 

Manassas, VA, USA], Staphylococcus aureus RiB1, Staphylococcus aureus 

(BEC9393), Staphylococcus epidermidis, Pseudomonas aeruginosa (ATCC 35984), 

Pseudomonas aeruginosa (ATCC 2785), Pseudomonas aeruginosa 31NM, and 

Klebsiella pneumoniae KP230 were used in this study. Initially, polymeric scaffolds 

were cut (1 x 1 cm2) and sterilized under ultraviolet light for 30 min on each side. 

A single colony of bacterial strains described above was inoculated in 3% 

Tryptic soy broth (TSB, 5 ml) under agitation at 120 rpm (Innova 2000 platform 

shaker) held at 37°C for 14 hours. This bacteria solution was diluted to produce a 

working solution at concentrations of 104 cells/ml. Afterward, the samples were set 

into 24-well tissue culture plates and individually inoculated with 1000 µL of a 

bacteria working solution and incubated for 24 h at 37°C in the presence of 5% CO2. 

Afterward, the samples were lightly rinsed with PBS (x2) to remove any non-adherent 

bacteria; next, the scaffolds were set into individual vials with PBS (1000 µL) then 

vortexed during 15 min to remove the strongly adherent bacteria. This bacterial 

solution suspension was diluted serially (10X; 100X; 1000X) and plated on tryptic soy 

agar plates as 10 µL aliquots, triplicate, and incubated for 14 h at 37 °C. Afterward, 

the colonies were counted to calculate the colony-forming units (CFUs).  

For SEM analysis, the bacteria were fixed using 2.5% glutaraldehyde and 4% 

paraformaldehyde in PBS for 1h. After, they were dehydrated in a series of acetone 

solutions until reaching 100%, followed by rinsing with acetone plus HMDS (1: 1) and 

pure HMDS for 10 min each. The specimens were dried, platinum coated, and 

analyzed by SEM to observe bacterial morphology. 
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5.3.6 Fourier transform infrared spectrometry (FTIR) 

FTIR measurements were made using a Perkin Elmer FTIR Imaging System, 

model Spotlight-400. The spectra were collected between 450 – 4000 cm-1. The 

technique was used to analyze the functional groups on the polymeric fibers. 

 

5.3.7 Mechanical test  

Mechanical tensile testing was conducted using TA Instruments RSA-G2. 

Samples were cut into 10×30x0.5 mm rectangular strips and fixed in the clamps of 

the machine. The clamps were moved apart at a rate of 0.1 mm/s at room 

temperature to simulate biological conditions. The displacement rate was set to 10 

mm/min at room temperature. From the stress-strain figures, the Young’s modulus 

and the strain at the break were calculated.  

 

5.3.8 Transmission electron microscopy (TEM) 

TEM was performed using a JEM-1010, JEOL, Peabody, MA microscope 

operating at 80 kV. The powder of nanoceramics nHap and CNT was dispersed in 10 

mL of ethanol with ultrasound aid, and a few drops were deposited in copper grids 

(300 mesh). The fibers were collected directly onto copper TEM grids (300 mesh) 

during the Electrospinning process and used an anti-static tweezer to hold the grid. 

RJS fibers were collected at the end of the process. The fibers present in the inner 

edges are more dispersive and are easier to collect in copper TEM grids (300 mesh). 

It is worth mentioning that the fibers for RJS are impossible to collect during 

the process due to the airflow caused by the high motor speed. 

 

 

6 CELLULAR ASSAYS 

6.1 Cell viability, proliferation, and morphology    

The biological activity was analyzed using Human dermal fibroblasts (HDF, 

CC-2509 - Lonza) and Human osteoblast cells (hOB - Promocell C-12720) according 

to the experimental study. 
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HDF cells were cultured using Dulbecco’s Modified Eagle Medium (DMEM, 

Sigma Aldrich) supplemented with 10% of fetal bovine serum (FBS, Hyclone, Logan, 

UT), and 1% of penicillin/streptomycin (P/S, Sigma Aldrich). The growth medium 

utilized for hOB was Osteoblast Basal Medium (OBM, Promocell GmbH C27015), 

with 1% P/S, and Supmix/Osteoblast (Promocell GmbH C39615). The cell culture 

was maintained in a 37°C, humidified, 5% CO2 at 95% air environment, and the 

culture medium was changed every 3 days of culture. 

MTS (CellTiter 96® AQueous One Solution Cell Proliferation Assay, G3581; 

Promega Corporation, Fitchburg, WI, USA) assay was used to determine the cell 

viability and proliferation.   

For cell viability analysis, the 20.000 cells/cm2 were seeded onto the sterilized 

sample in each well of a 24-tissue culture well-plate and were then incubated under 

standard cell culture conditions. After 24h, the MTS reagent (1:5 ratio with cell culture 

media) was added to each well and set for 4h. Absorbance from each well was 

measured by a SpectraMax M3 (MT05412) at 490 nm, and a color change from pink 

to dark brown was seen. A standard curve was created with a known number of cells 

to correlate absorbance to cell numbers. 

For cell proliferation assay, the hOB cells were analyzed after 7, 14, and 21 

days of culture. For this, the cells were seeded at 5,000 cells/cm2. The culture 

medium was changed every two days. The MTS reagent was added to each well and 

incubated for 4 hours on the measurement day. Absorbance from each well was 

measured. Results were normalized by subtracting the values measured for the 

samples from the value of a comparable blank solution. 

The geometry of a scaffold can control the cells’ behavior and morphology, so 

an analysis of the cell morphology was performed on the PCL scaffolds. The hOB 

cells were seeded at 20.000 cells cm2 onto the sterilized sample for 24h. Cultured 

hOB cells were fixed using 2.5% glutaraldehyde and 4% paraformaldehyde in PBS 

for 1 hour. After, they were dehydrated in a series of acetone solutions until reaching 

100%, followed by rinsing with acetone plus HMDS (1:1) and pure HMDS for 10 

minutes each. The specimens were dried, platinum coated, and analyzed by SEM to 

observe the cell morphology. 
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6.2 Alkaline phosphatase assay 

Alkaline phosphatase (ALP) is an enzyme produced by osteoblasts (bone-

forming cells) to release phosphate groups to form calcium phosphate in the bone. A 

BioAssay QuantiChrom™ Alkaline Phosphatase Assay Kit (DALP-250) was used to 

determine serum ALP activity’s colorimetric kinetic determination.  

The polymeric scaffolds were set into 24-well microplates and seeded with 

5,000 cells/cm2 hOB cells in 1000 μL of growth media per well and were then 

incubated under standard cell culture conditions.  After 7, 14, and 21 days of cell 

culture, the growth media was removed, and the scaffolds were lightly rinsed with 

PBS. Afterward, 500 μL of lysis solution (0.2 % Triton X – 100 (w/v) in distilled water) 

was applied to each scaffold and was agitated at 125 rpm, for 20 min (Innova 2000 

platform shaker) at room temperature. The 50μL of lysate was transferred to 

individual wells of a new 96-well microplate. 

The working solution was prepared by mixing 200 µL of the assay buffer, 5 µL 

of an acetate solution (final 5 mM), and 2 µL of the p-nitrophenyl phosphate liquid 

substrate (10 mM).  An aliquot of 150μL of the alkaline phosphatase reaction solution 

was administered to the individual lysate solutions and homogenized by pipette. The 

final reaction volume in the sample wells was 200 µL. 200 µL of distilled water (H2O) 

and 200 µL of a calibrator solution was applied in a separate well. The optical density 

was measured at 405 nm (t=0) and again after 4 minutes (t=4 minutes) on a plate 

reader. Results were normalized by subtracting the absorbance values of blank wells 

containing samples without any cells from those values measured for the samples. 

6.3 Calcium deposition 

For calcium deposition assay after 7, 14, and 21 days of cell culture, the cell-

seeded scaffolds (5,000 cells/cm2 hOB) were washed three times using deionized 

water to remove calcium ions in the medium. Cells and the extracellular matrix were 

demineralized by adding 500 µm of 0.6M hydrochloric acid to each well and agitated 

at 125 rpm, for 4 h, on an Innova 2000 platform shaker at room temperature. Next, 

500 μL of the resultant solution was extracted from each well and centrifuged 

individually at 12,000 rpm for 3 minutes at 4°C. Afterward, 5μL of the supernatants 

were collected and transferred to separate wells of a new 96-well microplate.  
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Enough working reagent by combining equal volumes of Reagent A and 

Reagent B was prepared, both supplied by the BioAssay Systems Calcium Assay Kit. 

Results were normalized by subtracting the absorbance values of blank wells 

containing samples without any cells from those values measured for the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 IN VIVO STUDIES 

7.1 Isolation and culture of BMMSCs 

MSCs were obtained from the bone marrow of the femurs of 4 male Wistar rats. 

The tibia and femur bone were extracted and cleaned three times with a PBS 

solution, 2.5% chlorhexidine, and 70% ethanol. Afterward, the species were rinsed 

three times during 15 min each with alpha minimum essential medium (a-MEM, 
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Gibco-Invitrogen) with 1% of P/S. Subsequently, the ends of the bones (epiphyses) 

were extracted, and the bone marrow was washed with a-MEM with 10% fetal bovine 

serum (FBS) and 1% P/S. The cells obtained were placed in a culture bottle and kept 

in an oven at 37ºC and 5% CO2 until confluence. The culture medium was changed 

after four days of culture and subsequently every three days until 80–90% 

confluence. 

Before the surgery procedure, a part of the scaffolds group was seeded with 

BMMSCs. The BMMSCs were isolated using a 0.25% trypsin-EDTA solution (Sigma-

Aldrich) and seeded onto the sterilized scaffold. Approximately 1x105 cells were 

pipetted over the scaffold and kept in an oven at 37ºC and 5% CO2 for 24h before 

implanted. 

 

7.2 Surgical procedures 

Forty-eight male rats (100 days of age, Rattus norvegicus Albinus; Wistar), 

weighing from 400 to 450g, were used. The experimental procedures were approved 

by the Animal Ethics Committee (CEUA, Protocol 07/2017) of the Institute of Science 

and Technology of the Campus of Sao Jose dos Campos/ UNESP. The animals 

were divided into four groups with six rats in each one: (I) group analyzed after 2 

weeks, (II) group analyzed after 6 weeks, (III) the same as the group I but seeded 

with BMMSCs, and (IV) the same as group II but seeded with BMMSCs. The animals 

were weighed and anesthetized with an intramuscular injection with a solution of 

xylazine hydrochloride 5 mg/kg (Anasedan®—Vetbrands, Jacareí—Brazil), and a 

Ketamine Hydrochloride 75-95 mg/kg (Dopalen®—Vetbrands, Jacaréi—Brazil) 

solution. After anesthesia, the surgical sites were submitted to trichotomy and 

antisepsis with an iodized alcohol solution. Access to the calvaria of the animal was 

made through the incision in the skin. A critical bone defect was made with a steel 

trephine drill (5 mm in diameter) under abundant and continuous irrigation with a 

physiological solution, aimed at avoiding overheating due to the friction of the drills 

with the bone. The bone defect was filled with the PCL and PCL:nHap:CNT material 

for both techniques without or with BMMSCs. Finally, the skin was sutured with silk 

thread #4 (Ethicon/Johnson & Johnson). After surgery, an analgesic drug (sodium 

dipyrone monohydrate 150 mg/kg) was given subcutaneously every 8 h until 48 h 
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after surgery. Euthanasia was carried out after 2 and 6 weeks using an anesthetic 

overdose administered intramuscularly. 

The surgery procedure can see in Fig. 8. The critical bone defect in calvaria 

was established as an efficient model to assess the potential for healing and new 

bone formation 107, 108. Besides, using a 5 mm defect makes it possible to make two 

surgical areas per animal. Therefore, each animal may have defects resulting from 

the treatment and defect that will be the control. In this way, the number of animals 

used in the experiment is minimized, following the 3R’s principle 109. 

 

Figure 8: Surgical procedure.  

 

Note: (A-B) an incision with a scalpel blade number 15 to allow access to bone tissue. C) Defect being 
performed using a trephine. D) Critical defect of 5 mm in diameter. (E-G) filling the defect with the 
scaffold. (H) suture performed.  

Source: The author. 

 

7.3 Microtomography analyses (Micro-Ct) 

The rat calvaria fragments were kept in 10% buffered formalin, pH 7.0. Before 

using microtomography, the fragments were washed and stored in 70% ethanol. The 

specimens then underwent three-dimensional (3D) microcomputer tomography 
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analyses using SkyScan 1174 (SkyScan, Kontich, Belgium). Tomographic images 

were acquired at 70 keV, and 702 μA, 360° rotation, and images were reconstructed 

using NRecon software (Bruker-Skyscan), and Dataviewer® (Skycan 2011 Version 

1.4.4 64 Bit) software was used for the quantification of the bone formation CT-

Analyzer® software (2003-11SkyScan, 2012 Bruker MicroCt Version 1.12.4.0) and 

the reconstruction of images. CT-Vol® software (SkyScan 7.0) was used. 

Thresholding was performed using a lower grey threshold limit of 50 and an upper 

grey threshold limit of 150. The following bone structural parameters were thus 

obtained: bone volume (BV), trabecular thickness (Tb.Th), trabecular number (Tb.N), 

and trabecular separation (Tb.Sp). 

