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Chapter 1 - General introduction 

 

Biomedical engineering has been steadily developing in the past decades because of the 

increase of human life expectancy [1]. Aging, diseases and damage to tissues and organs caused 

by e.g. trauma has shown large progress in replacement technologies, drug delivery systems 

and regeneration therapies to cure patients. Tissue engineering and regenerative medicine are 

technologies that were proposed about 30 years ago [2]. These techniques use biomaterials and 

specific human cells to engineer functional devices and native tissue-like implants for 

biomedical applications. Using this concept, patients may be cured in an efficient and patient 

friendly way without the necessity to use medical devices. Traditionally, tissue engineering 

includes cells (preferably isolated from the patient), fabrication of a biodegradable porous 

scaffold, seeding and culturing the cells in the scaffold, implantation of the construct [3]. The 

scaffold as a temporal support for cell adhesion is incredibly important. The cells, which can 

either be added to the scaffold or attracted from the surrounding tissue, should create a new 

functional extracellular matrix [4].  

 

 

Figure 1. General scheme of tissue engineering 

 

To achieve proper regeneration of tissue, scaffolds can be made functional, bioactive or even 

stimuli-responsive and are preferably prepared from biodegradable polymers [5]. These 

materials are generally based on polymers which can be of natural or synthetic origin. The 
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latter polymers do not instruct cells, but serve as a temporary support and thus may not lead to 

a functional tissue in a short time. The use of polymer-based composites is a promising strategy 

to increase tissue formation and regeneration [6]. For example, electrically conductive 

materials in a polymer matrix may stimulate the outgrowth of nerve cells resulting in functional 

axons [7]. Another example is the use of polymer/hydroxyapatite composites which can 

regenerate bone [8]. In addition, composite fillers can be used for oxygen supply and can 

provide magnetic and antimicrobial properties [9]. 

Biodegradable polymers (synthetic and natural) have frequently been used to fabricate 

scaffolds for tissue engineering and regenerative medicine [10]. Poly(trimethylene carbonate) 

(PTMC) as an amorphous polymer with rubber-like properties has been studied for various 

biomedical applications. One of the advantages of PTMC as a biomaterial is its flexibility, 

making it highly suitable for soft tissue engineering [11]. The material degrades by surface 

erosion, in adjustable times from a few months to over years, allowing PTMC scaffolds to 

retain their mechanical properties during long periods of time [12]. 

Manufacturing techniques determine to a large extent the specific porous structure and surface 

topography of scaffolds [13]. Porous tissue engineering scaffolds can be fabricated by particle 

leaching, electrospinning and additive manufacturing techniques. The use of polymer-based 

composites may provide new biomedical implants adapted to the intended application. 

 

Scope of the study 

A series of studies described in this thesis were directed towards the development of different 

types of PTMC-based composites for the fabrication of peripheral nerve guide conduits and 

vascular grafts. PTMC was selected because of its biocompatibility, biodegradability as well 

as flexible and elastic properties, making it highly suitable for the manufacturing of scaffolds 

for nerve and blood vessel regeneration.  

To replace damaged or diseased peripheral nerves, conduits that guide and enhance nerve 

regeneration can be constructed from electrically conductive materials. Such guides were made 

from PTMC-based composites by incorporating reduced graphene oxide (rGO, a conductive 

filler) in the polymer matrix. The synthesis of the components and material properties of 

(non)porous PTMC/rGO composite films and conduits were evaluated. The structures were 

prepared by solvent casting and photo-crosslinking. The conduits were made porous by NaF 
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particle leaching. An in vivo model, i.e. bridging of a sciatic nerve in the rabbit, was used to 

study the potential for nerve regeneration.  

To optimize the compatibility of rGO in the PTMC polymer matrix, rGO-graft-PTMC was 

synthesized. PTMC/rGO-graft-PTMC films and porous mats were manufactured by solvent 

casting and electrospinning, respectively. The material properties of the composite structures 

were evaluated and their biocompatibility was tested by culturing with PC-12 rat neuronal cells. 

Porous tubular scaffolds hold promise for vascular tissue engineering. Designed capillary 

structures were built by stereolithography using a PTMC/CaCO3 particle composite, followed 

by leaching of the particles. Larger porous tubular scaffolds were prepared by solvent casting 

of a PTMC/NaCl composite, photo-crosslinking and leaching of the salt particles. Human 

smooth muscle cells were seeded in the scaffolds, after which the constructs were subjected to 

pulsatile flow conditions in a bioreactor.  

 

Outline of the thesis 

In Chapter 2 a review is presented on polymer-based composites with functional properties in 

relation to their intended biomedical application. In the first part the review is focused on 

polymer-based composites containing bioactive particles/fillers, like ceramic, electrically 

conductive, magnetic, oxygen-generating and antibacterial materials. In the second part the 

review is focused on non-bioactive polymer-based composites, containing reinforcing fibers 

and leachable particles. In the final part, the review is directed towards the manufacturing of 

3D structures from polymer-based composites, using particle leaching, electrospinning and 

additive manufacturing. These techniques are currently widely applied for the construction of 

advanced biomedical scaffolds and implants for tissue regeneration. 
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Figure 2. Overview of studies on the tissue engineering of a nerve guide 

 

In Chapter 3 a polymer-based composite for the preparation of a nerve guide channel (NGC) 

for nerve regeneration is discussed. Because electrically conductive NGCs promote axon 

regeneration, a composite material composed of PTMC and a conductive filler, reduced 

graphene oxide (rGO), was studied. Three-armed low molecular weight PTMC end-

functionalized with methacrylate groups was selected because of its biocompatibility, 

biodegradability, flexibility and crosslinkability. rGO with a high aspect ratio was prepared 

and incorporated in the PTMC matrix. The content of rGO in the PTMC matrix was varied in 

order to determine the threshold amount for electrical conductivity. Biocompatibility of photo-

crosslinked PTMC/rGO composite films with respect to PC12 neuronal cells was evaluated. 

In Chapter 4 a porous NGC made from a composite of three-armed methacrylated PTMC, 

rGO and NaF particles was studied. Dip coating, photo-crosslinking and particle leaching were 

used to generate porous tubular conduits. The PTMC/rGO composite scaffold was evaluated 

with regard to nerve regeneration in a rabbit model to bridge a 15 mm sciatic nerve gap, and 

compared to a PTMC NGC without the conductive rGO filler. 

To prevent rGO aggregate formation due to van der Waals interactions in the preparation of 

PTMC/rGO composites, rGOs with grafted PTMC oligomers were evaluated as described in 
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Chapter 5. Thermally stable hydroxyl groups on graphene sheets, prepared by nitrene 

chemistry, were used as initiator for the ring-opening polymerization of TMC. The 

physicochemical properties and electrical conductivity of the rGO-graft-PTMC materials were 

evaluated. The biocompatibility of photo-crosslinked PTMC/rGO-graft-PTMC composite 

films was investigated by culturing with PC12 neuronal cells.  

In Chapter 6 we evaluated a biocompatible and flexible fibrous scaffold fabricated by 

electrospinning of a dispersion of linear high molecular weight PTMC and the rGO-graft-

PTMC. Loading of different amounts of rGO into the electrospun PTMC fibers, using the rGO-

graft-PTMC, allowed to study the morphology and dimension of the fibers and hydrophilicity 

of the fibrous mats. The viability of PC12 cells seeded on the composite fibrous mats was 

investigated and compared to the viability of PC12 cells on electrospun fibrous mats of pure 

PTMC. 

 

 

Figure 3. Overview of studies on the tissue engineering of a vascular graft 

 

In Chapter 7 micro-porous scaffolds for vascular tissue engineering and organ models are 

described. Three-armed low molecular weight PTMC end-functionalized with methacrylate 

groups was combined with CaCO3 particles as porogen. The minimum amount of particles for 

complete leaching of photo-crosslinked composite films was determined. Moreover, the 

mechanical properties and intrinsic permeability of the resulting porous PTMC films were 

determined. Based on the results, a PTMC/CaCO3 composite resin was formulated for the 

manufacturing of branched vascular channels by stereolithography. Upon leaching of the 
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CaCO3 particles, micro-porous vascular structures were obtained with a high intrinsic 

permeability, indicating no mass transfer limitations in the case of cell seeding.  

In Chapter 8 a fabrication method for the preparation of small-diameter vascular grafts is 

described. Three-armed methacrylate end-functionalized PTMC with different molecular 

weights was synthesized. A quartz glass mold was filled with a composite of PTMC 

macromer/NaCl particles. Subsequently, the polymer was photo-crosslinked, the scaffold was 

demolded, and the particles were leached in water to give a porous tubular scaffold. The inner 

diameter, wall thickness, pore size and porosity of the scaffolds were evaluated. The 

mechanical properties of the scaffolds were characterized and compared to those of native 

blood vessels. 

In the Appendix porous tubular scaffolds with suitable properties for vascular tissue 

engineering were prepared by the method described in Chapter 8. Culturing of human smooth 

muscle cells in the porous tubular scaffolds under static as well as dynamic conditions in a 

bioreactor was histologically evaluated. The mechanical properties of the constructs were 

determined and compared to those of native blood vessels. 
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Abstract 

A fast increasing demand of medical products based on biomaterials and tissue engineering has 

led to an extensive growth in biomedical research in the past two decades. A highly interesting 

class of biomaterials are polymer-based composites, which nowadays are widely used in 

biomedical applications due to their outstanding physical and mechanical properties. In this 

paper, we aim to summarize the advancement in polymer-based composites with regard to their 

properties, structure and fabrication using different techniques. Bioactive polymer-based 

composites, such as bone-forming, electrically conductive, magnetic, bactericidal and oxygen-

releasing materials, as well as non-bioactive polymer-based composites containing reinforcing 

fillers and porogens are discussed. Amongst others, scaffold structures fabricated by particle 

leaching, electrospinning and additive manufacturing are described. In each section, significant 

and recent advances of polymer-based composites in biomedical applications are addressed. 

 

1 Introduction 

1.1 Overview  

The biomaterials field has seen a strong growth in the past decades [1-4]. Biomaterials are used 

to prepare biomedical devices such as hydrogel contact lenses, polymer or metal stents, 

artificial heart valves, steel joint and hip replacements, knee and ligament implants, polymer 

vascular grafts, ceramic dental implants, polymer sutures, surgical adhesives, polymer barrier 

films, porous dialysis membranes, etc. [5-11]. Due to the fast increase of medical product 

demands caused by population expansion and aging, the numbers of both pre-clinical and 

clinical biomaterial studies are dramatically growing [12-14]. According to a global industry 

analysis report, the global biomaterials market was more than USD 94 billion in 2018 and is 

forecasted to be over USD 256 billion by 2025, i.e. an increase of more than 15% between 

2019 and 2025 [15]. 

Instead of using non-degradable materials for tissue repair, degradable and absorbable 

biomaterials hold extensive capabilities to regenerate and reconstruct tissues such as bone, 

cartilage, muscle, skin, blood vessels, heart valves, nerves and many others [16-18]. These 

biomaterials are frequently used as scaffold materials for applications in tissue engineering and 

regenerative medicine [19]. In this strategy, specific cells are intended to grow into 3-

dimensional (3D) biomaterials-based porous scaffolds. After a while, native-like tissues or 
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organs are formed which are used to replace and repair lost and failing tissues of patients. These 

engineered living tissues or organs could significantly reduce the replacement organ demand 

and offer new opportunities for therapy to accelerate the recovery of patients. Tissue 

engineering scaffolds contain a microenvironment which determines cell adhesion, growth, 

proliferation, differentiation and function. An ideal microenvironment supports cell growth and 

tissue formation, exchange of nutrients and waste products, and consists of extracellular matrix 

(ECM), growth factors, space for cell expansion, and external stimulation factors [20-23]. 

Scaffold materials are used as ECM and should be biocompatible, cell adhesive, biodegradable, 

and have proper mechanical properties. In addition, the materials may conduct electricity, 

release oxygen, and have magnetic or antibacterial properties. Scaffold structural parameters 

including pore size, porosity, and (patient-specific) 3D structure are important as well. Thus, 

scaffolds prepared from biocompatible and bioactive materials with an adequate 3D structure 

are essential for the formation of functional tissue [24-27].  

In the early years, porous scaffolds were mainly prepared by solvent casting followed by 

particle leaching. As a result of technological developments, new techniques were applied in 

tissue engineering such as electrospinning, additive manufacturing, microfabrication and 

bioprinting [28][29]. These techniques enable to prepare porous scaffolds with complex 

structures. Currently, processing of biomaterials to match the advanced manufacturing 

techniques is one of the most researched areas. In conclusion, bioactive scaffolds, implants, 

grafts and other biomedical devices with specific structures can be fabricated by modern 

processing and manufacturing technologies for the urgent demand of a variety of tissues and 

organs. 

 

1.2 Materials  

Biomaterials can be divided into natural and synthetic polymers, metals and metal alloys, 

inorganic ceramics (natural and synthetic), carbon-based materials (graphite, graphene, carbon 

nanotube, carbon fiber, etc.), and composite materials [30-36]. The choice of materials for 

specific tissue repair is depending on the tissue characteristics and material properties.  
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Table 1. Advantages and disadvantages of different classes of materials for tissue engineering and 

regenerative medicine. 

 Advantages Disadvantages 

Polymers Biocompatible, biodegradable, 
bioresorbable, low toxicity, 

mechanical properties for both 
soft and hard tissue engineering. 

Lack of bioactivity. 

Metals Tough, high load bearing, good 
mechanical properties. 

Too stiff causing tissue 
degeneration, corrosion, toxic 

ion release. 

Ceramics  Bioactive such as osteo-
conductive and osteo-inductive. 

Brittleness, fragmentation. 

Carbon-based materials Conductive, low weight. Not able to be degraded and 
resorbed. 

Composite materials Combination of advantages of 
the separate components. 

Processing in such a way that the 
advantages are properly 

expressed. 

 

Natural and synthetic polymers have been extensively used in tissue engineering and 

regenerative medicine because of their diverse properties, such as bioactivity, degradability, 

mechanical properties, processing ability. Natural polymers like silk fibroin, collagen, and 

gelatin are similar to the native ECM and generally show better cell adhesion and 

biocompatibility than synthetic polymers [37]. Even though scaffolds based on natural 

polymers hardly show chronic inflammation, toxicity or immunological reactions, which are 

frequently noticed in synthetic polymer scaffolds, poor mechanical properties are a drawback. 

On the other hand, synthetic polymers relatively easily allow tailoring of their molecular weight, 

degradation time, and mechanical properties for both hard and soft tissue engineering 

applications [38]. Biodegradable polymers such as poly(lactide) (PLA), poly(glycolide) (PGA), 

poly(lactide-co-glycolide) (PLGA), poly(ε-caprolactone) (PCL), poly(trimethylene carbonate) 

(PTMC) and their copolymers or blends are frequently used as scaffold materials in tissue 

engineering and regenerative medicine [39]. However, the utility of PLA and PGA as scaffold 

materials for implantation has been hampered by their acidic degradation products. Studies 

have shown a decrease in local pH caused by the acidic degradation products, which are 

harmful to cells, drugs, or proteins and can lead to tissue inflammation at the polymer/tissue 
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interface [40][41]. Thus, scaffolds based on PLA, PGA, and their copolymers have sub-optimal 

degradation properties. In particular, PTMC has been suggested as an ideal polymer for 

biomedical applications [42][43]. As an amorphous polymer, PTMC has a low glass transition 

temperature (Tg) of −17 °C [44] [45]. The degradation products of PTMC are 1,3-propandiol 

and carbon dioxide. [46]. In contrast to the degradation of PLA and PGA, no acidic compounds 

are formed upon the degradation of PTMC [47][48]. Although PCL also does not form acidic 

degradation products, it degrades in bulk like PLA and PGA, which leads to abrupt scaffold 

fragmentation during tissue regeneration. PTMC degrades by surface erosion, resulting in 

prolonged mechanical strength during degradation which is beneficial for tissue engineering 

applications [49]. PTMC degradation rate can be tuned by varying its molecular weight and by 

adjusting the crosslink density of networks [47][50]. PTMC-based polymer networks have 

been extensively studied and applied in various biomedical applications [51]. 

Up to now, plenty of biomedical products based on synthetic polymers have been produced 

such as nerve guide conduits, vascular grafts, and artificial skin. Although these polymers are 

biocompatible and have adjustable degradation rates and mechanical properties, a drawback is 

they do not present bioactivity. For the engineering of complex tissues like bone, the use of 

only polymers does not meet the requirements for a suitable microenvironment to form a 

functional tissue. This can be solved by using a polymer-based composite, see below. 

Metals and metal alloys with designed load-bearing mechanical properties are being used for 

joint replacement (hip and knee) and dental implants. They are biocompatible and nearly all 

are non-biodegradable. Most implants made from metals and metal alloys are intended to have 

a long implantation time, which may lead to corrosion and metal ion toxicity [32][52]. Besides 

that, metallic implants are much stiffer than host bone, which may lead to stress shielding 

resulting in bone resorption [53]. It should be noticed that metal-based micro- and nano-

particles (Au and Ag) display excellent conductivity, antimicrobial properties and other 

bioactive functions in medical applications [54].  

Bio-glass is the first used bioactive inorganic ceramic able to induce bone formation and has 

been commercialized [55]. As components of native bone, calcium phosphate-based ceramics 

such as hydroxyapatite (HA), tricalcium phosphate (TCP) and biphasic calcium phosphate 

(BCP) are frequently used for bone tissue engineering as well [56]. Even though these ceramic 

materials resemble the natural inorganic component of bone and possess osteo-conductive and 
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osteo-inductive properties, they are brittle and do not match the mechanical properties of bone 

[57].  

Carbon-based biomaterials have been researched for decades and attract very much attention 

in biomedical applications due to excellent conductivity, unique structure and mechanical 

properties [58]. Graphene (single or multilayers) and carbon nanotubes (cylindrical carbon 

structure) are the mostly used carbon materials in neuronal, cardiac and bone tissue engineering. 

Moreover, they have also been used as secondary structural reinforcements to enhance the 

mechanical properties of tissue engineering scaffolds [59]. Graphene and carbon nanotubes 

express bioactivity in multiple processes like neurite outgrowth and extension, stem cell 

differentiation, osteogenic differentiation, and display antibacterial activity [60]. However, 

carbon materials are not able to be resorbed when applied in vivo. 

The term “composite material” refers to the combination, on a macroscopic scale, of two or 

more materials, that differ in composition or morphology, in order to obtain specific chemical, 

physical and mechanical properties [61][62]. The advantage of using composite materials for 

biomedical applications is that a composite material may possess a combination of the best 

properties of the constituents. Composite materials offer useful properties such as bioactivity, 

electrical conductivity, oxygen supply and magnetic and antimicrobial properties. Polymer-

based composites are composed of a polymer matrix and one or more fillers which provide 

physical, chemical or biological properties. As mentioned before, synthetic polymers generally 

lack bioactivity compared to bioactive ceramics, metal nano-particles, and carbon-based 

materials. A polymer/ceramic composite for bone grafting may present improved mechanical 

properties compared to either the neat polymer or the ceramic. This means that reinforced 

scaffolds with enhanced bioactivity and controlled resorption rates can be obtained by 

combining suitable polymers and ceramics [63]. A different application of composites in 

biomedical engineering is the use of composites with leachable components for the preparation 

of porous scaffolds. Leachable components include salt, sugar and crystallized solvent particles 

[64]. 

In this review, we summarize the properties of bioactive and non-bioactive polymer-based 

composites and their processing into structures for biomedical applications. Bioactivity of the 

composites includes osteo-conduction and -induction, electrical conductivity, magnetization, 

oxygenation, and antibacterial properties. Non-bioactive components of the composites include 
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reinforcing and leachable fillers. Manufacturing techniques for the preparation of advanced 

structures using polymer-based composites are discussed as well. 

 

2 Fillers and particles incorporated in polymer matrices for biomedical 

applications 

Polymer-based composites can be divided into two main types regarding the filler incorporated 

in the polymer matrix. The first type are bioactive polymer-based composites, which contain 

bioactive fillers or particles. The second type are non-bioactive polymer-based composites, 

which contain e.g. reinforcing fillers or porogens (sacrificial particles added during processing 

for preparation of porous structures). 

 

2.1 Polymer-based bioactive composites 

2.1.1. Polymer/bioactive ceramic composites 

Ceramics such as bioglass and bioactive calcium phosphate-based ceramics are synthetic bone 

graft materials widely used in bone tissue engineering [65]. Bioglass, invented by Hench and 

co-workers, was the first synthetic material found to interact with bone [66]. This degradable 

glass is composed of Na2O, CaO, SiO2 and P2O5. When used for bone regeneration in animal 

models, it was found that bioglass-based implants could not be removed without breaking the 

bone. This discovery inspired research on bioactive inorganic materials, resulting in the 

development of other types of bioglass and calcium phosphate ceramics. Bone is a natural 

composite consisting of inorganic ceramics such as calcium phosphate (CaP), calcium sulfate 

(CaSO4) and calcium carbonate (CaCO3), and the polymer matrix collagen [67]. The collagen 

matrix facilitates cellular interactions and tissue formation, while the inorganic materials 

provide mechanical strength and support the regeneration of bone. The inorganic phase releases 

calcium ions which benefit bone cell proliferation and differentiation. 

CaP, CaSO4, and CaCO3 have been used separately or as composite fillers in a polymer matrix 

to fabricate substrates and scaffolds for bone regeneration [68]. CaP as a main component of 

native bone are able to be absorbed by bone cells in vivo. CaP can be divided into the following 

types: hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), biphasic calcium phosphate 

(BCP) and amorphous calcium phosphate (ACP). CaP ceramics show bone forming activity 
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(osteoconductivity or osteoinductivity), determined by their physical/chemical characteristics 

and surface structures [69]. Bone forming activity of CaP has been mostly shown in non-load 

bearing clinical situations involving orthopedic, dental, ear, nose and throat surgeries using 

compressed ceramic particles. CaP particles are inherently brittle and difficult to process, and 

not able to withstand load bearing conditions. Although synthetic polymers are generally easy 

to be processed into structures with tunable mechanical properties, they do not show 

satisfactory bone forming capacity. By combining the polymers and CaP particles, the resulting 

polymer-based ceramic composites can be used to fabricate bone grafts with suitable 

mechanical properties and bone forming activity [70]. 

Likewise, polymer-based bioglass ceramic composites were developed [71]. Initially, micron-

size bioactive glass particles were used, which was followed by application of nano-size 

bioglass particles and fibres as fillers in polymer-based composites. Hong et al. investigated 

PLA/nano bioactive glass composite scaffolds for bone regeneration. In vitro studies showed 

that bioglass containing lower phosphorous and higher silicon content had a better bioactivity 

than bioglass with lower silicon and higher phosphorous content [72]. In addition, the 

mechanical properties of these composite scaffolds improved by loading of the nano-size 

bioactive glass fillers [73]. 