7.4 Histologic analysis 

For all histology sections, the specimens were fixed in 10% buffered 

formaldehyde. Then the pieces were demineralized by immersion in an 

ethylenediaminetetraacetic acid solution (EDTA Titriplex III, Merck). After 

demineralization, the blocks were set in paraffin, and serial cross-sections of 5 μm 

thickness were obtained and stained with hematoxylin-eosin (HE). The histological 

sections were accessed blindly by a technician.  The histomorphometric analysis was 

performed to quantify the area of new bone formation in three distinct regions of the 

defect: the lateral border and two in the center of the defect. Five sections containing 

the materials were digitized (5x) for each group, using Nikon Eclipse Ts2. After that, 

the new bone formation area was calculated using Image J (NIH) imaging software. 

 

 

8 STATISTICAL ANALYSIS 

All experiments were conducted in triplicate and were repeated at least three 

different times. The statistical differences between the mean values and for 

comparison between the samples were determined using one-way ANOVA followed 

with a Tukey’s multiple comparison test. Differences were considered statistically 

significant at p < 0.05. 

 



   44 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 PROJECT PROPOSAL OVERVIEW 

Figures 9 and 10 provide the project proposal overview schematic.  

The first part of the project (Fig. 9) evaluated the two methods for producing PCL 

fibers, where different polymer concentrations were tested and analyzed before 

establishing the best material produced for each technique. Biomaterial 

characterization was evaluated by morphology, cytotoxicity, and its influence on the 

colonization of bacteria. Afterward, we use standardized materials for the second part 

of this project. 
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Fig. 10 represents the second part of the project, in which nHap and CNT 

nanoceramics were incorporated into the polymeric fibers (previously standardized in 

the first part of the project). Morphological analyzes and in vitro tests were performed. 

The best materials were established, and they were used in in vivo tests, in which 

scaffolds sown with BMMSCs were compared with acellular scaffolds. 

 

Figure 9: Project proposal overview schematic 1. 

 

Source: The author. 

 

 

 

Figure 10: Project proposal overview schematic 2. 
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Source: The author. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 RESULTS AND DISCUSSION  
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10.1 Paper 1 (Annex A). 

M.M. Machado-Paula, M.A.F. Corat, M. Lancellotti, G. Mi, F.R. Marciano, M. L. Vega, 

A. A. Hidalgo, T.J. Webster, and A.O. Lobo. (2020). A comparison between 

electrospinning and rotary-jet spinning to produce PCL fibers with low bacteria 

colonization. Materials Science and Engineering C 

 

10.2 Paper 2 (Annex B) (In phase for submission)  

Mirian M. Machado-Paula, Marcus A.F. Corat, Luana M.R. Vasconcellos, Juliani C.R. 

Araújo, Gujie Mi, Paria Ghannadian, Tatiane V. Toniato, Fernanda R. Marciano, 

Thomas J. Webster and Anderson O. Lobo. Rotary jet spun 

polycaprolactone/hydroxyapatite and carbon nanotubes scaffolds seeded with 

bone marrow mesenchymal stem cells increased bone neoformation.  
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11 CONCLUSION 

In this work, PCL fibers were produced with nHap and CNT incorporated, using 

two different manufacturing methods: electrospinning (ES) and rotary jet spinning 

(RJS). The results of this work suggest the following conclusions regarding the study 

of the scaffolds produced: 

 Different morphologies were 

determined through the manufacturing method used, smooth fibers by 

electrospinning and rough fibers by rotary jet spinning  

 PCL fibers showed good 

interaction with fibroblast cells 

 The rough surface presented by 

the RJS fibers decreased the bacteria colonization 

 PCL fibers at 17% obtained by ES 

and PCL at 15% obtained by RJS showed the best fiber characteristics than 

the others analyzed. 

 The incorporation of nanoceramics 

in the polymeric fibers was carried out successfully 

 PCL fibers with nHap: CNT 

nanoparticles showed the potential to stimulate biological activity in osteoblast 

cells compared to neat PCL. 

 Two groups of each technique 

were determined for in vivo analysis: pure PCL and PCL: nHap: CNT, as they 

showed more significant osteoblast functions for both methods 

 Increased bone formation occurred 

through the combination of three characteristics: the presence of nHap 

nanoparticles: CNT, morphology presented by the RJS fibers, and scaffold 

coating with BMMSCs. 

 

This thesis shows that the choice of biomaterial and surface topography 

combined with cells of interest are key factors that can favor bone repair. These 

findings suggest that PCL: nHap: CNT scaffolds produced by RJS seeded with 

BMMSCs is a potentially advantageous material in the field of bone tissue 

regeneration. 
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A B S T R A C T

One of the important components in tissue engineering is material structure, providing a model for fixing and the
development of cells and tissues, which allows for the transport of nutrients and regulatory molecules to and
from cells. The community claims the need for new materials with better properties for use in the clinic. Poly (ε-
caprolactone) (PCL) is a biodegradable polymer, semi crystalline, with superior mechanical properties and has
attracted an increasing interest due to its usefulness in various biomedical applications. Herein, two different
methods (electrospinning versus rotary jet spinning) with different concentrations of PCL produced ultra thin-
fibers each with particular characteristics, verified and analyzed by morphology, wettability, thermal and cy-
totoxicity features and for bacteria colonization. Different PCL scaffold morphologies were found to be depen-
dent on the fabrication method used. All PCL scaffolds showed greater mammalian cell interactions. Most im-
pressively, rotary-jet spun fibers showed that a special rough surface decreased bacteria colonization,
emphasizing that no nanoparticle or antibiotic was used; maybe this effect is related with physical (scaffold)
and/or biological mechanisms. Thus, this study showed that rotary jet spun fibers possess a special topography
compared to electrospun fibers to reduce bacteria colonization and present no cytotoxicity when in contact with
mammalian cells.

1. Introduction

Faced with a sensitive biological system as complex as the human
body, materials used as scaffolds in tissue engineering have been di-
verse and often challenging to create [1–3]. One of the most important
components in tissue engineering is scaffold structure, providing a
model for supporting cell and tissue attachment, growth, and extra-
cellular matrix formation [2,4]. Thus, the choice of the biomaterial
used is fundamental to allow cells to form a suitable tissue [5,6]. It
becomes important to manufacture new materials with better physical
and chemical features than those currently used [4,7]. Desirable con-
ditions for the production of scaffolds involve topographical features at
the micro/nanoscale which allows for the exchange of signals between
cell-to-cell and environment interactions in order to restore tissue

function [8,9].
Polymeric fibers need to resemble the fibrous structures of the na-

tive extracellular matrix (ECM) and, as such, have attracted significant
attention in tissue engineering. Poly (ε-caprolactone) (PCL) has been
widely used in the tissue engineering field for its biocompatibility and
biodegradability, and its semi crystalline nature provides superior me-
chanical properties compared to other polymers at a relatively in-
expensive price. This polymer is commonly used in drug delivery,
medical implants, and as dental splints. In additional, PCL has been
approved by the United States Food and Drug Administration (FDA)
[10,11].

Among the various techniques commonly used to generate ultra-
thin biologically-inspired PCL fibers, electrospinning (ES) has been
widely studied and, more recently, rotary jet spinning (RJS) was

https://doi.org/10.1016/j.msec.2020.110706
Received 10 September 2019; Received in revised form 7 January 2020; Accepted 28 January 2020

⁎ Corresponding author.
⁎⁎ Correspondence to: A. O. Lobo, Nanomedicine Laboratories, Department of Chemical Engineering, Northeastern University, Boston, MA 02115, USA.
E-mail addresses: th.webster@northeastern.edu (T.J. Webster), lobo@ufpi.edu.br (A.O. Lobo).

Materials Science & Engineering C 111 (2020) 110706

Available online 16 March 2020
0928-4931/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2020.110706
https://doi.org/10.1016/j.msec.2020.110706
mailto:th.webster@northeastern.edu
mailto:lobo@ufpi.edu.br
https://doi.org/10.1016/j.msec.2020.110706
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2020.110706&domain=pdf


introduced. Comparing these two methods, ES is more popular and is a
relatively cost-effective method to produce ultrathin fibers by elec-
trically charging the polymer. Tri-dimensional biologically-inspired fi-
brous structures mimicking the natural ECM can be easily fabricated
with this process [12,13]. Several researchers have shown that elec-
trospun fibrous scaffolds allow for a better, more natural, environment
for cell attachment and proliferation, since they mimic the topography
of the ECM [10,13–15].

ES uses an electric field to create a potential difference between a
grounded collector and a polymer solution, in which the liquid is forced
through a capillary needle. As the voltage increases, the like charged
electrostatic force overcomes the surface tension of the liquid causing
the formation of a jet, called a Taylor cone. Lastly, in the path to the
collector, the solvent evaporates producing the fiber [10,13,16]. De-
spite the popularity and the versatility of ES, it requires a high voltage
electric field which depends on the conductivity of the solution, and
also has imprecise control over fiber orientation and has a low pro-
duction rate, limiting its wide-spread application [17,18].

In contrast, RJS is a simple method as it uses high-speed rotation for
producing aligned fibers. This technique does not require a conductive
solution but a low boiling point of the solvent is necessary. The polymer
fiber diameter and porosity can be controlled by varying nozzle geo-
metry, rotation speed, and polymer solution properties. Furthermore,
RJS provides higher production rates compared to those fabricated via
ES, 5 μL of solution per min−2 compared to 1 mL of solution per min−1

per nozzle, respectively [17–19]. Although this technique is a relatively
new, there have already been several very promising studies on RJS for
biomedical applications [17,18,20].

The RJS system consists of a reservoir with two opposite poles at-
tached to the shaft of a motor with controllable rotation speed. When
the reservoir spins on its axis, it ejects a polymeric jet from the holes by
centrifugal force. The solvent evaporates while the jet travels in a spiral
forming really thin fibers [19,21].

RJS and ES are methodologies that may produce different materials
with a particular characteristic in their structure, in what may bring
insights to resolve problems found in the biomedical engineering field
of implants.

One of the problems found in biomedical engineering is bacterial
contamination on materials, what is still an unresolved problem asso-
ciated with implanted medical implants, especially long-term ones
[22–25]. Gram-negative bacteria are naturally resistant to numerous
treatments and are difficult to kill due to their robust and hydrophobic
outer lipopolysaccharide membrane that helps to prevent the flow of
antibiotics or drugs into the cell. Moreover, due to extensive antibiotic
use, Gram-positive Staphylococcus aureus have evolved into a methi-
cillin-resistant strain, which can overcome other classes of antibiotic
treatment [25–29]. In fact, recently, the Centers for Disease Control
predicted that deaths caused by the emergence of antibiotic-resistant
bacteria will surpass cancer in the coming decades [30].

Furthermore, persistent bacteria colonization of surgical implants is
associated with bacteria biofilm formation at the implantation site,
which consists of a matrix of proteins, polysaccharides, and DNA.
Bacterial adhesion, growth, and subsequent biofilm formation on sur-
faces are particularly resistant toward the body's defense mechanisms
and antibiotic treatments, which can cause implant rejection [31,32].

Reduced contact of microorganisms with an implant might prevent
extensive bacteria proliferation on the surface and allow the immune
system to clear such bacteria. Nature gives us many examples of micro/
nanotopographies that protect surfaces from microorganism coloniza-
tion, and developing polymers with similar properties to resist bacteria
adhesion has been a growing area of research [33–35]. This goal may
be reached by modulating polymer processing parameters, such as:
hydrophobicity, surface charge, chemical composition, surface rough-
ness, topography, or physical configuration [23,36].

Herein, we performed a clarifying comparison between ES and RJS
to produce fibers using different concentrations of PCL, and we provide
the first report to compare both the manufacturing process and their
influence on bacterial colonization (without using antibiotics or any
chemical treatment).

2. Results and discussion

Different morphologies and diameters resulted when different PCL
concentrations and PCL spinning techniques were used. ES fibers were

Fig. 1. Micrographs and corresponding histograms of the fiber diameter distribution collected using electrospun (A–D) and rotary jet spun (E–F) PCL fibers.
Micrographs obtained by electrospun fibers correspond to PCL at 12% (A), 15% (B), 17% (C) and 20% (D) (w/v), and by rotary jet spun fibers at 15% (E) and 20% (F)
(w/v). Distribution of PCL diameters calculated by ImageJ respectively is shown (A1-F1). Scale bars = 5 μm.
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smoother at lower polymer concentrations such as 12% and 15% than
17% and 20% PCL. However, the RJS fibers presented higher roughness
independent of concentration (15%, Fig. 1E and 20%, Fig. 1F). Re-
garding the average thickness, we observed that the ES fibers presented
diameters as 102 ± 26 nm with 12% of PCL (Fig. 1A1), 182 ± 30 nm
with 15% (Fig. 1B1), 124 ± 50 nm and 700 ± 98 nm with 17%
(Fig. 1C1) and 200 to 1390 nm with 20% (Fig. 1D1). Curiously, the
fiber diameter increased with higher concentrations of PCL. However,
PCL at 20% (Fig. 1D) showed irregular fibers varying from nano to
micro scales, but PCL at 17% (Fig. 1C) presented a better morphology
with low variation.