Nano-HA has been frequently used as filler in polymer-based scaffolds for bone formation. 

Both synthetic polymers like PLA, PCL, PGA, PLGA, PTMC, and natural polymers such as 

gelatin and collagen have been used [74,75]. The presence of HA in the polymer matrix is 

important as it affects protein adsorption and bone cell adhesion. Nano-HA fillers with a high 

aspect ratio enhance the mechanical properties of polymer-based bone grafts. PTMC scaffolds 

containing 40 wt% HA nanoparticles showed more bone formation than PTMC scaffolds with 

20 wt% HA upon implantation in calvarial defects in rabbits [76]. Moreover, this study 

indicated that surface enrichment of the HA nanoparticles in the PTMC-based ceramic 

composites was a key factor in the osteogenic potential of the bone grafts. 

PCL/β-TCP composite scaffolds were manufactured by Park et al. using 3D printing [77]. 

Highly porous scaffolds were obtained with a high β-TCP content. In vitro studies showed that 

the scaffolds effectively promoted cell growth and osteogenic differentiation of mouse 

mesenchymal stem cells. Konopnicki et al. also 3D-printed PCL/β-TCP composite scaffolds 

for bone regeneration, which were seeded with porcine bone marrow progenitor cells and 
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implanted into porcine mandibular defects. The results showed good bone penetration depth 

with angiogenesis in the center of the constructs [78]. 

PCL/BCP composite scaffolds for bone regeneration were prepared as well. By means of a 

solvent casting and salt leaching method, porous PCL/BCP scaffolds, with 200 ∼ 500 µm pore 

size, were obtained. After 7 days culturing of human mesenchymal stem cells, the PCL/BCP 

composite scaffolds showed 4 times higher alkaline phosphatase activity than control PCL 

scaffolds [79]. Peroglio et al. used PCL to infiltrate brittle BCP scaffolds for bone engineering. 

The composite scaffolds were cytocompatible with human bone marrow stromal cells. 

Moreover, the mechanical properties of the scaffolds significantly improved by incorporation 

of PCL [80]. 

ACP nanoparticles also showed biocompatibility and bioactivity. PDLLA/ACP composite 

nanofibers were prepared and evaluated in vitro by Ma et al. Surface roughness of the 

composite nanofibers significantly increased with increasing content of ACP. Bio-

mineralization of the composite nanofibers was found after 1 day in simulated body fluid, and 

further increased after 7 days. Osteoblast-like MG63 cells were seeded on PDLLA/ACP 

composite nanofiber scaffolds, and good cell adhesion and cell spreading behavior were 

obtained [81]. 

CaSO4 and CaCO3 are also considered as fillers to form polymer-based composites for bone 

regeneration [82] [83]. Silica (SiO2) nanoparticles are investigated as well [84][85]. 

 

2.1.2. Polymer/electrically conductive filler composites 

Electrically conductive materials have received increasing attention of academic and industrial 

researchers to explore potential biomedical applications, e.g. in the fields of biosensing, 

targeted drug delivery, and tissue engineering [86][87]. These materials could stimulate cell 

adhesion, proliferation, differentiation, migration, function, and further drive cell activities and 

tissue formation with or without exogenous electrical stimulation [88] [89]. Native tissues such 

as nerve, muscle, lung, cardiac and skeletal muscle, have conductivity values between 0.03 and 

0.6 S/m [90][91]. Therefore, tissue engineering scaffolds fabricated from electrically 

conductive materials are believed to accelerate tissue formation and regeneration [92]. 
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Figure 1. Percolation curve of electrically conductive filler in polymer matrix. [96] 

 

Conductive polymers and composites of polymers and conductive fillers have been used as 

materials to fabricate electrically conductive scaffolds [93][94]. Conducting polymers such as 

polypyrrole (PPY), polyaniline (PAN), polythiophene (PTH) and poly (3,4-ethylene 

dioxythiophene) (PEDOT) were prepared for neuronal tissue engineering. However, for in vivo 

application, conductive polymers are not ideal due to poor suturability, brittleness, and long-

term toxicity [95]. An alternative strategy is to use biocompatible and biodegradable polymers 

combined with conductive fillers. These are mainly divided in two classes: carbon-based 

nanofillers (carbon nanotubes, graphene derivatives) and metal particles (gold and silver 

particles). These fillers show high electrical conductivity and biocompatibility, and conductive 

polymer-based composites containing these fillers have been widely used for peripheral nerve 

regeneration and cardiac tissue engineering [96]. 

The conductivity of polymer/conductive filler composites is dependent on the formation of 

conductive paths of fillers distributed in the polymer matrix [97]. The formation of conductive 

paths is affected by the amount of fillers in the polymer matrix as well as the geometry and 

intrinsic properties of the fillers. In addition, interactions between filler and matrix are 

important for a homogenous distribution of the filler in the matrix. As shown in Figure 1, the 

conductivity of a polymer-based composite initially shows a small increase with increasing 

amount of conductive filler. Upon reaching the percolation threshold, the conductivity 

dramatically increases and finally reaches a maximum [96][98]. When the amount of 
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conductive filler is above the percolation threshold, a continuous conductive network is formed 

throughout the composite. A high aspect ratio (ratio of length to diameter) of conductive fillers 

was found to contribute to the conductivity of polymer-based composites [98][99]. 

Carbon nanotubes (CNTs) are hollow nanostructures consisting of carbon atoms with excellent 

mechanical properties and high electrical conductivity. Crowder et al. prepared electrically 

conductive PCL/CNT composite scaffolds by electrospinning for cardiac tissue engineering. 

The highest conductivity (0.035 S/cm) of this fibrous scaffold was obtained with 3 wt% 

incorporated CNTs. Differentiation of human mesenchymal stem cells in these scaffolds was 

found to be dependent on the substrate conductivity under DC electrical stimulation [99]. Other 

PCL/CNT composite scaffolds were prepared for nerve regeneration by Zhou et al. They 

showed improved PC-12 cell growth and differentiation in the conductive PCL/CNT composite 

scaffolds compared to neat PCL scaffolds. In addition, both proliferation and neuronal cell 

extension benefited from electrical stimulation, indicating the potential for application in nerve 

regeneration [100]. 

Single and multilayer graphene are known as high aspect ratio two dimensional nanosheets 

with ultra-high electrical conductivity and excellent mechanical properties. The common forms 

of graphene derivatives are graphene oxide (GO) and reduced graphene oxide (rGO). rGO is 

usually obtained by thermal or chemical reduction of GO, and has a higher conductivity than 

GO. rGO is more hydrophobic than GO and easily forms non-reversible aggregates because of 

van der Waals forces and π–π stacking interactions. Therefore, both small molecules and 

polymers were used to modify the surface of rGO particles in order to obtain homogenous 

dispersions in a polymer matrix. Recently, polymer-based composites with rGO as conductive 

filler have drawn a lot of attention for biomedical applications. Sayyar et al. prepared PCL/rGO 

composite materials, both by solvent mixing and covalent linking of PCL to rGO. The latter 

method resulted in higher conductivity with lower amount of rGO than solvent mixing. In 

addition, well-dispersed rGO in the polymer matrix improved the mechanical properties of the 

PCL/rGO composites [101]. Shin et al. also used covalent linking to prepare gelatin/rGO 

composite scaffolds for cardiac tissue engineering. The electrical conductivity and mechanical 

properties of the scaffolds were significantly improved by incorporation of rGO filler. 

Excellent cardiomyocyte viability, proliferation, and maturation were observed on the 

gelatin/rGO composite hydrogels. Moreover, the cells showed stronger contractility and faster 

spontaneous beating on the gelatin/rGO composite hydrogels compared to gelatin hydrogels 

[102]. 
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Gold nanoparticles are regarded as ideal materials for nanomedicine, and widely used in 

imaging, theranostics and controlled drug delivery owing to facile synthesis, modification, 

tunable structure (spheres, rods, nanoplate, etc.), physicochemical properties, and 

biocompatibility [103][104]. Gold nanoparticles have a high electrical conductivity and have 

been incorporated in polymer matrices for biomedical applications. Navaei et al. prepared 

gelatin/gold nanorod composite substrates by solvent mixing and photo-crosslinking for 

cardiac regeneration. Both electrical conductivity and mechanical properties were improved by 

incorporation of the gold nanorods. Good retention, spreading and distribution of cardiac cells 

were observed on the conductive gelatin/gold nanorod composite hydrogel. Notably, cell-cell 

coupling and robust synchronized (tissue-level) beating behavior were observed [105]. PCL-

gelatin/gold nanoparticle composite fibrous scaffolds were also reported, showing that the 

assembly of a functional cardiac tissue was improved on the conductive surface [106]. 

Electrically conductive polymer-based composites offer opportunities to apply electrical 

stimulation to cells and tissues. Electrical stimulation could direct, concentrate and isolate cell 

responses. Furthermore, cells could grow aligned and tissue may orientate by using electrical 

stimulation. Encouraging results based on electrically conductive polymer-based composites 

were obtained with or without electrical stimulation in cardiac tissue engineering, wound 

healing and nerve regeneration. However, drawbacks of long-term toxicity and non-

degradability of conductive fillers still remain as problems for future applications.   

 

2.1.3 Polymer/magnetic particle composites 

Magnetic nanoparticles (MNPs) have been regarded as one of the most attractive and important 

nanomaterials for biomedical applications in the fields of hyperthermia, magnetic resonance 

imaging, tissue engineering, targeted drug and gene delivery, biosensors and labs on chip 

owing to their chemical and physical properties [107][108]. Both metal (e.g. Fe, Ni, Co) and 

metal oxide (Fe3O4, Fe2O3) particles were considered as magnetic fillers. However, pure metal 

particles are extremely sensitive to oxidation in conditions of high magnetization [109]. 

Therefore, iron oxide particles with a low sensitivity to oxidation and relatively strong 

magnetic response have been applied in vitro and in vivo for many years. Fe3O4 and Fe2O3 

particles are biocompatible and relatively easy to be synthesized and functionalized [110].  

MNPs and application of magnetic forces have been introduced in targeted drug delivery and 

tissue engineering research. Drugs or bioactive compounds can be loaded on MNPs. Using an 
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external magnetic field, the particles can be directed to the target area. Likewise, cells loaded 

with magnetic particles can be adhered on a substrate or scaffold using an external magnetic 

field. Magnetizable scaffolds have been developed as well. When a scaffold is magnetic, an 

external magnetic field generates much higher magnetic field gradients as compared to a non-

magnetic scaffold. Moreover, when superparamagnetic iron oxide particles are used (size < 20 

nm), the magnetism of the scaffold can simply be turned off by removing the external magnetic 

field. Such a magnetizable scaffold could be used to attract MNPs loaded with bioactive 

compounds multiple times to the scaffold after implantation, with varying payloads in time 

[111]. Moreover, by using an alternating external magnetic field, the temperature of the 

scaffold increases which could be applied for drug release or cancer treatment [112].   