Comparatively, RJS fibers at 15% showed thicker fibers at the mi-
croscale, and presented more nanocale roughness (porous) than the ES
fibers. Regarding roughness, we have seen RJS fibers as a special at-
tractive roughness since they may allow for better cell adhesion due to
greater surface area [37]. In addition, PCL at 15% presented more si-
milar fibers with structures at the micro scale than PCL at 20% with an
average diameter of around 1 ± 0.99 μm and 1 ± 0.12 μm, respec-
tively. In summary, the PCL fibers at 17% obtained by ES and PCL fibers
at 15% obtained by RJS showed the best nano-rough fiber character-
istics than the others analyzed.

The morphology of the fibers was investigated using AFM, Fig. 2.
Fiber images using PCL 15% ES and RJS, respectively, are shown in
Fig. 2(A) and (B) using the same scale. Different fiber conformation was
evident when comparing both figures. The ES technique formed several
fibers in the same area. When performing statistical analysis of the

images, it is important to pay attention to the fact that conventional
Root Mean Square σRMS Roughness does not represent the real value of
fiber roughness. This artifact is caused by contributions from fiber
roughness, substrate roughness and fibers overlapping [38]. To obtain
the roughness of the fibers, it is necessary to calculate the Effective Root
Mean Square σRMS EFF Roughness [38,39]. This σRMS EFF evaluates the
fiber roughness eliminating contributions from other image aspects,
when possible. Results showed that σRMS EFF was 4 times lower than
σRMS in Fig. 2a and b, for both cases. However, σRMS EFF values showed a
difference of 100 nm, being higher for the ES image. At first sight, the
RJS image seems to be more rough, Fig. 2a and b; this is an artifact
produced by the impossibility of isolating a single fiber on Fig. 2c and d
using image processing and that the calculated σRMS EFF was affected by
the overlapping of several fibers. For Fig. 2c and d, single fibers are
shown for each image. As ES and RJS produces fibers of different sizes,
different scales are necessary to isolate the single fibers. A single RJS
fiber had a diameter around 9 μm, while a single ES fiber had a dia-
meter around 2 μm. Although using different scales it is possible to get
σRMS EFF of a single fiber, the results showed that RJS fibers have higher
Effective Root Mean Square Roughness.

Furthermore, the influence of wettability and surface energy of the
material show important characteristics that control bacterial adhesion
[40]. Some researchers have been building natural self-cleaning sur-
faces which present super-hydrophobic features as lotus leaves [35,41].
Despite those samples displaying better morphology as mentioned
above (PCL 17% by ES and PCL 15% by RJS), they had exhibited

Fig. 2. AFM images of electrospun fibers corresponding to PCL at 15% (A) and rotary jet spun fibers at 15% (B). (C) is a detail of (A) and (D) is a detail of (C); an
isolated single fiber is shown for (C) and (D). It is important to note that although (C) is a detail of (A) it continues to look like a smooth surface. This is not the case
between (D) and (B), the acorns on (B) are transformed into a cracked surface. This situation is forced due to the different lengths of the fibers.
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initially after an immediate drop of water, low wettability (CA > 150°)
with a surface energy of 52 mN/m for both fibers (i.e., no significant
difference was observed between them (Table 1)). We assumed that the
chemical composition of the material was the same for both samples as
they were made using the same material but with different topo-
graphies [42]. The average value of the work of adhesion (ΔFAdh =
+11.5 mJ/m2) in both cases, indicated unfavorable conditions for
bacteria colonization [43] (Table 2).

The surface free energy and adsorption depends linearly on
Effective Root Mean Square Roughness [38,39]. As σRMS EFF increases,
the higher the adsorption, so RJS fibers had higher adsorption than ES
fibers (Fig. 2C and D).

The thermogram analyses of the PCL fibers produced by ES and RJS
showed a glass transition temperature (Tg) and a melting temperature
(Tm), both close to 60 °C for all samples, irrespective of the processing
method (Fig. 3 and Table 2). These results were similar to the data
found in the literature, indicating that the method used did not interfere
with the results. [15]

The degree of crystallinity of a material suggests the degradation of
a material, as the higher the crystallinity, the stronger it will be. This is
relevant for an implantable material and it may vary depending on the

production process [44–46].
Results of this study showed that the processing technique had a

minimal effect on the crystallinity of the fibers. The degree of crystal-
linity for the samples showed a decreasing trend with increasing PCL
concentration for both techniques, as expected, since PCL crystallinity
decreases with an increasing molecular weight. [46]

Early interactions between a material surface and biological fluids
play a crucial role in determining cellular behavior (such as adhesion,
differentiation and tissue formation). Therefore, the wettability of a
material allows one to predict the hydrophilicity/hydrophobicity of the
material surface and consequently cell susceptibility. [47,48]

The susceptibility of polymeric scaffolds to bacterial infection was
determined here through colony forming unit assays (CFUs), and ad-
ditionally we took SEM micrographs to visualize bacteria colonization
on the polymeric scaffolds for both of the samples already mentioned.
Fig. 4A shows the CFUs for S. aureus (gram positive) and Fig. 4B for P.
aeruginosa (gram negative). Clearly, the fibers obtained by RJS reduced
the colonization from both bacteria strains as compared to those ob-
tained by ES. Fig. 4A1 and A2 shows numerous adherent bacteria
covering the fibers produced by ES. In Fig. 4A2, the smooth fibers can
be seen in detail. A similar result was observed when P. aeruginosa were
cultivated on the fibers produced by ES (Fig. 4B1 and B2). Results
suggested that the smooth PCL fiber surfaces were favorable to bacterial
colonization.

On the other hand, when S. aureus were cultivated onto PCL fibers
produced by RJS, we observed a decrease in bacteria colonization
(Fig. 4A3), and that also was followed by P. aeruginosa. Although they
presented some bacteria aggregates, the rough surface produced by RJS
decreased bacteria colonization compared with ES PCL. Fig. 4A4 and B4
illustrates the rough fibers in detail. Clearly, the RJS fibers possessed a
special topography compared to ES fibers to avoid bacteria colonization
which requires further research. Besides, we decided to verify the cy-
totoxicity of our samples via interaction with fibroblasts compared to
controls. Fig. 4C shows that no mammalian cytotoxicity was observed
for all samples for the ES and RJS fibers. Herein, we propose that the
morphology presented by rotary jet spun fibers can reduce bacteria
colonization without the use of antibiotics. One of the challenges in
tissue engineering is to produce a material with low or null suscept-
ibility for bacteria colonization and at the same time allow or even
promote mammalian cell interactions [49,50].

To prove this, the colonization of both gram-positive (+) and gram-
negative (−) strains were evaluated. In addition, these bacteria were
classified as the classic strains of: Staphylococcus epidermidis (+),
Pseudomonas aeruginosa (−) and Brazilian clinical strains (multi-re-
sistant bacteria): Staphylococcus aureus R1B1 (+), Staphylococcus aureus
BEC9393 (Brazilian epidemic clone) (+), Pseudomonas aeruginosa
31NM (−) and Klebsiella pneumoniae KP230 (−).

Colony forming unit assays (Fig. 5) showed that the RJS fibers de-
creased bacteria colonization for both gram-positive and -negative
bacteria (S. epidermidis and S. aureus RiB1) as compared to ES fibers.
Unexpectedly, S. aureus BEC9393 showed inverse results since they
contained the representative BEC strain, i.e. being more resistant than
the other bacteria, this bacteria may have changes around the cell that
make it oddly resistant and likely to adhere via different mechanisms.
Interestingly, RJS fibers showed a significant difference in the reduction
of bacterial colonization of a clinical strain of P. aeruginosa (31NM) and

Table 1
Contact angle and surface energy components of PCL 17% by ES and PCL 15% by RJS. (n= 3).

Sample Contact angle (°) Surface free energy (mN/m)
+
p

d p( )

Water Diiodomethane Dispersive (γd) Polar (γp) Total

PCL 17% ES 150.5 ± 4.8 9.9 ± 0.0 52.2 19.9 72.1 0.28
PCL 15% RJS 148.7 ± 3.1 9.9 ± 0.0 52.2 19.9 72.1 0.28

Table 2
Thermal parameters obtained from the DSC thermograms of PCL fibers pro-
duced by ES and RJS.

wt (%) Tm (°C) ΔHm (J g−1) Tg (°C) Xc (%)

ES
12 61.39 72.29 −62.70 53.15
15 60.45 60.70 −58.92 44.63
17 60.49 59.73 −61.05 43.91
20 60.36 64.18 −59.99 47.19

RJS
15 61.45 66 −56.93 48.52
20 61.47 64.72 −57.44 47.58

Fig. 3. DSC thermogram from −150 °C to 250 °C performed at a heating rate of
10 °C min−1 under a nitrogen atmosphere at a flow rate of 20 mL min−1.
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no difference for classical strains (ATCC) while for K. pneumoniae, sig-
nificant differences between samples were not observed.

RJS fibers are an alternative to ES to obtain ultrafine fibers with
nanometer and submicron roughness and their special surface char-
acteristics as an antifouling morphology. Further discussions about the
difference in wettability and bacteria properties were considered here
highlighting the importance of the physical surface presented on RJS
PCL fibers. We propose two hypotheses for preferentially decreasing
bacterial colonization on RJS PCL, not applying any antiseptic, one
physical and the other biological; both must have concomitantly con-
tributed to our results. In nature, there are several examples of anti-
fouling surfaces such as the cicada wing, shark skin, lotus leaf and
butterfly wings. Each one of them presents a superhydrophobic micro/
nano hierarchical structure, in which these surfaces present unique
topographical features, which contribute to the antifouling effect
[33,41,51–53]. Nanopillar arrangements on cicada wings present bac-
tericidal properties due to specific surface geometries, irrespective of
surface chemistry. For the cicada wing, the bacteria cell membrane
stretches in the regions suspended between nano pillars when the
bacteria try to adhere, leading to non-uniform stretching due to the
specific surface pattern which causes either no attachment or cell

rupture. [54]
The shark skin presents anti-biofouling and self-cleaning properties

which is attributed to micro-structured riblets that can vary by species
and inhabited places. The material bioinspired by shark skin have been
shown to be an effective tool to reduce bacterial binding. The me-
chanism is similar to that mentioned for circada wings above in which
the lack of attachment of bacteria on the bioinspired surface happens
due to the dimensions of the grooves between the riblets that are spaced
(~2 μm) smaller than the size of bacteria (~1–3 μm), which prefers to
settle in areas slightly larger than themselves. [35,55,56].

Impressively, our RJS fibers presented a similar geometry to these
characteristics found in nature. Fig. 6 illustrates our polymeric fibers
and the suggested mechanisms of bacteria adhesion on the RJS fibers
and ES fibers. This figure provides a schematic fiber surface (from ES
and RJS) and their likely interaction with a bacteria surface regarding
both of these hypotheses.

It is known that bioinspired antifouling materials without any in-
terference of nanoparticles or antibiotics, and only a physical inter-
ference, do not kill bacteria, but inhibit their colonization on the sur-
face and may facilitate its disinfection [51–53].

Fig. 6A3 shows details of the space of roughness at 0.4–1.4 μm.

Fig. 4. Colony forming units (CFU) and SEM
images of Staphylococcus aureus and
Pseudomonas aeruginosa colonization of electro-
spun PCL 17% (w/v) and rotary jet spun PCL
15% (w/v) for 24 h. CFU of (A) S. aureus and (B)
P. aeruginosa. A1 and A2 show micrographs
collected from S. aureus cultivated on the elec-
trospun fibers. A3 and A4 illustrate micrographs
from S. aureus colonized onto the rotary jet spun
fibers. B1 and B2 show micrographs collected
from P. aeruginosa cultivated on electrospun fi-
bers. B3 and B4 show micrographs collected
from P. aeruginosa cultivated on rotary jet spun
fibers. 10,000 cell/ml bacteria were seeded on
both PCL fibers. Values represent the
mean ± SD, N= 3. ⁎p < 0.001 compared to
all others. (C) Viability of human dermal fibro-
blasts (HDF) on the different fibers made by
electro and rotary jet spinning. Cells were
seeded at 20,000 cells/cm2 for 24 h. Values are
mean ± SD, N = 3. ⁎p < 0.001 compared to
all other fibers. The data are normalized using
the cells only as a control.
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Fig. 5. Colony forming units (CFU) for gram-positive bacteria (A) and gram-negative bacteria (B). (A1) Staphylococcus epidermidis, (A2) Staphylococcus aureus RiB1,
(A3) Staphylococcus aureus BEC9393. (B1) Pseudomonas aeruginosa ATCC 2785, (B2) Pseudomonas aeruginosa 31NM and (B3) Klebsiella pneumoniae KP230. Bacteria
were seeded on the surface of electrospun (ES) and rotary jet spun (RJS) PCL scaffolds. Values represent the mean ± SD, N= 3. ⁎⁎p < 0.01 ⁎⁎⁎p < 0.001.