 

 

Figure 2. Photograph of PCEC/Fe3O4 fibrous membranes with increasing Fe3O4 content (A), magnetic 

response of a PCEC/Fe3O4 composite membrane with 10 wt% Fe3O4 particles (B), TEM images of the 

Fe3O4 particles (C) and the PCEC/Fe3O4 fiber containing 10 wt% Fe3O4 particles (D). [113] 

 

Zhang et al. prepared novel fibrous polymer/magnetic particle composite scaffolds by 

electrospinning, composed of the tri-block copolymer poly(ε-caprolactone)-poly(ethylene 

glycol)-poly(ε-caprolactone) (PCL-PEG-PCL or PCEC) and Fe3O4 nanoparticles with an 

average size of 18 nm. Without an external magnetic field, PCEC/Fe3O4 scaffolds with 2-10 

wt% nanoparticles showed improved NIH 3T3 cell adhesion and proliferation as compared to 
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neat PCEC scaffolds. Moreover, the PCEC/Fe3O4 composites showed low cytotoxicity and 

hold great potential for skin tissue engineering [113].  

Cai et al. prepared PLLA/superparamagnetic Fe3O4 nanoparticle composite scaffolds by 

electrospinning. Compared to PLLA scaffolds, composite scaffolds with 2.5-5.0 wt% NPs 

stimulated the proliferation and differentiation of MC3T3-E1 osteoblasts, which further 

increased by application of a 100 mT external magnetic field [114]. 

Panseri et al. implanted collagen-HA/Fe3O4 nanoparticle composite scaffolds in bone defects 

in rabbits. The NP content was 7 wt% and the particles had a size < 50 nm. In some cases, a 

NdFeB magnet was co-implanted in contact with the scaffold, generating a 1.2 T magnetic 

field. With and without magnetic field, the extent of bone formation in the scaffolds was the 

same. With magnetic field, however, both the scaffold and newly formed bone were oriented, 

which may shorten remodeling and more quickly generate mature bone [115]. 

The above concepts could also be applied for magnetic scaffold fixation after implantation, or 

for development of scaffolds with intrinsic ability to stretch or move. Furthermore, 

magnetically responsive surfaces and hydrogels are currently being investigated [116].  

 

2.1.4 Polymer/oxygen-generating particle composites  

Oxygen is one of the most important factors for tissue growth and survival. Even though a 

promising tissue engineering scaffold with porous channels could provide nutrients and oxygen 

by diffusion, in the early stages after implantation of a construct the lack of vasculature to 

support an adequate supply of nutrients and oxygen limits tissue survival which is a challenge 

for clinical translation [117]. For example, during implantation of a tissue-engineered construct 

for a large bone defect, the in situ vasculature is damaged and disrupted. The implanted cells 

on the scaffold will suffer anoxia and nutrient deficiency in the concurrent wound bed before 

generation of new vasculature. Methods to vascularize engineered tissue and to connect the 

vasculature to the host circulation are still in development and not able to solve the oxygen 

demand of implanted constructs. An emerging approach is the use of oxygen-generating 

scaffolds to provide the initial oxygen supply. Calcium peroxide, magnesium peroxide, and 

sodium percarbonate are very suitable as oxygen-generating materials and have been 

successfully applied in tissue engineering [118]. The mechanism of oxygen generation is based 
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on formation of hydrogen peroxide upon hydrolysis or dissolution in water, which will 

subsequently release oxygen. The reaction equations are as follows: 

CaO2 (calcium peroxide) + 2H2O → Ca(OH)2 + H2O2 

MgO2 (magnesium peroxide) + 2H2O → Mg(OH)2 + H2O2 

(Na2CO3)2.3H2O2 (sodium percarbonate) → 4Na+ + 2CO32− + 3H2O2 

2H2O2 → O2 + 2H2O 

Polymer/oxygen-generating particle composites have been used to prepare ‘breathing scaffolds’ 

for the engineering of bone, cardiac, muscle and skin tissue. The polymer matrix properties 

affect the oxygen-release kinetics, which influence cell viability, proliferation and 

differentiation. Hydrophobic polymers can prevent water absorption and slow down the rate of 

oxygen release, while hydrophilic polymers may increase the oxygen release rate by rapid 

diffusion of water into the polymer structure, thus decreasing the sustainability of oxygen 

release. The solubility of the oxygen-generating compounds in water affect the oxygen release 

as well. CaO2 has a higher solubility in water than MgO2 (calcium peroxide 1.65 g/L and 

magnesium peroxide 0.86 g/L at room temperature) [119]. Therefore, CaO2 has been frequently 

investigated as oxygen-generating compound in polymer-based composites for tissue 

engineering.  

A polydimethylsiloxane (PDMS)/CaO2 composite was prepared by Pedraza et al. [120]. 

Although they showed an effectively slow release of oxygen, PDMS is a non-degradable 

polymer which is not ideal as scaffold material for tissue engineering. Steg et al. prepared 

PLA/CaO2 and PLGA/CaO2 composites for the controlled release of oxygen [121]. However, 

oxygen release from both composites was faster than from control CaO2 particles. This was 

explained by a relatively low pH induced by hydrolysis of the lactide-based polymers, leading 

to a higher solubility of the intermediate Ca(OH)2, which accelerated the reaction towards H2O2 

formation. Therefore, they prepared PTMC/CaO2 composite microspheres which were able to 

release oxygen for a few weeks and promote mesenchymal stromal cell proliferation under 

hypoxic conditions in vitro [122]. Harrison et al. prepared PLGA/sodium percarbonate 

composite films for wound healing. The composite films released oxygen for a period of 

approximately 70 h. Subcutaneous implantation of the composite films in a mouse model for 

ischemic skin, showed significantly lower skin necrosis and higher skin viability after 7 days 

compared to implantation of control PLGA films [123].  
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Sustainable oxygen-releasing scaffolds were prepared from a PU/CaO2 composite by Siekh et 

al. The scaffolds released oxygen over a period of 10 days and in vitro cardiomyoblast cell 

viability on the composite scaffolds under hypoxic conditions was better than on control PU 

scaffolds. Subcutaneous implantation of the composite scaffolds in a mouse model for ischemic 

skin, showed that skin necrosis could be prevented up to 9 days [124]. 

Oxygen deficiency after myocardial infarction leads to massive cardiac cell death. Re-

introduction of oxygen into the infarcted area may protect cardiac cells and promote cardiac 

repair. Fan et al. prepared core-shell microspheres based on PLGA covered with a PVP/H2O2 

complex. The microspheres released oxygen for 28 days and supported cardiac cell survival 

under hypoxic conditions in vitro [125]. 

 

2.1.5 Polymer/antibacterial particle composites 

Bacterial infection of biomedical implants during surgical procedures remains challenging. 

Adhesion of bacteria on the implants may result in the formation of biofilms which are difficult 

to remove and may lead to failure of patient recovery [126-128]. Bacterial infection of the 

implant can occur simultaneously with implantation, or spread from the blood or a nearby 

infection site present in the patient [129]. Therefore, the availability of biomedical materials 

with antibacterial properties is of great importance. Various polymer-based composites with 

antibacterial particles have been developed [130]. Silver nanoparticles (AgNPs), magnesium 

oxide (MgO), and zinc oxide (ZnO) are frequently used and show activity against antibiotic-

resistant bacteria [131-133]. 

There are two potential antibacterial mechanisms of AgNPs: direct contact of the particles with 

the bacterial cell membrane leading to leakage of cellular contents, and interaction of Ag+ ions 

with cellular structures and biomolecules such as enzymes, lipids and DNA. For the 

development of biocompatible polymer/AgNP composites with antibacterial properties, the 

dose-dependent toxicity of Ag to tissue cells has to be taken into account. Fortunati et al. 

prepared PLGA/AgNP composite films, which started to show weight loss due to degradation 

of PLGA after 25 days incubation in PBS at 37 oC. This time point coincided with an increase 

of Ag+ release from the films, probably due to increased water influx in the films promoting 

Ag oxidation [134]. PLCL/AgNP composite scaffolds were fabricated by electrospinning with 

0.5 mg or 1.0 mg Ag loading per g scaffold. The biocompatibility of the scaffolds was evaluated 

by culturing of human epidermal keratinocytes, and antibacterial properties were investigated 
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with staphylococcus aureus and escherichia coli cultures. Although both scaffolds were able to 

inhibit bacterial cell growth, the scaffold with the higher Ag content was also toxic to the 

keratinocytes [135]. Madhavan et al. prepared electrospun PCL/AgNP composite scaffolds for 

vascular tissue engineering. Scaffolds with 0.1 wt% AgNPs showed antibacterial properties 

without toxicity to cultured endothelial cells [136]. 

Bakhsheshi-Rad et al. fabricated electrospun PCL/MgO-Ag composite nanofibers as coating 

on biodegradable Mg alloy implants. Nanofibers containing 1-3 wt% MgO and 1 wt% Ag 

showed efficient antibacterial behavior toward Escherichia coli and Staphylococcus aureus 

[137]. PLA/ZnO nanoparticle composite scaffolds were electrospun by Rodríguez-Tobías et al. 

Tensile strength, toughness and Young’s modulus of the scaffolds increased by addition of 

ZnO, and reached a maximum at 3 wt% ZnO. The scaffolds showed antibacterial properties 

when they contained more than 1 wt% ZnO [138]. MgO and ZnO have been shown to generate 

reactive oxygen species, leading to lipid peroxidation and bacterial membrane leakage 

[139][140]. 

2.2 Polymer-based non-bioactive composites 

2.2.1 Polymer/reinforcing micro- and nano-fiber composites 

Mechanical properties of tissue engineering scaffolds are one of the most important parameters, 

especially in the case of load bearing applications. Inorganic, organic, and carbon fillers and 

fibers have been used as reinforcements to improve the mechanical properties of polymer-

based scaffolds for biomedical applications. Bioactive fillers that improve mechanical 

properties of scaffolds were discussed in 2.1.1. Concerning non-bioactive fillers, polymer 

fibers are mostly being used to reinforce polymer-based scaffolds. Zhang et al. prepared tough 

biodegradable materials consisting of polymer-polymer composites. A PTMC matrix was 

reinforced by electrospun PLA fibers. Incorporation of a small amount (5 wt%) of PLA fibers, 

resulted in an increase of Young’s modulus and tensile strength [141]. 

 

2.2.2 Polymer/porogen particle composites 

Porous scaffolds with a proper porosity, pore size, and pore shape are essential for successful 

tissue engineering. Current methods to fabricate porous scaffolds include particle leaching, 

thermally induced phase separation, gas foaming, electrospinning, and additive manufacturing. 

Among these methods, particle leaching is the easiest technique to obtain 3D scaffolds with 
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varying pore size and porosity [142][143]. Sodium chloride, sugar and other leachable particles 

are being used. Sodium chloride is most popular as porogen, owing to its low cost, easy way 

of fractionation in different sizes, and the convenience of using water as leaching solution [144].  

To prepare a porous scaffold, leachable particles are mixed in a polymer solution, thus forming 

a polymer/leachable particle composite. For a fully leachable scaffold, the particle content 

should be high enough to allow interconnection of the particles. By adjusting particle content 

and particle size, 3D scaffolds can be fabricated with varying porosity and pore size, which 

affect cell seeding in the scaffolds. Song et al. used sodium chloride particles as porogen to 

prepare PTMC scaffolds for vascular tissue engineering and showed that a pore size around 

150 µm was favorable for smooth muscle cell proliferation [145].  

Pore interconnectivity is also important for tissue formation. Using a salt fusion method, the 

interconnectivity of pores in a scaffold can be improved [146]. Pore shape can be tuned by the 

shape of the particles. Liang et al. prepared quasi-spherical particles as porogen to fabricate 

porous PLGA scaffolds, by wobbling small sodium chloride particles in melted sucrose [147]. 