Fig. 6. Hypothesis. (A) Material surface structure. (A1) SEM images of a rotary jet spun fiber. A2 show the details of the rotary jet spun fiber rough structures,
identifying spaces between 0.4–1.4 μm. B shows the micrograph from the collected electrospun PCL fibers and illustrates the details of a smooth surface. (C and D)
Biological structure of the bacteria surface. (C) Gram-positive bacteria surface and their respective bacteria size. (D) Gram-negative bacteria surface and their
respective bacteria size. E illustrates a schematic of bacteria adhesion over the scaffold surface and the arrows indicate the contact points of bacteria adhesion on the
material surface.
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These spaces were smaller than the size of bacteria, becoming harder
for bacteria to settle, and strengthening an antifouling physical me-
chanism. Contrarily, ES fibers showed a smooth topographical surface
allowing for better bacteria wall contact (Fig. 6B1 and B2).

Some research suggests that the type and size of topographies can
prevent colonization by micro-organisms, changing cellular mor-
phology, causing phenotypic changes and finally decreasing viability
[33,51,57]. It is easier for micro-organisms to attach to areas slightly
larger than themselves, due to surface area contact with the substrate.
The reduction of contact points between a substrate and microorganism
lead to a lower strength, and bacteria in a harmless state [57,58]. De-
spite the morphology presented by RJS fibers reducing bacteria colo-
nization, they did not seem to inhibit the proliferation of mammalian
cells. Likely, the dimensions of mammalian cells would permit several
focal adhesion points on fibers through filopodia and lamellipodia
formation, allowing for mammalian cell attachment [59,60].

Besides the physical interaction hypothesis, we proposed a biolo-
gical hypothesis suggesting that the bacterial wall structure inters with
adhesion to the fibers, explaining the difference found between gram-
positive and –negative cells (Fig. 6C–F). The gram-positive bacteria
have a simple surface with a membrane and several layers of pepti-
doglycan (Fig. 6C) [61,62]. However, the gram-negative bacteria pre-
sents a complex surface with a membrane, some layers of peptidogly-
cans, an outer membrane containing lipopolysaccharides (LPS) and a
capsule of polysaccharides (Fig. 6D) [61,62]. This type of bacteria is
more resistant to surface geometries since they have a complex surface.
Therefore, some antibiotics are less active in gram negative than in
gram positive bacteria. In addition, the evidence suggests that the
presence of LPS in the membrane of gram-negative bacteria plays an
important role in the initial adhesion of bacteria to surfaces. It has been
reported that changes in the environment induce modification of the
cell surface of some bacteria, indicating that the bacterium is able to
alter its cell surface according to the environment, such as hydro-
phobicity [63–66]. In addition, the capsule is an external barrier that
protects the bacteria which provides increased resistance, and it is
composed of primarily long chain polysaccharides [67].

The less efficient results of inhibiting bacteria on ES compared to
RJS fibers with gram-negative bacteria came comparatively close to
characteristics of the bacterial surface, where the gram-negative cells
showed better bacterial colonization, suggesting the wall structure of
the bacterial could overcome surface ES morphologies yet the RJS fibers
presented an anti-fouling surface.

3. Conclusions

Herein, for the first time, we extruded raw PCL structures, and made
comparisons between the techniques of electrospinning (ES) and rotary
jet spinning (RJS). According to results, we had two different PCL
scaffold morphologies: smooth fibers by ES and rough fibers by RJS.
The RJS PCL scaffolds showed an interesting way to obtain ultrafine
fibers with nanometer and submicron rough fibers with special surface
characteristics disturbing bacteria colonization. Although the fibers
manufactured in this study were not modified in any way, one may
provide an antiseptic property by mixing them with chemicals with
anti-bacterial responses widening their biological applications. In the
future analyses of these PCL scaffolds with the addition of some na-
nocomposites or pharmacological components, further impairment of
bacterial adhesion and increased biological properties may result. In
summary, the RJS showed a promising biomaterial for scaffolds man-
ufacturing, with special topography, susceptible to mammalian cell
interactions and tissue growth, and with low bacterial colonization
(without resorting to antibiotic use). Features widely chased by the
bioengineering field.

4. Experimental section

4.1. Materials

Poly (ε-caprolactone) (PCL – Mw 80,000) was purchased from
Sigma- Aldrich®. Chloroform (99%, Sigma- Aldrich®) and acetic acid
(CH3COOH, glacial – Synth) were used as solvents.

4.2. Cellular assays

Human dermal fibroblasts (HDF, CC-2509) were purchase from
Lonza, Basel, Switzerland. Dulbecco's Modified Eagle Medium (DMEM,
Sigma Aldrich), Fetal bovine serum (Hyclone, Logan, UT), Penicillin/
streptomycin (P/S, Sigma Aldrich), 0.25% trypsin-EDTA (Sigmka-
Aldrich), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Promega, Fitchburg,WI), and Dulbecco's phosphate-buffered
saline without calcium chloride and magnesium chloride (dPBS, Sigma
Aldrich) were obtained as described.

4.3. Bacteria assays

Staphylococcus aureus (ATCC-12600) [American Type Culture
Collection, Manassas, VA, USA], Staphylococcus aureus RiB1,
Staphylococcus aureus (BEC9393), Staphylococcus epidermidis,
Pseudomonas aeruginosa (ATCC 35984), Pseudomonas aeruginosa (ATCC
2785), Pseudomonas aeruginosa 31NM, and Klebsiella pneumoniae KP230
were used in this study. Tryptic soy broth (TSB, 30 g L−1, Sigma-
Aldrich) and Agar (15 g L−1, Sigma-Aldrich) were purchased as de-
scribed.

4.4. Electrospinning and rotary jet spinning of PCL fibers

ES was performed using different concentrations of PCL (12%(w/t),
15%(w/t), 17%(w/t) and 20%(w/t)). The polymer solutions were dis-
solved in acetic acid. The solutions were magnetically stirred at room
temperature. The solution was placed in a 5 mL plastic syringe with a
metal needle tip and it was coupled to an infusion pump to control feed
rates of the solution. A voltage was applied between the needle tip and
the ground collector (Fig. 7A). ES conditions were established as fol-
lows: 16 kV, needle tip (gauge 23), 15 cm as needle-collector distance,
0.8 mL h−1, controlled temperature (23 °C) and humidity (~30%). The
fibers were randomly oriented and collected on an aluminum foil.

The system used for obtaining polymer fibers by rotary jet spinning
in our laboratory is schematically shown in Fig. 7B. The system con-
sisted of: (1) a perforated reservoir with an inner volume of 6 mL with
two end holes 0.3 mm in diameter rotating on its vertical axis in the
center of a disc with static collectors with two opposing holes in its
walls coupled to a motor, (2) a motor (3000 to 30,000 rpm), (3) a
collecting system, (4) a reservoir with a syringe and needle, and (5) a
constant feed system of the polymer solution injected with a peristaltic
pump system installed (controlled by potentiometer).

Different concentrations of PCL were used (15% and 20% wt) using
chloroform as the solvent. The solutions were magnetically stirred at
room temperature.

4.5. Characterization

Field Emission Electronic Microscopy (FE-SEM, ZEISS EVO-MA 10)
was used to characterize the surface of the samples. To analyze, the
samples were first coated with a thin layer of gold using a sputter-coat
system. The voltage was 3.0 kV at a magnification of 5 K for all fibers.
Differential scanning calorimetry (DSC, Q10, TA instruments) was used
to evaluate the thermal parameters from the produced fibers. For that,
the following parameters were used: a heating rate of 10 °C min−1,
temperature ranged from −150 to 250 °C, and an atmosphere of N2 (at
a flow rate of 50 mL min−1). Sample weight ranged from 8 to 10 mg. In
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order to determine the degree of crystallinity (Xc) of the samples, the
following equation was used:

= ° ×X H H( / ) 100%m mc (1)

where ΔHm corresponded to the heat of fusion of the endothermic peak
of fusion and ΔHo

m was the heat of fusion for the 100% crystalline raw
PCL.

The wettability of the samples was determined using a goniometer
(DSA100, Krüss) and for measuring contact angles, single drops of
deionized water and diiodomethane were dropped on the surface of the
samples (n= 3) and advanced measurements (5 min) of the angle were
taken from 5 to 3000 s at room temperature. The surface energy was
calculated, and work of bacteria adhesion was also inserted
(Supplementary data 1).

4.6. AFM analysis

An Atomic Force Microscope, NTEGRA Spectra, was used to obtain
AFM images. The different areas were scanned using 0.3 Hz in non-
contact mode. In all cases the image was composed with 512 × 512
pixels.

The NTMDT Nova program was used to perform the analysis. At the
first stage, in the original image, a filter was applied to flatten the
image. This first correction was necessary due to the piezoelectricity
that controlled the scanner. The Root Mean Square (σRMS) Roughness
was calculated through the following equation applied throughout the
image:

=
= =N N

Z Z1 ( )RMS
y x j

N

i

N

ij
1 1

2
y x

(2)

Nx is the number of pixels in the x direction and Ny in the y direc-
tion; Z is the mean height and Zij is the height at the ij pixel. In a second
step, a High-Pass 3 × 3 filter was applied, allowing one to isolate the
fibers from the rest of the image. From this processed image we obtain
the Filtered Root Mean Square (σRMS FIL) Roughness, and finally, using
the Dangwoo et al. expression [38], we obtained the Effective Root
Mean Square σRMS EFF Roughness.

4.7. Cellular assays

Human dermal fibroblasts were cultured in DMEM supplemented
with 10% FBS and 1% antibiotics in an incubator at 37 °C in the pre-
sence of 5% CO2. An MTS assay was used to determine the metabolic
cell activity of the HDFs for all of the PCL fibers produced. The samples
were cut into pieces (1 × 1 cm2) and sterilized under ultraviolet light

for 30 min on each side. HDFs were cultured to 90% confluence, rinsed
with dPBS, and detached from the tissue culture plate by using 0.25%
trypsin-EDTA. Cells were seeded at 20,000 cells/cm2 and incubated for
24 h. Afterwards, the medium was removed from the sample and 1 ml
of the 1:5 MTS dye with DMEM medium (v/v) was added to each well.
Samples were placed back into the incubator for 4 h. After incubation,
100 μL of the 1 mL solution was transferred to a 96 well plate and read
in a SpectraMaxM3 microplate reader (Molecular Devices, Sunnyvale,
CA) at an absorbance wavelength of 490 nm. The absorbance values of
the wells containing only DMEM medium without cells were subtracted
from the absorbance values of the wells containing cells. Each data
point is represented from three independent experiments (N= 3).

4.8. Bacterial cell activity and SEM

Bacterial strains described above were inoculated in 3% Tryptic soy
broth (TSB) for 14 h. This bacteria solution was diluted in order to
produce a working solution at concentrations of 104 cells/mL.
Afterwards, the sterilized samples (1 × 1 cm2) in triplicate were set
into 24-well tissue culture plates and individually inoculated with
1000 μL of a bacteria working solution, and incubated for 24 h.
Afterwards, the samples were lightly rinsed with PBS (x2) to remove
any non-adherent bacteria, next the scaffolds were set into individual
vials with PBS (1000 μL) then vortexed over 15 min to remove the
strongly adherent bacteria. This bacterial solution suspension was di-
luted serially (10×; 100×; 1000×) and plated on tryptic soy agar
plates as 10 μL aliquots, in triplicate, and incubated for 14 h at 37 °C.
Afterwards, the colonies were counted to calculate the colony-forming
units (CFUs).

For SEM analysis, the bacteria were fixed using 2.5% glutaraldehyde
and 4% paraformaldehyde in PBS for 1 h. After, they were dehydrated
in a series of acetone solutions until reaching 100%, followed by rinsing
with acetone plus HMDS (1:1) and pure HMDS for 10 min each. The
specimens were dried, platinum coated, and analyzed by SEM to ob-
serve bacterial morphology.

4.9. Statistical analysis

All experiments were conducted in triplicate and were repeated at
least three different times with analysis of variance (ANOVA) followed
by Student's t-tests to determine statistical differences between the
mean values.
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Supplementary file 1 

Fig. 1 show the drops of electrospun and rotary-jet spun fibers. Fig 1a and 1c 

referred to drops collected from electrospun fibers using water and diiodomethane, 

respectively. Fig. 1b and 1d referred to drops collected from rotary-jet spun fibers using 

water and diiodomethane, respectively. Independently of fibers, we produced 

superhydrophobic structures.  
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Figure SS1. Pictures taken from electrospun (a and c) and rotary-jet (b and d) spun fibers 

surfaces after drop water and diiodomethane, respectively. 

 

 

 

 

(a) (b) 

(c) (d) 



3 

Supplementary file 2 

The surface energy composed of polar and dispersive components of the samples 

was evaluated by measuring contact angle. The interfacial tension between two 

condensed phases can be determined by Young’ equation 1, according to which 

SLSVLVcos  −=
,
          (1) 

where  is the measured contact angle between liquid and solid, and LV, SV, and SL are 

the interfacial energies of the liquid/vapor, solid/vapor, and solid/liquid interfaces, 

respectively. This equation can be rewritten as the Young-Duprè equation: 

( ) SLSVLVa cos1W  −=+=
,
              (2) 

where Wa is the adhesion energy per unit area of the solid and liquid surfaces. In the 

general form of equation (1), (2) then can be written: 

( ) D

S

D

L

p

S

p

LLV cos1  22 +=+  ,                  (3) 

where p
L and p

S are the polar components of the surface energy of liquid and solid 

phases, respectively, and D
L and D

S are the dispersive component of the surface energy 

of the liquid and solid phases, respectively. Because D
L and p

L have been published for 

many liquids, it is possible to approximate D
S and p

S from a single measurement of  by 

with equation (3). Therefore, by measuring the contact angles of two different liquids 

(distilled water and diiodomethane) with well-known polar and dispersive components of 

surface energy (Table 1), Eq. (3) can be solved to determine the polar and dispersive 

components of the surface energy of the materials 2-3. The liquid was dropped 

automatically by a computer-controlled system. All measurements were carried out at 

room temperature. 

Table 1. Test liquids and their surface tension components 2. 



4 

Surface tension data (mN/m) D
L p

L LV 

Water 21.8 51.0 72.8 

Diiodomethane 50.8 0.0 50.8 

 

Thermodynamically, the process of adhesion and spreading of cells and bacteria 

from a liquid suspension onto solid substrata can be described by the following equation 

4: 

SLBLBSAdhF  −−=
,
    (4) 

where FAdh is the interfacial free energy of adhesion, BS is the bacteria-solid substratum 

interfacial free energy, BL the bacteria-liquid interfacial free energy, and SL is the solid-

liquid interfacial free energy, respectively. They can be calculated by using contact angle 

data and the van Oss acid-base approach 5-7.  

  The following equation was used to determine the interfacial energy of cell 

adhesion to a solid surface 5-7: 
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

2  .         (5) 

According to thermodynamic theory, if FAdh is negative, bacteria spreading is 

energetically favorable; while if FAdh is positive, bacteria spreading is 

thermodynamically unfavorable. 
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Abstract 

Synthetic biomaterials are being explored as a promising alternative to address the limitations 

found in current treatments for the replacement or repair of bone tissue. Technologies based on 

well-defined combinations of osteoconductive nanomaterials, suitable scaffolds, and osteogenic 

cell populations, are desirable for bone reconstructive surgery. Herein, the efficacy of 

polycaprolactone (PCL) fibers with incorporated carbon nanotubes (CNT) and hydroxyapatite 

(nHap) nanoparticles, using two different methods for fabrication: Electrospinning (ES) and 

Rotary Jet spinning (RJS), were investigated. The morphology, thermal and mechanical features 

were characterized. PCL scaffold morphologies were dependent on the fabrication method used. 

RJS showed ultrathin fibers thickener and more porous than those that by produced by ES, and a 

slight difference in fibers diameters and morphology were observed after nanoparticles 

incorporated (ranging from 284 to 665 nm in ES fibers, and from 884 nm at 3 um in RJS fibers). 

Osteoblast viability within the scaffolds was assessed in vitro after 7, 14, and 21 days, through a 

combination of metabolic activity as cell viability, proliferation, alkaline phosphatase activity, and 

calcium deposition assays. The PCL:nHap:CNT fibers, at 14 days showed high enzymatic activity 

and calcium deposition compared with neat PCL, for both methods. Besides, bone marrow 

mesenchymal stem cells (BMMSCs) were seeded on and in the scaffolds and implanted in a rat 

model to assess their potential to heal critical bone defects in calvaria, compared to acellular 

scaffolds. Increased bone formation occurred through the combination of three characteristics: the 

presence of nHap:CNT nanoparticles, morphology surface evidenced by the RJS fibers, and 

scaffolds seeded with BMMSCs at 6 weeks of surgery. Our study showed the promising potential 

of well-defined combinations of suitable scaffolds seeded with BMMSCs for enhanced tissue 

engineering applications. 

 

 

Keywords: Polycaprolactone; nanohydroxyapatite, carbon nanotubes, electrospinning; rotary jet 

spinning; osteoblast differentiation; bone marrow mesenchymal stem cells. 
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Introduction 

 

The replacement or repair of bone tissue damaged from trauma or disease represents an 

important current clinical challenge. Among current treatments, bone grafting using autografts is 

still considered the gold standard method due to its greater osteogenic capacity. However, this 

approach is limited by the amount of bone graft harvest as well as it adds a degree of morbidity 

[1-3]. Other clinical available grafts are allografts and xenografts. Allografts are the second most 

used in orthopedic surgical as an alternative to autologous grafts. Nonetheless, they demonstrate a 

lower osteogenic capacity [1, 4]. Xenografts, i.e. animal bone-derived biological apatite, available 

in large quantities, are considered as a favorable biomaterial in bone tissue engineering [5-7]. 

Besides, allografts and xenografts show potential for infections and graft rejection presenting 

histocompatibility antigens different from those from the receptor [3, 6-8]. To address these 

limitations, natural and synthetic biomaterials have been explored as alternatives for bone 

replacements. Such materials must be capable of regenerating native bone tissue efficiently. 

Numerous polymeric fibers have been extensively studied as a promising biomaterial for 

use as scaffolds for bone tissue engineering applications. They can be synthesized from various 

types of natural or synthetic polymers and can be tailored per specific need. Besides, they are 

largely similar to the native extracellular matrix [9, 10].  Poly (ε-caprolactone) (PCL) is a 

biodegradable hydrophobic synthetic polymer, with a semi-crystalline nature, and are less 

expensive. They are commonly used for the development of scaffolds in both bone and cartilage 

tissue engineering, and drug delivery devices [11]. Besides, PCL has been approved by the United 

States Food and Drug Administration (FDA) for certain applications [11, 12]. Further, the methods 

mostly used to design ultrathin and fibers are electrospinning (ES) and Rotary Jet Spinning (RJS). 

ES is a widely used and is a relatively cost-effective method as it uses an external electric field to 

create fibers, which depends on the conductivity of the solution and also has a low production rate 

[13-16]. In contrast, RJS is a simple method that provides higher production rates, uses a high-

speed rotating disk to fabricate aligned fibers which depend on a highly volatile solution [16-18]. 

Despite the differences between the techniques, they both show promise as scaffolds for various 

biomedical applications [14, 19-21]. 

Strategies to improve the bioactivity, biomimetic and mechanical properties of biomaterials 

for bone tissue engineering have been widely studied. Technologies based on well-defined 
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combinations of osteoconductive biomaterial scaffolds, with osteogenic properties and suitable 

scaffolds, are very attractive for bone reconstructive surgery and have been shown successful in 

stimulating osteogenesis [22-24]. 

Incorporating carbon nanotubes (CNT) and hydroxyapatite (nHap) nanoparticles into 

polymeric matrices can be an alternative to improve the PCL fiber characteristics, offering greater 

potential in the tissue regeneration process. In addition, nHap has been extensively studied as an 

artificial bone substitute due to its similarity to the mineral component of natural bone, which 

offers an additional advantage as an osteoconductive material that can promote the rate of bone 

regeneration [25-27]. However, nHap has unsuitable mechanical properties restricting its use [28, 

29].  Strategies to improve this problem without sacrificing its biocompatibility are to incorporate 

some reinforcement materials, such as zirconia [30], nanodiamond [31], alumina, carbon fibers 

[32], CNT and others [33-35]. CNTs have aroused intense interest due to their outstanding 

mechanical and physicochemical properties, and ability to mimic the nanoscale dimensions of HA 

and collagen fibers in natural bone [36, 37]. The superficial modification of CNT by exposure to 

oxygen plasma is a more effective way to introduce functional groups, thus changing its wettability 

and ability for incorporation into polymer composites [38, 39]. The hydrophilic characteristic 

facilitates the adsorption of proteins which are important in mediating cell adhesion, growth, and 

the formation of the extracellular matrix [40, 41]. Therefore, it is considered that a combination of 

CNTs with synthetic polymeric materials would be more effective for tissue engineering 

applications.  

Further, there is a significant interest in the using implantable biomaterials in combination 

with stem cells (SCs) to minimize tissue damage and promote tissue healing [23, 42, 43]. SCs have 

attracted great interest due to their ability to differentiate into different cell lineages, paving the 

way for many studies based on stem cell therapies to fight various diseases and to repair tissue. 

Stem cells can be isolated from embryos, fetuses, or adults. Using adult stem cells (ASCs) is well 

accepted by society and does not involve the same ethical and religious considerations as seen with 

the use of stem cells from embryos or fetuses. Besides, ASCs can be isolated from several organs 

and tissues [44-46].  Particularly, bone marrow stem cells (BMSCs) remain the best source for 

obtaining these cells, as well as for use in cell therapies. The bone marrow comprises at least two 

kinds of stem cells, hematopoietic stem cells (HSC), which give rise to blood cells, and 
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mesenchymal stem cells (MSC), which is the best pluripotent cells among them, but make up a 

smaller proportion [45, 47, 48]. 

Although MSCs are easily obtained from many tissues, such as the umbilical cord, 

placenta, fat, lung, liver, and skin, those derived from adult bone marrow have been more 

intensively studied.  BMMSCs have a self-renewal ability and multi-lineage differentiation 

capability, and they also have been reported to trans-differentiate into not only mesoderm lineages 

but also ectodermal and endodermal cells [47, 49-51]. Several studies have shown that BMMSCs 

can be effective in the repair or regeneration of myocardial tissues, bone tissue, tendon, cartilage, 

and meniscus [50-52]. Besides, pre-seeding scaffolds with BMMSCs have been considered as an 

approach for improving bone regeneration over acellular scaffolds. Many preclinical trials showed 

that this strategy enhances osteogenic capacity [23, 53-55]. Therefore, the combination of 

biomimetic scaffolds with the BMMSCs can provide a system to improve bone regeneration.  

Due to the above, the focus of this in vitro and in in vivo study was to investigate the 

potential osteoconductive properties of PCL fibrous scaffolds with incorporated CNT and nHap 

nanoparticles, engineered from ES and RJS methods. After performing specific biological in vitro 

tests, BMMSCs were seeded on the engineered scaffolds and implanted in a rat model to assess 

their potential in the reconstruction of critical bone defects in the calvaria, compared to acellular 

scaffolds. As such, this study showed the promising potential of a well-defined combination of 

suitable nanocomposite scaffolds with seeded BMMSCs for improved bone tissue engineering 

applications.  

 

 

Experimental Section 

Materials 

Polycaprolactone (PCL – Mw 80,000) was purchased from Sigma- Aldrich®. Chloroform 

(99%, Sigma- Aldrich®) and acetic acid (CH3COOH, glacial – Synth) were used as solvents. 

 

Cellular assays 

Human osteoblasts (HOB - Promocell C-12720), Osteoblast Basal Medium (Promocell 

GmbH C27015), Penicillin/streptomycin (P/S; Hyclone), Supmix/Osteoblast (Promocell GmbH 
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C39615), MTS (CellTiter 96® AQueous One Solution Cell Proliferation Assay, G3581; Promega 

Corporation, Fitchburg, WI, USA), and Dulbecco’s phosphate-buffered saline without calcium 

chloride and magnesium chloride (dPBS, Sigma Aldrich) were all used in this study. 

 

Production of CNT:nHap nanoparticles and their incorporation into polymer fibers 

 

Synthesis of superhydrophilic MWCNT  

Multi-walled carbon nanotubes (MWCNT) were produced by a chemical vapor deposition 

method by a mixture of camphor (C10H16O, 84 wt.%) and ferrocene (Fe (C5H5)2, 16%) as a catalyst 

and it was vaporized at 220 °C in an antechamber. The vapor was carried by an argon gas flow at 

atmospheric pressure to the chamber of a CVD furnace (850 °C), allowing for the deposition of 

MWCNT on the wall of the quartz tube.  The purification process for the removal of Fe 

nanoparticles from the produced MWCNT was performed by a high-temperature annealing 

technique under an oxygen-free atmosphere (N2) [56]. The functionalization of MWCNT was 

performed by incorporating oxygen-containing functional groups to provide them with 

superhydrophilic character. A direct pulsed current plasma reactor with a 1sccm rate oxygen flow, 

85mTorr pressure, under -700 V and pulse frequency of 20 kHz at 50% of the duty cycle with 5-

time intervals of 40 minutes each, were used for this process, as described elsewhere [57-59]. 

 

Synthesis of nHap 

The nHap precipitation was completed using the following reagents: calcium nitrate tetrahydrate 

[Ca (NO3)2.4H2O] and ammonium phosphate monobasic [(NH4) H2PO4]. These concentrations were chosen 

so that Ca/P=1.67. Firstly, the solutions were prepared separately in which the powders were dissolved in 

90 mL of deionized water.  Then, the solutions were mixed simultaneously and 18 mL of ammonium 

hydroxide [NH4OH] was added to the solution to fix the pH. Next, the mixture was sonicated using 

ultrasound (Ultrasonic Processor 500 W; 20 kHz; 13 mm probe; model: SO-VCX-500, SONICS) for 30 

minutes. The resulting suspension was left for 72 hours in a 2,000 mL container and then washed with 

deionized water until the pH reached a constant value (~ 6). Then, the powder was placed in the oven for 

48 h at 60°C and ground using an analytical mill (Model A11, IKA, with an engine speed of 28,000 rpm) to 

obtain the nHap powder. 
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Synthesis of MWCNT:nHap 

Initially, the MWCNTs (1% m/v) were diluted in deionized water and then the salts for 

Hap: Ca (NO3)2.4H2O and (NH4) H2PO4; (Ca/P=1.67) were added. The pH control was controlled 

with NH4OH (pH ~10). The precipitations were subjected to ultrasound (Ultrasonic Processor 500 

W; 20 kHz; 13 mm probe; model: SO-VCX-500, SONICS) for 30 minutes. The resulting 

suspension was left in the oven for 48 h at 60°C and ground using an analytical mill (Model A11, 

IKA, with an engine speed of 28,000 rpm) to obtain the MWCNT/nHap powder. 