Compared to the use of cubic salt particles, using the quasi-spherical particles resulted in higher 

pore interconnectivity, less time for porogen leaching, and less residual porogen present in the 

scaffolds after leaching. Moreover, the latter scaffolds showed improved proliferation of 

mesenchymal stem cells, probably due to a rougher surface of the pores. 

Tissue engineering scaffolds with designed porosities and pore structures can be fabricated by 

additive manufacturing. Among the various additive manufacturing techniques, 

stereolithography (SLA) is the most accurate and allows printing at the lowest resolution. Using 

currently available laser-based and digital light processing SLA machines, structures can be 

built at a resolution of 10-150 µm [148][149]. Although pores of these sizes suffice many tissue 

engineering applications, it can be advantageous if the scaffold contains (sub)micron pores in 

the struts of the polymer structure. This can be accomplished by printing a polymer/leachable 

particle composite. Mu et al. fabricated poly(ethylene glycol) scaffolds by digital light 

processing with rectangular macro-pores of 2 mm and micro-pores of 75-180 µm by inclusion 

of sacrificial sodium chloride particles during printing [150]. 
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3 Polymer-based composite structures for biomedical applications  

3.1 Porous scaffolds prepared by particle leaching  

Particle leaching is a very convenient method to prepare porous TE scaffolds. It has been used 

for decades due to its simplicity and low cost. A polymer solution is combined with uniformly 

distributed leachable particles of a certain size range, after which the mixture is cast on a mold 

or template. The solvent is either evaporated or extracted, yielding a polymer/leachable particle 

composite [151]. Subsequently, the polymer/leachable particle composite is immersed into a 

solvent for the particles, to obtain a porous scaffold with a specific structure. The amount of 

particles in the composite has to be higher than a threshold value, otherwise the particles cannot 

be completely leached from the polymer matrix. The main benefits of this method include the 

ability to adjust the porosity by tuning the amount of leachable particles, and to vary the pore 

size by selecting the size of the particles [152].  

 

 

Figure 3. A, Photograph of a porous tubular PTMC scaffold (left) and a porcine carotid artery (right). 

B, SEM image of a cross-section of a tubular PTMC scaffold. C, SMCs cultured for 7 days in a porous 

tubular PTMC scaffold in a pulsatile flow bioreactor. Cross-section stained with hematoxylin and eosin, 

magnification 100x. 

 

Song et al. developed a porous tubular PTMC scaffold for vascular TE by solvent casting of a 

mixture of PTMC and NaCl particles on a glass rod. After drying, the PTMC was crosslinked 
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by gamma-irradiation and the particles were leached in water [153]. The interconnected porous 

scaffold had an average pore size of 110 µm, and a porosity of 85 %. Human smooth muscle 

cells (SMCs) were seeded into the pores of the tubular scaffolds and cultured for 14 days in a 

pulsatile flow bioreactor. The porous structure facilitated the proliferation of the SMCs. The 

radial tensile strength of the constructs increased from 0.16 to 0.47 MPa, due to the presence 

of SMCs and deposition of extracellular matrix in the structures. A tubular PTMC scaffold, its 

porous structure as well as histology after culturing with SMCs are shown in Figure 3. 

Particle leaching can also be combined with other techniques such as 3D printing. This enables 

the fabrication of more complex 3D structures, as compared to solvent casting on a mold. By 

using a photo-crosslinkable polymer-based and particle-containing resin, a designed porous 

structure can be printed. The polymer struts contain the particles, which can subsequently be 

leached to obtain a dual porous structure. Mu et al. used this fabrication method to prepare 3D 

PEG structures, containing 2 mm rectangular macropores by printing and 75-180 µm 

micropores by leaching of NaCl particles [150]. 

 

3.2 Fibrous structures prepared by electrospinning 

Electrospinning (ES) has been widely used in TE to develop micro- or nano-fibrous scaffolds 

with a large surface area and high porosity. ES equipment is composed of a syringe pump, a 

metal needle, a high-voltage power supply, and a grounded collector. The latter can be of 

various shapes, such as a flat plate or a mandrel, depending on the desired shape of the scaffold. 

A polymer solution or melt is driven through the charged needle, resulting in a charged liquid 

jet that is attracted by the grounded collector. During its travel to the collector, the jet solidifies 

due to solvent evaporation or cooling. This results in the deposition of micro- or nano-fibers 

on the surface of the collector [154]. Electrospun fibrous mats based on biodegradable 

polymers such as PLA and PCL showed better cell adhesion than non-fibrous substrates of the 

same materials [155]. To combine the benefits of synthetic polymers and functional fillers, 

fibrous polymer-based composite scaffolds were prepared by ES of mixtures of polymers and 

fillers. Successful incorporation of functional fillers in electrospun polymer fibers is dependent 

on the size of the fillers. Graphene sheets, carbon nanotubes, nano-hydroxyapatite and silver 

particles of either nano- or sub-micron size are suitable fillers for polymer fibers to obtain 

bioactive scaffolds [156]. 
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Figure 4. TEM images of carbon MWNTs (A) and electrospun PCL-collagen/carbon MWNT composite 

fiber (B); SEM images of PCL-collagen/carbon MWNT composite fiber mesh (C) and nerve guide 

conduit (D). Surgical implantation of PCL-collagen/carbon MWNT composite nerve guide conduit to 

bridge an 8 mm sciatic nerve defect in a rat (E) and macroscopic image of the regenerated nerve four 

months postoperatively. The bar in A = 50 nm, in B = 200 nm, in C = 2 µm, in D = 100 µm. [157] 

 

Yu et al. fabricated PCL-collagen/carbon multi-walled nanotube (MWNT) composite fibrous 

nerve guides by ES for peripheral nerve regeneration [157]. Figure 4 shows the carbon MWNTs, 

composite fibers, a conduit, and implantation of the conduit. Upon loading with carbon 

MWNTs, the hydrophilicity of the scaffolds increased due to carboxyl groups present in the 

MWNTs. The mechanical properties of PCL-collagen fibrous meshes, in terms of Young’s 

modulus, elongation at break and maximum strength, increased by incorporation of carbon 

MWNT filler. The degradation rate of the composite scaffolds was lower than that of the PCL-

collagen scaffolds. Schwann cell adhesion and elongation were enhanced on the electrospun 
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composite scaffolds. In vivo studies demonstrated that PCL-collagen/carbon MWNT 

composite conduits effectively promoted sciatic nerve regeneration in rats and prevented 

muscle atrophy, without serious chronic inflammation. 

PCL/GO composite fibrous scaffolds were prepared by Chaudhuri et al. by means of ES. The 

electrical conductivity of PCL scaffolds was enhanced by incorporation of GO particles. The 

composite scaffold exhibited excellent properties for myoblast differentiation, and has 

potential to be applied for skeletal muscle regeneration [158].  

Even though ES is a relatively simple and quick method to manufacture fibrous scaffolds that 

support cell adhesion and proliferation, fabrication of complex structures with load bearing 

architectures is still a challenge and limits its biomedical applications [159]. 

 

3.3 Patient-specific structures and implants prepared by additive manufacturing  

Additive manufacturing (AM), also known as 3D printing, offers an engineering route to build 

complex structures in a rapid and cost-effective way. A wide range of biomaterials such as 

polymers, metals, ceramics have been processed to become 3D printable for AM applications, 

according to the requirement and mechanism of the printing equipment [160]. AM techniques 

include laser-based stereolithography (SLA), digital light processing (DLP), fused deposition 

modeling (FDM), selective laser sintering (SLS), and extrusion-based 3D printing [161][162]. 

AM is widely used for biomedical applications, e.g. to fabricate tissue engineering scaffolds, 

bone implants, and microfluidic chips for organ models. In contrast to traditional fabrication 

approaches such as solvent casting and ES, AM involves layer by layer printing of virtual slices 

of a designed 3D structure. It is a rapid manufacturing method to obtain complex scaffolds and 

patient-specific implants [163]. Synthetic polymers such as PCL, PEG, PDLLA, PTMC and 

natural polymers such as gelatin and cellulose have been used to prepare scaffolds by AM for 

a variety of biomedical applications. Polymer-based composites with bioactive properties are 

interesting materials for the fabrication of functional structures by means of AM [164] [165]. 

Advantages of AM techniques to create biomimetic tissue structures include the formation of 

highly interconnected pores to facilitate tissue formation, and tuning of the mechanical strength 

by adjusting the design of the structure. Scaffolds built by AM can be based on a computer 

design or on imaging data, e.g. obtained by CT scanning. Among all AM techniques, laser-

based SLA and DLP are most suitable for scaffold fabrication due to their high resolution, 
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ability to build complex structures, and ease of tailoring the scaffold properties by adjusting 

the liquid resin formulation [166][167].  

 

 

Figure 5. A, imaging data (grey) to fix a defect in a human jaw; B, defect model of porous patient-

specific implant; C, PTMC/TCP composite implant printed by DLP. E, macroscopic image of a cut 

PTMC/TCP implant with gyroid pore architecture; F, SEM image of the cut surface of this scaffold; G, 

high magnification of this cut surface, where polymer matrix and TCP filler can be observed clearly. 

[168] 

 

Dienel et al. fabricated bioresorbable implants based on a PTMC/TCP composite resin for 

repair of damaged bone tissue [168]. 3D composite scaffolds containing up to 60 wt% β-TCP 

could be built by DLP. By using a slightly lower β-TCP content of 51 wt%, a large-size patient-

specific implant was manufactured at high resolution based on imaging data. The mechanical 

properties of the structure significantly increased by addition of β-TCP. The porous implant 

containing bioactive TCP and biodegradable PTMC perfectly matched the defect shape of the 

patient. Figure 5 shows the imaging-based defect model and the porous PTMC/β-TCP 

composite implant. 

Geven et al. used PTMC/HA composites to fabricate patient-specific orbital floor implants by 

DLP based on CT imaging data [169]. Photo-crosslinkable PTMC-based resins were 
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formulated with 20 wt% and 40 wt% nano-HA. Mechanically stable orbital floor implants were 

precisely prepared using these composite resins, and shown to support the culturing of human 

bone marrow mesenchymal stem cells.  

Although AM is able to improve the performance of biomaterial-based structures for medical 

applications, there are still challenges. Optimal scaffold structures for specific biomaterials are 

not well known, as relevant mechanical, physical and biological properties of the biomaterials 

should be considered during the design phase. The optimal shape, pore size and structure for 

specific applications still need to be determined. There are limited biomaterials available for 

processing by AM techniques. Commercial materials with the best accuracy in AM are not 

biocompatible, not biodegradable and lack bioactivity. Therefore, development of novel 

biomaterials for use in AM and improvement of AM techniques for currently available 

biomaterials are both required [170]. 

 

4 Conclusions and Future Perspectives 

Polymer-based composites are highly promising materials to be used as biomedical implant 

materials for diverse biomedical applications. There are several advantages of using polymer-

based composites, such as low cost of available natural and synthetic polymers and ease and 

tunability of manufacturing techniques. Several fillers with bioactive or non-bioactive 

properties hold opportunities in the engineering of suitable scaffolds or implants for tissue 

engineering and regenerative medicine applications.  

The current techniques, applying polymer-based composites, need in general fine-tuning to 

optimize the structure required in the specific application. Polymer-based composite scaffolds 

already showed not only high cell adhesion, biocompatibility, and biodegradability but also 

outstanding bioactivities in terms of tissue formation, function, stimulation, survival and 

antibacterial properties during in vitro and in vivo experiments.  