 

Electrospinning and rotary jet spinning of PCL fibers  

The polymeric solutions were prepared with or without incorporation of nanoparticles, the 

material groups were PCL with CNT, nHap and nHap:CNT. ES was performed using PCL at 17% 

(w/t). The polymer solutions for this technique were dissolved in acetic acid. The solution was 

placed in a syringe (BD Yale, 5 mL) with a metal needle tip.  ES was carried out at follows: 16 kV 

(Bertan 230®,), needle tip (Inbras, 23G), needle-collector distance of 10 cm, 0.8 mL h-1, controlled 

temperature (23 ºC) and humidity (~ 30%). The fibers were randomly oriented and collected on an 

aluminum foil collector plate. 

The RJS was performed using PCL at 15% (w/t) dissolved in chloroform. The system used 

for obtaining polymer fibers by rotary jet spinning was constructed consisting of a mounted 

rotatable nozzle, with an inner volume of 6 mL with two end holes 0.3 mm in diameter rotating on 

its vertical axis coupled to an MR– 115 Mini – Motor (speed of 3,000 rpm). The fibers were 

collected through static collectors. Extrusion was conducted at ambient temperature and a humidity 

at 30% – 45%. 

Characterization 

 

Scanning electron microscope (SEM) 

Scanning electron microscopy (Hitachi S-4800) was used to characterize the surface of the 

samples. For this, the samples were prepared and coated with a thin layer of platinum using a 

sputter-coat system. The voltage was 3.0 kV. 

 

Transmission electron microscopy (TEM) 
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TEM was performed using a JEM-1010, JEOL, Peabody, MA microscope operating at 80 

kV. The fibers were electro and rotary-jet spun directly onto the copper TEM grids (300 mesh) for 

10 seconds. 

 

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC, Q10, TA instruments) was used to evaluate the 

thermal parameters from the produced fibers. For that, the following parameters were used: a 

heating rate of 10 ºC min-1, the temperature ranged from -150 to 250 ºC, and an atmosphere of N2 

(at a flow rate of 50 mL min-1). Sample weights ranged from 8 to 10 mg. To determine the degree 

of crystallinity (Xc) of the samples, the following equation was used: 

 

Equation 1. Degree of crystallinity (%) 

 

X
c
 = (ΔHm/ΔHo

m) × 100 %                                   

 

where ΔH
m

 corresponded to the heat of fusion of the endothermic peak of fusion and ΔHo
m was 

the heat of fusion for the 100% crystalline raw PCL. 

 

 

Fourier transform infrared spectrometry (FTIR) 

FTIR measurements were made using a Perkin Elmer FTIR Imaging System, model 

Spotlight-400. The spectra were collected between 450 – 4000 cm-1. The technique was used to 

analyze the functional groups on the polymeric fibers. 

 

 

Mechanical tests  

 

A mechanical tensile testing was conducted using TA Instruments RSA-G2. Samples were 

cut into 10×30x0.5 mm rectangular strips and fixed in the clamps of the machine. The clamps were 

moved apart at a rate of 0.1 mm/s at room temperature to simulate biological conditions. The 
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displacement rate was set to 10 mm/min at room temperature. From the stress-strain figures, 

Young’s modulus and the strain at the break were calculated.  

In vitro assays 

Cell culture and sample sterilization  

Human osteoblasts were cultured in Osteoblast Basal Medium supplemented with 1% 

Penicillin/Streptomycin (P/S) and Osteoblast Growth Medium SupplementMix in a 37 °C, 

humidified, 5% CO2/95% air environment.  Before all biological tests, all scaffolds (dimensions 

of 10 mm2) were sterilized using UV irradiation for 30 minutes for each side. After that, the 

scaffolds were placed in 24-well tissue culture plates. Osteoblasts were seeded at a concentration 

according to the experiment carried out onto the samples of interest, described below. 

 

Cell viability  

MTS assays were used to determine cell viability.  To evaluate the cytotoxicity of the cells, 

they were seeded at 20,000 cells/cm2 onto the sterilized sample in each well of a 24-tissue culture 

well-plate and were then incubated under standard cell culture conditions. After 24 hours, the MTS 

reagent (1:5 ratio with cell culture media) was added to each well and incubated for 4 hours on the 

day of the measurement. Absorbance from each well was measured by a SpectraMax 

M3(MT05412) at 490 nm and a color change from pink to dark brown was seen. A standard curve 

was created with a known number of cells to correlate absorbance to cell numbers. 

 

Cell proliferation  

To determine cell proliferation, cells were analyzed after 7, 14 and 21 days of culture. For 

this, the cells were seeded at 5,000 cells/cm2. For the proliferation assays, the media were changed 

every two days. The MTS reagent was added to each well and incubated for 4 hours on the day of 

the measurement. Absorbance from each well was measured.  

 

Alkaline phosphatase assay 

Alkaline phosphatase (ALP) is an enzyme produced by osteoblasts (bone-forming cells) to 

release phosphate groups for the formation of calcium phosphate in the bone. A BioAssay 

QuantiChrom™ Alkaline Phosphatase Assay Kit (DALP-250) was used for the colorimetric 
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kinetic determination of ALP activity. The working solution was prepared by mixing for each 96-

well assay, 200 µL of the assay buffer, 5 µL of an acetate solution (final 5 mM), and 2 µL of the 

p-nitrophenylphosphate liquid substrate (10 mM). Two hundred microliters of distilled water and 

200 µL of a calibrator solution were transferred into separate wells of a clear bottom 96-well plate. 

Then, 50 µL samples were carefully transferred into other wells, and 150 µL of the working 

solution was pipetted into the sample wells. The final reaction volume in the sample wells was 200 

µL. The optical density was measured at 405 nm (t=0) and again after 4 minutes (t=4 minutes) on 

a plate reader. Results were normalized by subtracting the absorbance values of blank wells 

containing samples with no cells from those values measured for the samples with cells. 

 

Calcium deposition 

For the calcium deposition assay after 7, 14 and 21 days of cell culture, the cell-seeded 

scaffolds were washed three times using deionized water to remove calcium ions in the medium. 

Cells and the extracellular matrix were demineralized by adding 500 µm of 0.6M hydrochloric 

acid to each well and incubated at room temperature and shaken for 4 hours. Next, the resultant 

samples were collected after being centrifuged at 12,000 rpm at 4°C for 3 min and the supernatants 

were collected.  Calcium concentrations were quantified using the Quanti-Chrom Calcium Assay 

Kit (BioAssay Systems) according to the manufacturer’s instructions. Results were normalized by 

subtracting the absorbance values of blank wells containing samples with no cells from those 

values measured for the samples with cells. 

 

Osteoblast cell characterization  

In order to observe the osteoblast cell morphology along the polymeric scaffolds, scanning 

electron microscopy (SEM) was performed. Osteoblast cells were seeded at 20,000 cells cm2 onto 

the sample for 24 hours. After the fibers were subjected to washing with PBS (x2), the PBS was 

removed and replaced by 1 mL of a fixative solution containing 2.5% of glutaraldehyde and 4% 

paraformaldehyde in PBS for 1 hour. After that, they were dehydrated in a series of acetone 

solutions (30%, 50%, 70%, 80%, 90%, and 100%), followed by rinsing with acetone plus HMDS 

(1: 1) and neat HMDS for 10 minutes each. The specimens were dried, platinum-coated and 

observed by Hitachi S-4800 SEM. 
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In vivo studies 

Isolation and culture of BMMSCs 

MSCs were obtained from the bone marrow of the femurs of 4 male Wistar rats. The tibia 

and femur bone were extracted and cleaned three times with a PBS solution, 2.5% chlorhexidine, 

and 70% alcohol. Subsequently, the ends of the bones (epiphyses) were extracted, and the bone 

marrow was washed with alpha minimum essential medium (a-MEM, Gibco-Invitrogen) with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin (Gibco, USA). The cells obtained were 

placed in a culture bottle and kept in an oven at 37ºC and 5% CO2 until confluence. The culture 

medium was changed every four days of culture. Primary cells were used. 

Before the surgery procedure, a part of the scaffolds group was seeded with BMMSCs. The 

1x105 BMMSCs were seeded onto the sterilized scaffolds and kept in an oven at 37ºC and 5% CO2 

for 24h before implanted. 

Surgical procedures 

Forty-eight male rats (100 days of age, Rattus norvegicus albinus; Wistar), weighing from 

400 to 450 g were used. The experimental procedures were approved by the Animal Ethics 

Committee (CEUA, Protocol 07/2017) of the Institute of Science and Technology of the Campus 

of Sao Jose dos Campos/ UNESP. The animals were divided into four groups with six rats in each 

one: (I) group analyzed after 2 weeks, (II) group analyzed after 6 weeks, (III) the same as group I 

but seeded with BMMSCs, and (IV) the same as group II but seeded with BMMSCs. The animals 

were weighed and anesthetized with an intramuscular injection with a solution of xylazine 

hydrochloride 5 mg/kg (Anasedan®—Vetbrands, Jacareí—Brazil), and a Ketamine Hydrochloride 

75-95 mg/kg (Dopalen®—Vetbrands, Jacaréi—Brazil) solution. After anesthesia, the surgical 

sites were submitted to trichotomy and antisepsis with an iodized alcohol solution. Access to the 

calvaria of the animal was made through the incision in the skin. A critical bone defect was made 

with a steel trephine drill (5 mm in diameter) under abundant and continuous irrigation with a 

physiological solution, aimed at avoiding overheating due to the friction of the drills with the bone. 

The bone defect was filled with the PCL and PCL: nHap: CNT material for both techniques without 

or with BMMSCs. Finally, the skin was sutured with silk thread #4 (Ethicon/Johnson & Johnson). 
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After surgery, an analgesic drug (sodium dipyrone monohydrate 150 mg/kg) was given 

subcutaneously every 8 h until 48 h after surgery. Euthanasia was carried out after 2 and 6 weeks 

using an anesthetic overdose administered intramuscularly. 

Microtomography analyses (Micro-Ct) 

The rat calvaria fragments were kept in 10% buffered formalin, pH 7.0. Before using 

microtomography, the fragments were washed and stored in 70% ethanol. The specimens then 

underwent three-dimensional (3D) microcomputer tomography analyses using SkyScan 1174 

(SkyScan, Kontich, Belgium). Tomographic images were acquired at 70 keV and 702 μA, 360° 

rotation and images were reconstructed using NRecon software (Bruker-Skyscan) and 

Dataviewer® (Skycan 2011 Version 1.4.4 64 Bit) software was used for the quantification of the 

bone formation CT-Analyzer® software (2003-11SkyScan, 2012 Bruker MicroCt Version 

1.12.4.0) and for the reconstruction of images. CT-Vol® software (SkyScan 7.0) was used. 

Thresholding was performed using a lower grey threshold limit of 50 and an upper grey threshold 

limit of 150. The following bone structural parameters were thus obtained: bone volume (BV), 

trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp). 

Histologic analysis 

For all histology sections, the specimens were fixed in 10% buffered formaldehyde. Then 

the pieces were demineralized by immersion in an ethylenediaminetetraacetic acid solution (EDTA 

Titriplex III, Merck). After demineralization, the blocks were set in paraffin, and serial cross-

sections of 5 μm thickness were obtained and stained with hematoxylin-eosin (HE). The 

histological sections were accessed blindly by a technician.  The histomorphometric analysis was 

performed to quantify the area of new bone formation in three distinct regions of the defect: the 

lateral border and two in the center of the defect. Five sections containing the materials were 

digitized (5x) for each group, using Nikon Eclipse Ts2. After that, the new bone formation area 

was calculated using Image J (NIH) imaging software. 

Statistical analysis 
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All experiments were conducted in triplicate and were repeated at least three different 

times. The statistical differences between the mean values and for comparison between the samples 

were determined using one-way ANOVA followed with a Tukey’s multiple comparison test. 

Differences were considered statistically significant at p < 0.05. 

 

Results and Discussion 

Characterization 

 

Fig. 1A shows the TEM micrographs of the nanoparticles. nHap has needle-like crystals 

and showed a diameter of ~20 nm (Fig.1-A1). Multi-walled CNT is a well-crystalline bamboo-

like structure.  Fig. 1-A2 shows details of the inner and outer diameters of ~10 and ~25 nm, 

respectively. Fig 1-A3 exhibits both nanoparticles together (nHap:CNT). Fig. 1B-C shows the 

SEM micrographs of the surfaces of the PCL produced by ES and RJS with different nanoparticles 

incorporated and their correspondent histograms of the fiber diameter distribution. Furthermore, 

we can observe the success of the incorporation of nanoparticles in the polymeric fibers for both 

methods, as shown by TEM images. The ES fibers had diameters in the nanoscale with smooth 

characteristics. A slight difference in fiber diameter can be observed after the nanoparticles were 

incorporated (Fig. 1B). Despite that, the surface morphology of the ES fibers remained similar. 