However, there are still challenges because of the limited choice of bioactive and functional 

fillers, control of the bioactive expression in the polymer matrix, and manufacturing techniques 

of suitable structures. Polymer-based composites should be adapted to the biological 

microenvironment, thereby accelerating tissue repair and regeneration. Studies on the 

relationship between the material properties of a specific polymer-based composite, its 
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structure, physical and mechanical properties and biological response for specific biomedical 

applications remain necessary. 

Two developing trends in the field of polymer-based composites for biomedical application are 

summarized below. 

1) Combination of different functional fillers in a polymer matrix provides opportunities to 

enable multifunctional expression. Modugno et al. reported that the combined use of carbon 

nanomaterials, metal nanoparticles and polymers showed good results for diagnosis, imaging, 

therapy and theranostic applications, thanks to the extraordinary structural, optical, chemical 

and thermal properties of the resulting materials [171]. It is to be expected that more 

polymer/multifunctional filler composites will be developed as materials for the engineering 

or repair of tissues. 

2) Polymers express tunable characteristics due to their wide range of physical and chemical 

properties. Some polymers show ‘intelligent’ characteristics such as stimuli-responsive 

behavior. This causes shape changes by stimulative factors such as temperature, humidity, 

solvent, pH, light, and others. These controlled shape changes provide opportunities for the 

manufacturing of complex structures by so-called 4D printing, in which time is the fourth 

dimension. 4D printing uses AM technologies to fabricate stimuli-responsive 3D parts that can 

form novel structures when subjected to appropriate stimuli [172]. As this involves multi-

material printing, it is to be expected that polymer-based composites will be used in the 4D 

printing of complex and multifunctional structures for biomedical applications. 
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Abstract 

Although peripheral nerves are known to have some regenerative abilities, completely 

separated nerve ends are rarely known to restore function without medical intervention. The 

main scientific focus for novel treatments of peripheral nerve injury concentrates on a 

biodegradable nerve guide channel (NGC) that promotes and guides axonal regrowth. Because 

electrically conductive NGCs promote axon regeneration, we propose a composite material 

consisting of the polymer poly(trimethylene carbonate) (PTMC) and the conductive filler 

reduced graphene oxide (rGO). Graphite was oxidized following Hummers’ method, exfoliated 

using sonication and subsequently reduced with hydrazine in order to form thin sheets of rGO. 

Three-armed PTMC functionalized with methacrylic anhydride (MA) was dissolved in 

dispersions of rGO in dimethylformamide with desired rGO contents. After precipitation and 

solvent casting in chloroform, the films were crosslinked under UV light. The PTMC-MA/rGO 

composite films with 0, 0.5, 1, 2 and 4 wt% showed increasing electroconductivity with values 

up to 6.88*10-2 S/cm. Culturing of PC-12 cells showed that after initial cell adhesion, the cells 

proliferated on the surface of the PTMC-MA/rGO composite films, regardless of the amount 

of rGO loading. The results imply that these PTMC-MA/rGO composites show promise toward 

their use in the fabrication of NGCs. The electrically conductive materials are expected to 

increase the rate of axonal regeneration, resulting in improved functional recovery of transected 

peripheral nerves. 

 

1 Introduction 

In comparison with the central nervous system, the peripheral nervous system is relatively 

permissive to axonal regrowth[1]. However, many factors like scar formation and unguided 

axonal regrowth contribute to incomplete regeneration and thus a failed restoration of function 

to the nerve. Current surgical interventions include end-to-end suturing for small nerve defects 

and a nerve autograft for nerve defects larger than 3 cm [2]. The use of both methods is limited 

because of strain applied on sutured nerves and limited amount of nerve tissue that can be 

harvested for a nerve autograft. To prevent scar tissue ingrowth and to guide axonal regrowth, 

an implantable nerve guide channel (NGC) has been proposed. These NGCs should possess 

biocompatible and biodegradable properties to prevent host responses and a second invasive 

surgery to remove the NGC. The swelling properties of the NGC have to be minimal in order 

to prevent compression of the newly regenerated nerve. A major aspect that has proven to 
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contribute to accelerated axonal growth is electrostimulation (ES) of the restoring nerve [3]. 

ES has been applied for tissue engineering purposes to trigger or promote certain cell behavior 

[4]. The availability of an NGC that would be able to conduct the bioelectricity that is present 

in the body could have substantial influence on the time necessary to restore function to the 

damaged peripheral nerve. Composites consisting of a polymer that exhibits optimal 

degradation and physical properties and a conductive filler that would allow the composite to 

conduct (bio)electricity are promising materials for the preparation of electrically conductive 

NGCs. 

PTMC is a biocompatible, biodegradable and amorphous polymer with high flexibility [5]. 

Biomedical applications, either applied or still under development, include implants to support 

bone, cartilage or blood vessel regeneration [6]. The mechanical properties and degradation 

kinetics of PTMC are highly tunable by adjusting the molecular weight of the polymer chain 

or by synthesizing co-polymers with other monomer units like ε-caprolactone [7]. PTMC, as a 

hydrophobic polymer, has low water uptake and thus shows a low degree of swelling in water 

[8]. 

Graphene is a single carbon layer orientated in a honeycomb lattice structure with sp2-

hybridized carbon atoms. Pristine graphene is known to have excellent conductive properties 

due to the non-localized π-electrons of the sp2 -hybridized carbon atoms that can move 

relatively freely over the graphene layer. The aspect ratio of graphene can rise to great values, 

dependent on the method of preparation. These properties give graphene a very low electrical 

percolation threshold when graphene is evenly dispersed in a composite system [9]. 

This study focused on the preparation of composites of methacrylic anhydride (MA) 

functionalized PTMC macromers and reduced graphene oxide (rGO) (PTMC-MA/rGO), 

containing varying amounts of rGO. The conductive properties of the composites and the 

interaction with water were evaluated. PC-12 cells, originating from rat pheochromocytoma, 

were cultured on PTMC-MA/rGO films to validate proper cell adhesion and proliferation on 

the composites. The results will give insights in the applicability of PTMC-MA/rGO 

composites as a material for NGC fabrication. 
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2 Materials and Methods 

2.1 Materials 

Trimethylolpropane, ammonium persulfate, phorphorus pentoxide, potassium permanganate, 

sulphuric acid (>98%), hydrogen peroxide solution (30% in water), hydrogen chloride solution 

(37%), stannous octoate, hydroquinone, methacrylic anhydride, Irgacure 2959 and 

triethylamine were purchased from Sigma Aldrich, Netherlands and were used as delivered. 

Fine graphite flakes were acquired from Alfa Aesar, Germany. Dichloromethane (>99.5%), 

chloroform (>99%) and ethanol (98%) were acquired from VWR chemicals, Belgium. 

Dimethylformamide (>99.5%) was purchased from Biosolve, Netherlands. TMC monomer 

was kindly provided by Huizhou Foryou Medical Devices, China. Millipore MilliQ water with 

a resistivity of 18.2 mΩ⋅cm-1 was used in all preparations. PC-12 cells (ATCC® CRL-1721™) 

F-12K Medium (Kaighn's Modification of Ham's F-12 Medium) (ATCC® 30-2004™) and 

Horse Serum (ATCC® 30-2040™) were ordered from ATCC, Germany. 

 

2.2 PTMC-MA synthesis and characterization 

Trimethylene carbonate (TMC) and the initiator trimethylolpropane (TMP) were heated under 

an inert environment, which resulted in the ring opening polymerization towards three armed 

poly(trimethylene carbonate) (PTMC). Stannous octoate (Sn(Oct)2) was used as a catalyst for 

the polymerization. Polymerization was performed at 130°C for 3 days. Functionalization with 

methacrylic anhydride (MA) was carried following methods described by Geven et al. [10]. 

TMC conversion and MA functionalization of PTMC chain ends were analyzed by proton 

nuclear magnetic resonance (1H-NMR). The polymer was precipitated in cold ethanol to 

remove traces of dichloromethane, triethylamine and unreacted MA and finally dried till a 

constant weight of the polymer was reached.  

 

2.3 rGO synthesis and characterization 

rGO was prepared with the top-down method in which graphite is oxidized, exfoliated and 

finally is reduced. The synthesis of GO was done following Hummer’s method as described in 

by Tung et al. [11], except the replacement of K2S2O8 for (NH4)2S2O8. GO was reduced using 

hydrazine monohydrate as a reducing agent, as described by Park et al. [12]. To determine if 
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the oxidation and reduction steps of the rGO synthesis were successful, Fourier transformed 

infrared spectroscopy (FTIR) was performed using the ATR-FTIR apparatus on dried graphite, 

GO and rGO powders that were compressed with the machines force gauge. Complementary 

on the FTIR data, X-ray photoelectron spectroscopy (XPS) was carried out to quantify the 

atomic composition of the powders. Measurements were performed with an energy resolution 

of 0.2 eV. To verify successful exfoliation of multi-layered graphite oxide to GO, atomic force 

microscopy (AFM) was performed on GO. 

 

2.4 PTMC-MA/rGO composite fabrication 

rGO was dispersed in DMF by sonication of 2 hours in order to create an even distribution of 

the rGO sheets in the DMF. PTMC-MA was dissolved in rGO/DMF with a known 

concentration until the desired ratio between PTMC-MA and rGO was reached (0, 0.5, 1, 2 and 

4 wt%). Precipitation in cold ethanol took place to remove the DMF solvent from the composite 

material. The PTMC-MA/rGO was dried under vacuum until no weight change was observed. 

The dried PTMC-MA/rGO was dissolved in chloroform to create a substance that could be cast 

with a casting knife. The photo-crosslinker Irgacure 2959 was added up to 2.5 wt% relative to 

PTMC-MA. The aimed thickness of the films was 100 µm after chloroform evaporation. After 

casting, the films were covered and the chloroform evaporated overnight in a fume hood. The 

films were dried overnight and subsequently crosslinked in an N2 environment using an UV-

crosslinker (Ultra-Lum Electronic Ultraviolet Crosslinker) at 365nm and 11 mW⋅cm-2 for 30 

minutes. The photo-crosslinked films were extracted in a series of Propylene 

carbonate/chloroform (volume ratio of 50/50 for one day, 75/25 for another day and the last 

day with pure ethanol) and subsequently dried in ambient conditions. 

 

2.5 Physical properties of PTMC-MA/rGO composites 

The degree of crosslinking of the PTMC-MA/rGO composites was determined by washing the 

films in chloroform for 7 days at room temperature. The chloroform was changed after 3 days. 

The degree of crosslinking was calculated using: 

 

G =  
(1−x)md

(1−x)mi
 · 100%      (1) 
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The weight fraction of the rGO in the PTMC-MA/rGO composite is x, the mass of the films 

after extraction and drying is md and the mass of the films prior to extraction is mi. 

Thermogravimetric Analysis (TGA) performed on TGA 7 Perkin Elmer was executed on the 

temperature range of 30°C to 500°C with a heating and cooling rate of 20°C/min.  

Water uptake by the PTMC-MA/rGO films was analysed by measuring the dry mass of the 

films and the mass after being submerged in Milli-Q water for 7 days at room temperature. The 

water uptake was defined using the following equation: 

 

WU =  
mw− md

md
 · 100%     (2) 

 

The mass of the wet PTMC-MA/rGO films is mw and the mass of dry films is md.  

The contact angle measurements were carried out with a volume of 2.7 µl and imaged using a 

CCD camera and analysis software.  

 

2.6 Conductive properties of PTMC-MA/rGO composite films 

Van der Pauw (VDP) measurements were performed using a 4 probe measuring station. For 

this experiment, square samples (25x25 mm) with uniform height were cut from the PTMC-

MA/rGO films. The contact points of the probes were located as close to the corner of the 

sample as possible. A bias current was applied on the films by two of the probes. The other two 

probes measured a voltage difference. The resulting IV curves were used to determine the 

resistance of the film. Following the following equations (3-5) the conductivity of the material 

could be determined: 

 

e
−π

Rhorizontal
RS + e

−π
Rvertical

RS = 1    (3) 

With Rhorizontal representing the average of two measurements in which the current applying 

probes were horizontally located from the voltage measuring probes and Rvertical the two 

measurements in which they are vertically orientated from one another. The sheet resistance is 

represented by Rs. Following equation 3, RS can be used to calculate the sample resistivity (ρ): 
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 ρ =  Rs · t  (4) 

 

With t as the sample thickness in cm. The resistivity of the sample is inversely related to the 

conductivity (σ) following equation 5: 

 

 σ = ρ−1  (5) 

 

The conductivity values were given and reported in S·cm-1. 

 

2.7 Mechanical properties of PTMC-MA/rGO composite films 

To determine the E-modulus of the different compositions of PTMC-MA/rGO films the Zwick 

Z020 universal tensile tester was used to follow the standard ASTM D882. The grip-to-grip 

separation was set to 25 mm and the crosshead speed was 50 mm/min. The films were strained 

until failure was achieved. The E-modulus was calculated by fitting a trend line in the elastic 

region of the stress/strain curve between 1 and 3% strain. 

 

2.8 PC-12 cell culture on PTMC-MA/rGO composites 

PC12 cells were cultured in standard culture conditions of 37°C and 5% CO2 using a F-12K 

medium supplemented with 15% Horse Serum (HS) and 2.5% Fetal Bovine Serum (FBS), 

according to providers instructions. PTMC-MA/rGO films were sterilized by soaking the films 

in 70% Ethanol and evaporating the ethanol in a sterile environment. PC-12 cells were statically 

seeded by pipetting cell suspension on the films. Seeding density was calculated to be 12,500 

cells/well. The samples underwent complete media change every 2-3 days. After 1 and 5 days 

the surfaces were lysed and cell pallets were analysed using the CyQUANT® cell proliferation 

kit according to manufacturer’s guidelines. 
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3 Results and discussion  

3.1 PTMC-MA characterization 

TMC conversion to PTMC was checked by comparing the TMC peak –CO–O–CH2–CH2–

CH2–O– at 4.46 ppm with the PTMC –CO–O–CH2–CH2–CH2–O– peak at 4.24 ppm on the 

NMR spectrum. The monomer conversion of approximately 99% was achieved. Next, the –

CH3 group of the initiator trimethylolpropane was compared to MA double bond proton peaks 

present at 5.57 ppm and 6.11 ppm. An average of 91% of functionalized chain ends could be 

observed.  

 

3.2 rGO characterization 

 

 

Figure 1 - Fourier transformed infrared (FTIR) spectrum of graphite, graphene oxide (GO) and 

reduced graphene oxide (rGO). The characteristic peaks in the spectrum of GO can be attributed to 

hydroxyl groups (±3700-2900 cm-1), carboxyl groups (±1700 cm-1), epoxygroups (±1200 cm-1) and 

carbon-oxygen single bond (±1000 cm-1). The lack of these peaks in the rGO and its resemblance to 

graphite suggest a thorough removal of oxygen groups during the reduction by hydrazine monohydrate. 

 

Figure 1 shows the FTIR spectrum is which the start material graphite, the intermediate product 

GO and the final product rGO were analysed. The presence of peaks in the GO spectrum that 

can be attributed to hydroxyl groups (±3700-2900 cm-1, indicated with a yellow band), carboxyl 

groups (±1700 cm-1), epoxy groups (±1200 cm-1) and carbon-oxygen single bonds (±1000 cm-

1) and indicate that oxidation by modified Hummers method was successful. The absence of 
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these peaks in the rGO spectrum also support that the chemical reduction with hydrazine 

monohydrate was efficient.  

 

 

Figure 2 - XPS spectra of GO (A) and rGO (B). As a result of the reduction with hydrazine, the dominant 

C–O peak in the spectrum of GO is greatly diminished in the rGO spectrum. 

 

Table 1. XPS analyses performed on graphite, GO and rGO 

Material Atomic % C Atomic % O C : O ratio Reference 

Graphite 97.53 ± 0.09 2.47 ± 0.09 39.5 This work 

GO 59.10 ± 0.18 38.71 ± 0.29 1.5 This work 

rGO 89.62 ± 0.24 6.15 ± 0.14 13.9 This work 

Dang et al. — — 13.8 [19] 

Atomic percentages are derived from the XPS signals. The C : O ratio of the GO shows that the modified 

Hummers' method performed in this work oxidized the graphite to a great extent. The subsequent reduction 

with hydrazine was also successful, increasing the C : O ratio to 13.9, only leaving approximately 6 atomic % 

of oxygen on the carbon sheet. 

 

Subsequently, an XPS analysis was performed on dried graphite, GO and rGO powders. 

Spectra of GO and rGO are shown in Figure 2. The spectrum of GO reveals the presence of C–

O bonds at 286.77 eV and C=O at 288.68 eV. The spectra of rGO show an increase of non-

oxygenated carbon bonds and a drastic decrease of oxygen groups, indicating that reduction 

took place on the surface of the GO flakes. The C : O ratio is often used in literature to describe 

the extent of oxidation of graphite and degree of GO reduction. Table 1 shows a summary of 

atomic composition and the C : O ratio of the different materials. The C : O ratio of 13.9 of the 

rGO indicates proper reduction of the oxygenated surface of the GO. 
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AFM was performed after the exfoliation of GO into fewlayered GO structures, prior to the 

reduction reaction. Figure 3 shows an AFM image and the corresponding height profile. With 

lateral sizes of the GO flakes in the micron and sub-micron range and the height profile in the 

nanometer range, the aspect ratio of the GO particles is approximately 750. This is in 

accordance with reports of aspect ratios of carbon fillers between 100 and 1000 [13]. High 

aspect ratios are keys when particles require a low percolation threshold when mixed in a 

polymer matrix [14]. 

 

 

Figure 3 – Imaging of GO flakes by atomic force microscopy and the resulting height profile of GO on 

a freshly cleaved mica surface. The lateral size of the GO flakes was in the µm range with flakes with 

a size of approximately 1 µm. The height profile of these flakes was showed that the flakes were close 

to 1.5 nm thick. This would be equivalent to bi-layer or three layer structures.    

 

3.3 Physical properties of PTMC-MA/rGO composites 

Information about the degree of crosslinking, water uptake, and rGO loading of the PTMC-

MA/rGO composites can be found in Table 2. All measurements were performed in triplicates. 

The degree of crosslinking was higher than 88% for all composite materials, with an exception 

for 4 wt% rGO containing films. PTMC-MA/rGO with 4 wt% rGO loading only showed 17% 

gelation and thus failed to create a crosslinked network. It is hypothesized that the UV light 

could not reach the MA end groups due to shielding by the high amount of rGO particles 

present in the composite. This hypothesis is supported by UV-VIS spectra presented by Yang 
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et al. [15] which show absorption of wavelengths in the UV-VIS range by rGO flakes in 

dispersion. These findings on gelation limits the amount of rGO that can be added to composite, 

when following the methods based on UV crosslinking.  

Water uptake by the composite films did not differ significantly from earlier findings of pristine 

PTMC,[16] regardless of their rGO content. When examining the hydrophobicity of rGO and 

pristine PTMC, similar contact angles were observed on flat surfaces indicating similar 

interaction with aqueous solutions.[16,17] Low water uptake of the PTMC-MA/rGO films also 

suggests that the degree of swelling of the material is low, which is a beneficial characteristic 

for a material aimed to be used for the preparation of NGCs. 

 

Table 2. Characteristics of PTMC-MA/rGO films with varying rGO content 

Composite type Degree of crosslinking, % Water uptake, wt% 

0 wt% rGO 92.02 ± 3.60 5.51 ± 0.88 

0.5 wt% rGO 89.35 ± 1.33 4.02 ± 1.16 

1 wt% rGO 89.38 ± 1.10 1.71 ± 1.11 

2 wt% rGO 88.09 ± 1.58 2.58 ± 0.29 

4 wt% rGO 17.32 ± 1.83 4.44 ± 1.63 

PTMC-MA/rGO composites up to 2 wt% rGO show excellent crosslinking with gel contents higher than 

88%. Increasing the rGO content to 4 wt% resulted in failure of network formation. The water uptake of the 

PTMC-MA/rGO films corresponded with earlier data from pristine PTMC-MA networks.[16] From these 

results, it can be concluded that increasing the rGO content of PTMC-MA/rGO composite films does not 

influence water uptake. 

 

3.4 Conductive properties of PTMC-MA/rGO composite films 

In order to characterize the conductive properties of the PTMCMA/rGO composites properly, 

an exact determination of the rGO content was needed, which can be found in Table 3. By 

means of TGA, it was confirmed that the 0, 2 and 4 wt% composite films contained rGO 

amounts in agreement with the aimed value (within a 95% confidence interval, two-tailed t-

test). This was not the case for the 0.5 and 1 wt% composite films. These showed a significant 
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Table 3 – Characteristics of PTMC-MA/rGO films with varying rGO content. TGA was used to 

determine the residual weight of the films at 500°C. This weight relates to the amount of rGO present 

in the composite.   

Group (aimed 

rGO loading) 

Residual weight at 

500°C, wt% 

Conductivity, S/cm Reference 

0 wt% rGO 0.40±0.34 5.99 × 10-5 This work 

0.5 wt% rGO 1.16±0.10a 5.91 × 10-5 This work 

1 wt% rGO 1.67±0.18a 1.55 × 10-4 This work 

2 wt% rGO 2.16±0.54 6.88 × 10-2 This work 

4 wt% rGO 4.09±0.33 7.74 × 10-2 This work 

Sayyar et al. 10 ~10-2 [18] 

Incorporation of more than 0.5 wt% rGO in the composite material resulted in conductive behavior. The 

percolation threshold of the rGO flakes produced in this study was determined to be between 1 and 2 wt% 

rGO content. Below 1 wt% rGO content, the conductivity of the composite was equal to that of pristine 

PTMC-MA and therefore too low to be measured precisely. At 2 wt% rGO content, after the percolation 

threshold was reached, the measured conductivity was 6.88 × 10
-2 S cm

-1. Increasing the rGO content to 4 

wt% did not change the conductive properties. *P < 0.05 as compared with the aimed rGO content, 

determined by a two-tailed t-test. 

 

discrepancy with the aimed value of rGO loading. Uneven dispersions of rGO in the PTMC-

MA matrix might be contributing to these findings. However, the low SD values of residual 

weight determined by TGA indicate that there was a high uniformity between the triplicate 

samples. The conductive properties were assessed with the four-probe van der Pauw method. 

The conductivities of all PTMC-MA/rGO films are shown in Table 3. A rapid increase of 

conductive properties is expected after the percolation threshold of the rGO particles is reached. 