Regarding the RJS fibers at 15 % (wt), Fig. 1C shows thicker fibers at the microscale which 

presented visually more roughness (porous) than the ES fibers. After the incorporation of the 

nanoparticles, the diameters of the fibers decreased. Furthermore, it can be observed that the 

morphology of the fibers changed when the nanoparticles were incorporated for the PCL:nHap 

and the  PCL:CNT in which they were visually more smooth than the rough fibers (Fig.1-C2-3). 

However, the incorporation of both of the nanoparticles (PCL:nHap:CNT) exhibited the same 

morphology as the raw PCL (high roughness). The special roughness has been recognized to 

improve cell adhesion due to more exposed surface area [60]. 
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Several additional material characterization studies were also conducted and are shown in 

supplementary file (Table S1, Fig. S1-S2). 

Figure 1. (A) Transmission electron micrographs (TEM) of the materials of interest to this study. 

(A1) nHap, (A2) multi-walled CNTs, and (A3) nHap:CNT composites. (B and C) Scanning 

electron micrographs (SEM), Transmission electron micrographs (TEM) and histograms of the 

fiber diameter distribution collected from the ES and RJS PCL fibers. (B) Micrographs obtained 

by electrospun fibers. (B1) PCL, (B2) PCL:nHap, (B3) PCL:CNT and (B4) PCL:nHap:CNT. (C) 

Micrographs obtained by rotary jet spun fibers. (C1) PCL, (C2) PCL:nHap, (C3) PCL:CNT and 

(C4) PCL:nHap:CNT. Distribution of PCL diameters as calculated by ImageJ. (Scale bars = 2 μm).  

Details of incorporation of nanoparticles in the polymeric fibers by ES and RJS by TEM. (Scale 

bars = 100 nm).  

Osteoblast cell characterization 
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The geometry of a scaffold is able to control cell behavior and morphology and can be 

adapted according to tissue regeneration needs [61, 62]. Therefore, investigation of cellular 

morphology allowed us to directly observe cellular interactions dependent on the arrangement of 

the PCL scaffolds. Fig. 2 shows the differences in cell shape and morphology according to the 

fabrication method used. It was observed that the cells colonized the intraporous space within the 

PCL scaffolds synthesized by RJS, unlike PCL fibers fabricated by ES in which the cells remained 

adherent to the surface. These data can be correlated with the greater distance between fibers as 

shown by the RJS fibers, forcing the cells to fill the spaces between them, creating a beneficial 

environment for cellular ingrowth into a 3D mesh. These characteristics were observed by Ura et 

al  [62], which analyzed human osteoblast cell morphology on different surface architectures of 

electrospun PMMA. Also noted here was the significant number of cellular filopodia on the edges 

and the close interaction of the cells on all fibers produced by ES (arrows in Fig. 2). Whereas in 

fibers produced by RJS, the filopodia were observed only at the edges. Filopodia have an essential 

role in numerous biological processes, including sensing, migration, wound-healing, and cell-cell 

interactions [63]. Importantly, the protrusions of cell membranes via filopodia facilitate osteoblast 

adhesion and migration [62, 64].  
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Figure 2. SEM images of osteoblast cells (colored in green) adherent to the fibrous mats.  

Micrographs on the left show HOB cells over the electrospun fibers (neat PCL; PCL:nHap; 

PCL:CNT and PCL:nHap:CNT), arrows indicate of filopodia in the edges and over the cell surface. 
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Micrographs on the right show HOB cells over the rotary jet spun fibers (neat PCL; PCL:nHap; 

PCL:CNT and PCL:nHap:CNT). (Scale bars = 10 μm.) 

In vitro assays 

HOB biological activity in contact with fiber structures was assessed as a means to 

determine their possible application in bone tissue regeneration (Fig. 3A-F). All the scaffolds 

produced were analyzed (Supplementary File. Fig. S3). However, based on the results, two groups 

from each technique were highlighted: neat PCL as a control and the PCL:nHap:CNT, which both 

showed enhanced osteoblast activity for both fabrication methods. The cellular metabolic activity 

was monitored after 7 and 14 days of culture (Fig. 3A-B). A gradual increase in cell proliferation 

was observed, independent of the scaffolds and each technique. For the ES method, the PCL fibers 

showed a 10% more cell density than PCL:nHap:CNT, whereas for the RJS fibers, there was no 

significant difference between the materials.  Cell proliferation correlates with the wettability of a 

surface since that control initial protein adsorption important for cells to attach[65], and therefore, 

despite the hydrophobic feature of our materials, they showed great potential for each of the fibers 

to induce and maintain osteoblast proliferation, without presenting unwanted cytotoxicity.  

ALP is a classical biomarker used to determine the potential of osteoblasts to deposit bone, 

and it is associated with early osteoblast differentiation (ECM mineralization) [66, 67]. Fig. 3C-D 

shows the ALP activity levels after 7 and 14 days of culture. On day 14, ALP expression increased 

significantly compared to day 7 for both fibers and methods (PCL and PCL:nHap:CNT by ES 

p<0.0001, and PCL and PCL:nHap:CNT by RJS  p<0.001, p<0.0001, respectively). Besides, the 

fibers containing nanoparticles showed greater osteoblast ALP activity compared to the neat PCL 

fiber, precisely 55 % more for ES and 77% more for RJS on day 14.  

Calcium deposition was similar to ALP (Fig. 3E-F), showing an increase in calcium 

deposition after 7 and 14 days for all groups (p<0.0001). The groups with incorporated 

nanoparticles demonstrated higher calcium deposition compared to neat PCL for both methods, 

precisely 30% more in ES and 12% more in RJS on day 14. Although fibers with nanoparticles 

fabricated by ES on day 14 showed a 2-fold more expression of ALP and a 1-fold more calcium 

deposition than fibers from RJS, they both showed high enzymatic activity and calcium deposition. 

These data can be correlated with the presence of the nanoparticles. nHap is a classical bioceramic  

carrier of osteoinductive growth factors [68], confirming the crucial role of the nHap component 
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in the stimulation of osteoblasts. These findings agree well with data presented by Shitole et al. 

who showed that the PCL with nHa significantly improved ALP activity and mineral deposition 

after 10 days [69].  
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 Figure 3. Osteoblast assays. A-B) Osteoblast proliferation on (A) ES fibers and (B) RJS fibers. 

C-D) Alkaline phosphatase (ALP) activity by osteoblasts on (C) ES fibers and (D) RJS fibers. E-

F) Calcium deposition by osteoblasts on (E) ES fibers and (F) RJS fibers. Assays were performed 

after 7 and 14 days. Results were normalized by subtracting the absorbance values of blank wells 

containing samples without any cells from those values measured for the samples with cells. 

Values are mean ± SD, N=3, considered statistically significant at p< 0.05.  

In vivo studies 

 For the in vivo analysis, Fig. 4A shows the 3D reconstruction of the rat calvaria defect 

(5mm). These images represent the 3D reconstruction 6-weeks after implantation of neat PCL and 

PCL:nHap:CNT for both methods without and with BMMSCs. The 3D reconstruction of the 2-

week after implantation can be seen in the supplementary file (Fig. S4A). Based on the 

reconstructed 3D image, new bone regenerated in the peripheral and central parts of the defect and 

was noticed mainly on the material groups with nanoparticles incorporated and seeded with 

BMMSCs. This observation suggested the success of combining these cells with the biomaterial 

to improve bone regeneration. Likewise, all parameters of microtomography (Tb.Th, Tb.N, and 

Tb.Sp) are included in the supplementary file showing the same trends (Fig. S4B). The bone 

volume (BV) measurements for the groups after 2 and 6 weeks without and with BMMSCs are 

shown in Fig. 4B-C. The fibers containing nanoparticles by ES after 2 weeks exhibited enhanced 

BV at a statistical difference (p < 0.01) compared with neat PCL, whereas for the RJS fibers, the 

opposite was observed (p<0.0001).  After 6 weeks, there was no significant difference between 

the fibers fabricated using the same method, however, comparing the methods, the ES fibers 

showed a greater BV than the RJS fibers (PCL: p<0.0001 and PCL:nHap:CNT: p<0.05) (Fig. 4B). 

In the scaffolds seeded with BMMSCs (Fig. 4C), the RJS fibers with nanoparticles showed a 

greater BV after 6-weeks, with a significant difference (p<0.0001) compared with PCL and 

PCL:nHap:CNT fabricated by ES. 
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Figure 4. A) Reconstructed 3D micro-CT images of rat calvaria implanted with PCL and 

PCL:nHap:CNT by ES and RJS after 6 weeks without or with seeded BMMSCs. The dotted circles 

indicate the original defect. Scale bar: 1mm. B) Micro-CT assessment of bone volume (BV) in ES 

and RJS groups without cells. C) Micro-CT assessment of bone volume (BV) in ES and RJS groups 

with BMMSCs. All were analyzed at two time points: 2 and 6 weeks. Statistically significant (* 
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p< 0.05, ** p< 0.01, *** p<0.001  and **** p< 0.0001). Asterisk alone means comparison with 

the neat PCL as the same method. 

Histology results were consistent with micro-CT results. The histology images (Fig. 5A) 

show the 6-week groups after implantation with PCL and PCL:nHap:CNT for both methods 

without and with BMMSCs. Active bone formation was observed in all analyzed scaffolds. 

Besides, bone neoformation occurred both in the peripheral and central parts of the defect, mainly 

in groups with incorporated nanoparticles seeded with BMMSCs, more details can be seen in the 

supplementary file (Fig. S5A-B). The immature bone trabeculae presented osteocytes in lacunas 

(arrow), and osteoblasts around the trabecular bone (dashed arrow). The defect area is composed 

predominantly of vascularized repair tissue. The quantitative comparison between groups, 

obtained through histomorphometric analysis, is displayed in Fig. 5B-C. The incorporation of 

nanoparticles does not seem to have enhanced bone neoformation for both methods. The neat PCL 

fiber showed significantly more bone neoformation after 6-weeks compared with the PCL with 

nanoparticles (p<0.01) for both methods. Comparing the methods, the neat PCL fiber by ES has 

more bone neoformation than neat PCL fiber by RJS (p<0.05). The opposite behavior was 

observed in groups seeded with BMMSCs (Fig. 5C). The fibers with incorporated nanoparticles 

fabricated by RJS show greater bone neoformation than those from neat PCL (p<0.001) after 6-

weeks. Therefore, iincreased bone formation occurred through the combination of three 

characteristics: the presence of nHap:CNT nanoparticles, morphology surface evidenced by the 

RJS fibers, and scaffolds seeded with BMMSCs at 6 weeks of surgery. 

HAp has excellent osteoinductive properties and is considered an excellent bio-ceramic 

material to produce biocomposites to promote bone regeneration [41, 70].  Groppo et al. (2017) 

showed similar results to the ones observed here. They observed a significant improvement in bone 

healing in rat subcritical calvarial bone defects using micro-HAp added to a PCL membrane [25]. 

Furthermore, several additional researchers have reported benefits in its use [68, 71].  

Besides,the RJS fibers had rough surface fibers compared to ES fibers that presented smooth 

fibers, which can be observed in Fig. 1, and has also been reported by previous studies [16]. Also, 

RJS fibers showed larger spaces between the fibers, allowing the cells to enter the scaffold, unlike 

ES, which allowed a culture only on the surface Fig. 2.Studies revealed that surface roughness and 

3D dimensions of the scaffolds can affect cellular functions since in vivo, cells interact with an 

extracellular matrix (ECM) with nano and microscale features (e.g., protein complexes, focal 
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adhesion sites, etc.). Besides, several studies showed that a rough surface is advantageous to 

promote the osteogenic differentiation of BMSCs [72-75]. Banik et al. showed that macro-micro 

roughness of titanium is advantageous over smooth titanium and PEEK implants to regulate the 

early attachment, migration, and differentiation of human mesenchymal stem cells (hMSCs) [76]. 

Similar results have been shown by Yang et al. in which a high rough surface topography of HA 

promoted osteogenic differentiation of hBMSCs [77]. Besides, studies show that 3-D systems 

support a higher density of cells, promoting the formation of aggregates and better cell-cell 

interactions, which determine cellular functions [78]. Therefore, this property can be the reason 

for the greater bone growth result from this present study, although clearly more studies would be 

needed to prove this. However, a comparison of the same material without and with BMMSCs 

showed that the morphology of the material did not have a direct influence on improving bone 

neoformation, but with the combination with BMMSCs, such a difference was observed. Bone 

marrow MSCs are pluripotent stem cells with the potential to differentiate into multiple 

mesenchyme-lineage cell types, like osteoblasts, chondrocytes, and adipocytes, and are regarded 

as an excellent source of cells for cell therapy-based approaches [49, 79]. It has been reported that 

hydrogels with BMMSCs increase femoral bone formation compared with acellular hydrogels 

[80]. Additional research shows that the PVDF-TrFE/BT membrane combined with osteoblastic 

cells differentiated from MSC from bone marrow in a calvaria defect rat to increase bone formation 

[81]. Therefore, in this study, greater bone neoformation occurred through the combination of the 

three characteristics presented, specifically the presence of nHAp and CNT nanoparticles, 

morphology  surfaces produced by RJS fibers, and BMMSCs. 
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Figure 5. Histological and histomorphometric analysis. A) Histological images of rat calvaria 

defects filled with different materials at 6 weeks: Stars mark the active bone neoformation, the 

arrows show osteocytes in lacunas, and dashed arrows mark osteoblasts around the trabecular 

bone. All groups X20.0 magnification. B) Bone neoformation analysis in ES and RJS groups 

without cells. C) Bone neoformation analysis in ES and RJS groups with BMMSCs. All were 

analyzed at two timepoints: 2 and 6 weeks. Statistically significant (* p< 0.05, ** p< 0.01, *** 
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p<0.001 and **** p<0.0001). Asterisk alone means comparison with the neat PCL as the same 

method. 

 

4. Conclusions 

 

In conclusion, we have shown here that the choice of material and surface topography 

combined with cells are key factors that can favor influence bone neoformation. We have 

demonstrated that the combination of nHap and CNT nanoparticles with a rough surface as 

fabricated by RJS for the PCL fibers and BMMSCs favored the repair of a rat calvarial defect after 

6 weeks. On the contrary, the individual use of these parameters did not show any significant 

difference between groups without nanoparticles, besides presenting low bone neoformation. 

These findings suggest that PCL:nHap:CNT by RJS scaffolds seeded with BMMSCs is a 

potentially advantageous material in the field of guided bone tissue regeneration. 
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Thermogram analysis of the fibers produced by ES and RJS had glass transition temperatures (Tg) 

near -60 ºC and a melting temperature (Tm) around 60 ºC for all samples.  These results are similar 

to those already reported, indicating that the methods used did not interfere with the results (Fig.S 

1) [1]. 

The degree of crystallinity degree of the material is related to the degradation of the material. 

Furthermore, higher crystallinity means higher strength properties. This parameter is considered 

an essential criterion for biomedical applications since it determines the degradation time of the 

implanted material [2-4]. The influence of the technique on the crystallinity (Xc) of the fibers was 

minimal (7, 7, 0 and 1%, respectively). A slight variance of crystallinity was observed when the 

nanoparticles were incorporated. 

Supplementary Table. S1. Thermograms analysis for all fibers produced by electro and rotary jet 

spinning. Tm – melting temperature; ΔHm – melting enthalpy; Tg – glass transition temperature; 

Xc – degree of crystallinity. DSC was recorded between -100°C and 200°C at a scan rate of 

10°C/min. 

 

 Tm (ºC) ΔHm (J g-1) Tg (ºC) Xc (%) 

Electrospinning     

PCL  61.58 68.97 - 61.11 50.71 

PCL + 1%nHAp 62.18 70.38 - 59.74 51.75 
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Fig. S1 shows the FTIR spectra collected from PCL and PCL composites produced by ES and 

RJS. The characteristic peaks referred to PCL were identified as: 2942, 2890 and 2862 cm-1 (CH2 

stretching), 1725 cm-1 (C=O stretching), 1238 cm-1 (asymmetric C-O-C stretching), 1170 cm-1 (O-

C-O stretching), 900 – 1000 cm-1 (symmetric C-O-C stretching), and 577 and 729 cm-1 (CH2 

rocking) [5, 6].  The collected vibrational bands referred to the fibers produced from ES and RJS 

were the same. The low content of CNT, nHAp, and nHap:CNT did not promote significant 

modification in the FTIR spectra.  Peaks for the nanoparticles of CNT, nHAp, and nHAp:CNT 

incorporated using both techniques were observed in the positions:1725, 1238, and 1170 cm-1. The 

stretching was a consequence of an increase in the functional groups. 

PCL + 1%CNT 61.26 63.60 - 60.27 46.76 

PCL + 1% nHap:CNT 61.89 62.77 - 60.48 46.25 

Rotary jet spinning     

PCL 62.27 63.07 - 61.31 46.70 

PCL + 1%nHAp 64.66 61.72 - 59.81 44.68 

PCL + 1%CNT 64.20 65.65 - 62.10 47.46 

PCL + 1% nHap:CNT 56.67 38.14 - 62.58 44.48 
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Supplementary Fig. S1. FTIR spectra of the fibers produced by (a) electrospinning and (b) rotary 

jet spinning. 

 

 

The mechanical tensile tests showed two significantly improved properties for our materials: 

elastic modulus and elongation at break. A rigid and resistant material to deformation under a 

given load presents a high elastic modulus, while a flexible material presents a lower elastic 

modulus [7, 8]. Thus, the stiffest material observed was PCL:nHap:CNT synthesized by ES 

(p<0.0001), and more flexibility was shown for those with a lower elastic modulus (Fig. S2A). 

Thus, materials produced by ES showed the most significant change in elastic modulus after 

incorporation of nanoparticles, mainly with nHap and nHap:CNT. Conversely, the RJS scaffolds 

demonstrated the smallest change in elastic modulus even after the addition of the nanoparticles. 

Relative to elongation at break or fracture strain, a scaffold with a higher elongation at break will 

be able to possess a higher resistance to deformation without cracking [9]. RJS materials 

demonstrated the highest elongation at break compared with ES materials (p<0.01), which 

presented considerably lower values (Fig. S2B). A slight decrease in value was seen after the 

incorporation of nanoparticles for both of the synthesis methods. 
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Supplementary Fig. S2. Mechanical tensile testing for all of the fibers produced. (A) Elastic 

modulus obtained from the dynamic mechanical analysis. (B) Elongation at break for the ES and 

RJS samples. Values are mean ± SD, N=3. Statistically significant (* p< 0.05, ** p< 0.01 and **** 

p< 0.0001). Asterisk alone means comparison with the neat PCL as the same method. 

 

 

HOB biological activity in contact with fiber structures was performed for possible applications in 

bone tissue regeneration (Fig. S3A-D). Cell viability results (Fig. S3A) demonstrated that all the 

polymeric scaffolds showed good biocompatibility despite being hydrophobic, confirming the 

potential of the produced scaffolds. Cell metabolic activity was monitored after 7, 14, and 21 days 

of culture (Fig. S3B). All composites were compared to pure PCL fibers. A gradual increase in 

cell proliferation was observed, independent of the scaffolds and each technique. Comparing the 

techniques, the fibers by ES showed more osteoblast cell density than RJS fibers at 12 days mainly 

those with both nanoparticles incorporated (PCL:nHAp:CNT, p<0.0001). nHAp is an excellent 

carrier of osteoinductive growth factors [10]. Harikrishnan et al. showed the most significant 

proliferation of MG63 cells on the PCL-nHAp scaffolds for up to 10 days [11]. However, an 
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enhancement was observed for groups containing nHap:CNT compared to the other mats at 21 

days.  

 

ALP expression is associated with osteoblast differentiation. Fig. S3C shows the ALP activity 

levels after 7, 14, and 21 days. On day 14, the level of ALP increased significantly (p<0.0001) 

compared to day 7 for both techniques. The fibers containing both nanoparticles showed enzymatic 

activity greater to the other groups regardless of the technique, confirming the important effect of 

the nanoparticles on osteogenic differentiation. Comparing the PCL:nHap:CNT fabricated by both 

methods, the scaffolds produced by ES showed higher enzymatic activity than those by RJS 

(p<0.001). The ALP activity level at day 21 significantly decreased in all scaffolds produced, 

probably due to the increased synthesis of mineralization and the formation of a mineralized 

matrix, which is a marker for mature osteoblasts [12]. Our group demonstrated similar results 

where a core:shell:peptide (PCL:PEG:Gelatin:OGP) scaffold showed lower ALP activity and 

increased calcium deposition, an indication of the initial period of osteoblast maturation [13]. Such 

data are supported by quantitative assays of calcium deposition, as shown in Fig. S3D. Higher 

concentrations of calcium were showed by all scaffolds at day 14 and showed specific stability at 

day 21. The groups with both nanoparticles assessed high calcium deposition compared to the 

other groups within the same technique, showed a statistical difference of p<0.0001 for ES and 

p<0.05 for RJS fibers. Although fibers with nanoparticles produced by ES on day 14 showed a 2-

fold more expression of ALP and 1-fold more calcium deposition than fibers from RJS, both 

showed high enzymatic activity and calcium deposition. 
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Supplementary Fig. S3. Cellular assays. A) Cell viability on the different fibers produced after 

24 hours. B) Cell proliferation assay was performed after 7,14 and 21 days. C) Alkaline 

phosphatase (ALP) activity and D) Calcium deposition on the different fibers produced. Assays 

were performed after 7, 14 and 21days. Results were normalized by subtracting the absorbance 

values of blank wells containing samples without any cells from those values measured for the 

samples with cells. Values are mean ± SD, N=3. * p< 0.05, ** p< 0.01, *** p<0.001 and **** p< 

0.0001. Asterisk alone means comparison with the neat PCL as the same method. 

 

 

The 3D reconstruction of the rat calvaria defect (5mm) is shown in Fig. S4A. These images 

represent 3D reconstructions after 2 and 6-weeks of implantation of PCL and PCL:nHap:CNT for 

both methods without and with BMMSCs.  Based on the reconstructed 3D image, new bone 

regenerated in the peripheral and central parts of the defect, and the groups with the nanoparticles 
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incorporated seeded with BMMSCs after 6 weeks. This observation suggested the success of 

combining these cells with the biomaterial to improve bone regeneration.  

All parameters measured from microtomography (BV, Tb.Th, Tb.N, and Tb.Sp) are illustrated in 

Fig. S4B-I. The bone volume (BV) parameter has already been shown and discussed in the main 

article. The trabeculae thickness data (Tb.Th) was corroborated with the BV parameters, where 

the fibers containing nanoparticles by ES after 2 weeks exhibited high Tb.Th with a statistical 

difference (p < 0.01) compared with pure PCL, however, there was no significant difference (p < 

0.05) observed between the RJS fibers (Fig. S4D). In scaffolds seeded with BMMSCs (Fig. S4E), 

the pure PCL RJS fibers showed a higher Tb.Th after 6-weeks, with a significant difference at 

(p<0.05) compared with pure PCL by ES, there was no significant difference between the fiber 

and nanoparticle produced using the same method.  

The trabeculae number (Tb.N) was significant in the fibers with nanoparticles produced by ES 

compared with the same scaffold produced by RJS (p<0.001) (Fig. S4F). In scaffolds seeded with 

BMMSCs (Fig. S4G), the PCL:nHap:CNT in both time periods produced by the RJS method 

showed a more significant number of trabeculae compared with pure PCL (p<0.01 and p<0.05, 

respectively).   

The trabeculae separation data (Tb.Sp) showed a significant difference between the groups after 2 

weeks in both periods (Fig. S4H-I). At 6 weeks, just the PCL:nHap:CNT by RJS showed low 

trabeculae separation, compared with the same material but produced by ES (p<0.05). 
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Supplementary Fig. S4. A) Reconstructed 3D micro-CT images of rat calvaria implanted with 

PCL and PCL:nHap:CNT by ES and RJS after 2 and 6 weeks without or with seeded BMMSCs. 

The dotted circles indicate the original defect. Bar length: 1mm. B-C) Micro-CT assessment of 

bone volume (BV) in ES and RJS groups: (B) without cells and (C) with seeded BMMSCs. D-E) 

Micro-CT assessment of trabeculae thickness (Tb.Th) in ES and RJS groups: (D) without cells and 

(E) with seeded BMMSCs. F-G) Micro-CT assessment of trabeculae number (Tb.N) in ES and 

RJS groups: (F) without cells and (G) with seeded BMMSCs. H-I) Micro-CT assessment of 

trabeculae separation (Tb.Sp) in ES and RJS groups: (F) without cells and (G) with seeded 

BMMSCs. All were analyzed at two time points: 2 and 6 weeks. Statistically significant (* p< 

0.05, ** p< 0.01, *** p<0.001 and p<*0.0001). Asterisk alone means comparison with the neat 

PCL as the same method. 

 

 

The histology images are shown in Fig. S5A-B of the 2 and 6-week groups after implantation of 

PCL and PCL:nHap:CNT for both methods: (A) acellular scaffolds and (B) scaffolds seeded with 

BMMSCs. Active bone formation was observed in all scaffolds analyzed. Besides, bone 

neoformation occurred both in the peripheral and central parts of the defect, mainly in groups with 

incorporated nanoparticles seeded with BMMSCs. The immature bone trabeculae presented 

osteocytes in lacunae (arrows) and osteoblasts around the trabecular bone (dashed arrows). The 

defect area is composed predominantly of vascularized repair tissue. 
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Supplementary Fig. S5. Histological images of rat calvaria defects filled with different materials 

at 2 and 6 weeks. (A) Acellular scaffolds and (B) scaffolds seeded with BMMSCs. Stars mark the 

bone neoformation active, the arrows show the osteocytes in the lacunas, and dashed arrow mark 

osteoblasts around the trabecular bone. In all groups x20.0 magnification. 
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