The percolation threshold of the rGO that was produced in this work was reached between 1 

and 2 wt% rGO loading of the composite material. TGA analysis showed that the measured 

rGO concentrations of these groups were 1.67 and 2.16 wt% respectively. A conductivity of 

6.88 × 10-2 S cm-1 was measured for the films containing 2.16 wt% rGO. After the percolation 

threshold was reached, doubling the amount of rGO filler in the composite to approximately 4 

wt% did not result in a higher conductivity. Sayyar et al. prepared composites consisting of 

polycaprolactone and rGO and also measured conductivity values in the range of 10-2 S cm-1, 

by adding 10 wt% of rGO in their composites [18]. 
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3.5 PC-12 cell culture on PTMC-MA/rGO composites 

 

 

Figure 4 – PC-12 cell quantification by CyQUANT® cell proliferation assay kit on PTMC-MA/rGO 

films. All cell counts were significantly different from films without PC-12 cells after 5 days of 

incubation at 37°C and 5% CO2, except the culture on PTMC-MA/RGO with 4 wt% rGO incorporated. 

This indicates that cells remain viable on the composite films. The degree of cell proliferation could be 

analysed when comparing the results after 1 and 5 days of culturing. Films with 1 wt% and 4 wt% 

showed significant difference and thus provided statistical evidence of cell proliferation. Statistics were 

conducted using 2-way ANOVA. 

□ = P<0.05 relative to blank films at day 1; ■ = P<0.05 relative to blank films at day 5; ● = P<0.05 

relative to tissue culture (TC) plastic at day 5. * = P<0.05 between day 1 and day 5 cultures. 

 

The cell quantification by CyQUANT® cell proliferation assay kit of PC-12 cultures on 

PTMC-MA/rGO films with varying rGO content can be seen in Figure. 4. All cell counts were 

significantly different from films without PC-12 cells after 5 days of incubation at 37°C and 

5% CO2, except the culture on PTMC-MA/rGO with 4 wt% rGO content. Films with 1 and 4 

wt% of rGO showed a significant difference in cell number between day 1 and day 5, indicating 

cell proliferation. Although cell quantifications of cultures on PTMC-MA/rGO films with 0, 

0.5 and 2 wt% rGO also suggested proliferation of PC-12 cells, these increases were not 

statistically significant. Most importantly, the cell quantifications did not differ significantly 

between PTMC-MA/rGO films with varying rGO content. This indicates that the adhesion and 

proliferation of PC-12 cells are not affected by the presence of rGO within the range of 0 to 4 

wt%. This is in agreement with earlier work on polycaprolactone/rGO composites by Sayyar 

et al [18]. The significant difference between all cultures on PTMC-MA/rGO composites with 
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tissue culture plastic was unexpected, as literature reports behavior of PTMC-MA networks 

that is similar to tissue culture plastic [6]. The use of protein coatings like fibronectin have 

shown to provide better cell adhesion and proliferation  and might be a next step in the 

development of PTMC-MA/rGO composites as biomaterial for the preparation of NGCs. 

 

4 Conclusion 

In this paper we presented a method for the synthesis of functionalized poly(trimethylene 

carbonate) and reduced graphene oxide composites. The conductive filler rGO could be 

synthesized by a multistep oxidation followed by exfoliation by ultrasound and reduction with 

hydrazine monohydrate. Stable composite networks with up to 2 wt% rGO content could be 

fabricated using solution mixing in dimethyl formamide and subsequent UV crosslinking. The 

materials showed an increase in conductive properties after the percolation threshold was 

passed with the addition of 2 wt% rGO, and conductivity values of 6.88·10-2 S·cm-1 were 

measured. The PTMC-MA/rGO films proved biocompatible as adhesion and proliferation of 

PC-12 cells was shown by CyQUANT® cell proliferation assay kit. These results provide 

evidence that composite materials of PTMC and rGO have promising properties for an 

application for NGC’s to accelerate nerve regeneration. 
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Abstract 

The use of electrically conductive materials for the fabrication of nerve guide conduits has been 

shown to be a viable strategy to improve peripheral nerve regeneration. In the present study, a 

porous nerve guide based on a composite of poly(trimethylene carbonate) (PTMC) and reduced 

graphene oxide (rGO) with 2 wt% rGO relative to PTMC was prepared by dip-coating, photo-

crosslinking and leaching of NaF porogen particles. The conduit, which had a porosity of 73%, 

was used to bridge a 15 mm sciatic nerve gap in a pilot study in the rabbit. A porous PTMC 

conduit with the same porosity was used as a control. Macroscopic evaluation 6 weeks after 

implantation showed the formation of firm tissue in the PTMC/rGO nerve guide, whereas the 

tissue formed in the PTMC conduit lacked form stability. Histological analysis showed that the 

number of myelinated axons and the amount of collagen were higher in the PTMC/rGO nerve 

guide than in the PTMC conduit. The same differences were found in the respective distal nerve 

stumps. It is concluded that PTMC/rGO composite is an interesting material for the fabrication 

of conduits for peripheral nerve regeneration. 

 

1 Introduction 

The repair of peripheral nerve injuries is a remaining clinical problem, which requires a lot of 

efforts from both materials and biological sciences in order to be solved [1]. Autologous nerve 

grafts are considered as the gold standard to bridge peripheral nerve defects. However, this 

requires extra surgery and results in donor site morbidity. Therefore, a strategy for axonal 

regeneration was developed, based on the use of a nerve guide conduit to bridge the proximal 

and distal nerve stumps at the site of a defect [2]. Up to now, however, the recovery of nerve 

function by implantation of commercially available nerve guides is still not as good as obtained 

with autologous nerve grafts [3].  

Electrically conductive materials, including conductive polymers and composites of polymers 

with conductive fillers, are widely used in biomedical applications such as bone and neural 

tissue engineering [4, 5]. Conducting polymers such as polypyrrole (PPY), polyaniline (PAN), 

polythiophene (PTH) and poly(3,4-ethylene dioxythiophene) (PEDOT) are regarded as good 

candidates to improve neuronal cell function [6]. However, these polymers are mechanically 

brittle, affecting the suturability of conduits prepared from them. In addition, their application 

is limited due to long-term toxicity [7]. Regarding composites of polymers with conductive 
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fillers, gold and silver particles, carbon nanotubes and graphene nanosheets have been selected 

because of their high electrical conductivity and biocompatibility [8] [9] [10] [11]. As a type of 

graphene, reduced graphene oxide (rGO) has been successfully used for this application. 

Graphene oxide (GO) is first synthesized from graphite and subsequently thermally or 

chemically reduced to rGO. In this way, relatively large amounts of rGO can be obtained at low 

cost [12]. Several polymer/rGO composites were prepared, which showed both good electrical 

conductivity and biocompatibility in vitro [13][14][15]. Moreover, enhanced neuronal cell 

differentiation and signaling were observed on a polymer/rGO composite substrate in vitro [16]. 

However, in vivo nerve regeneration studies using rGO-based materials have hardly been 

reported. As recently shown by Wang et al., an rGO-coated electrospun fibrous nerve guide 

performed equally well as autologous nerve graft in a rat sciatic nerve gap model [17]. Hence, 

polymer/rGO composite nerve guides are expected to show good results in vivo as well.   

A functional nerve guide conduit should match several physical properties such as porosity, 

flexibility, a low degree of swelling and a proper degradation rate [18]. Using a polymer-based 

composite, the mechanical and swelling properties as well as degradation rate are mainly 

determined by the polymer matrix. Poly(trimethylene carbonate) (PTMC) is an amorphous 

polymer that is frequently used for soft tissue engineering [19]. Scaffolds prepared from 

crosslinked PTMC networks are flexible and elastic. Water uptake by hydrophobic PTMC is 

low, resulting in a low degree of swelling. The degradation rate can be tuned by varying the 

crosslink density [20] [21]. In contrast to e.g. poly(caprolactone) (PCL) and poly(lactic acid) 

(PLA), PTMC degrades by a surface erosion mechanism without the formation of acidic 

degradation products [22]. One of the main functions of a nerve guide is to protect the 

regenerating axons from invading cells from the environment, i.e. prevention of scar tissue 

formation. The wall of the conduit, however, should not be completely closed in order to sustain 

the delivery of nutrients and removal of cellular waste products. Particle leaching is an efficient 

way to make a porous structure, as previously reported by us concerning the preparation of 

porous tubular PTMC scaffolds for vascular tissue engineering [23].  

In a previous study, we prepared electrically conductive PTMC/rGO composite films by mixing 

an rGO dispersion with a PTMC solution. Photo-crosslinked PTMC/rGO films showed good 

biocompatibility with PC12 rat neuronal cells [24]. In the present study, a porous nerve guide 

conduit based on a PTMC/rGO composite was prepared by combined dip coating, photo-

crosslinking and particle leaching. Subsequently, the conduit was applied in a pilot study on 

nerve regeneration in a rabbit sciatic nerve gap model, using a porous PTMC conduit as a control. 
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2 Materials and methods 

2.1 Materials 

Trimethylene carbonate (TMC) was kindly provided by Huizhou Foryou Medical Devices Co., 

China. 1,1,1-Tris(hydroxymethyl)propane, stannous octoate, methacrylic anhydride, 

triethylamine, hydroquinone, Irgacure 2959, methylene blue and basic fuchsin were ordered 

from Sigma Aldrich, Netherlands. Dimethylformamide (DMF), dichloromethane (DCM), 

ethanol, chloroform and NaF particles (size range 1-106 m) were purchased from VWR 

chemicals, Netherlands. Propylene carbonate (PC), sodium pentobarbital, buprenorphine and 

penicillin were obtained from Merck, Netherlands.  

 

2.2 Preparation and characterization of photo-crosslinkable PTMC macromer, rGO and 

PTMC/rGO composite 

Three-armed PTMC was synthesized by ring-opening polymerization of TMC under argon 

atmosphere at 130 oC for 3 days [24]. 1,1,1-Tris(hydroxymethyl)propane and stannous octoate 

were used as initiator and catalyst, respectively. After dissolving the obtained PTMC in DCM, 

hydroquinone, triethylamine and methacrylic anhydride were added, and the mixture was 

reacted under argon protection at room temperature (RT) for 5 days in the dark [24]. Photo-

crosslinkable PTMC macromer was obtained by precipitation in cold ethanol and drying under 

vacuum at RT in the dark until constant weight. The molecular weight (Mn) and degree of 

functionalization of the PTMC macromer were determined by 1H-NMR spectroscopy using a 

Bruker Ascend 400/Avance III 400 MHz NMR spectrometer.     

rGO was prepared as previously described [24]. Briefly, GO was synthesized by a modified 

Hummers’ method and reduced to rGO using hydrazine monohydrate [25].  

PTMC macromer was dissolved in chloroform and 2 wt% rGO relative to PTMC was dispersed 

in DMF by sonication for 2 h in an ice bath. After mixing the PTMC solution and the rGO 

suspension at RT for 4 h, the mixed dispersion was precipitated in cold ethanol and the obtained 

PTMC/rGO composite was dried under vacuum at RT in the dark until constant weight. 
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2.3 Fabrication and characterization of PTMC and PTMC/rGO nerve guide conduits 

The nerve guide conduits were fabricated by dip-coating using a 3 mm diameter glass mandrel. 

In detail, 1g PTMC macromer or PTMC/rGO composite was dissolved in 10 ml chloroform and 

4.56 g NaF was added as a porogen, resulting in a theoretical porosity of 70%. After adding 

Irgacure 2959 (2 wt% relative to PTMC macromer) as a photo-initiator, the mixed dispersion in 

chloroform was transferred to a glass test tube. The mandrel was dip-coated 8 times into the 

dispersion to reach a layer thickness of around 1.5 mm. After each dip-coating, the mandrel was 

dried slowly by horizontal rotation for 5 min. In this way, a uniform layer thickness along the 

glass mandrel was obtained. After drying overnight in the dark to evaporate chloroform, the 

mandrel with polymer matrix was transferred to a UV cabinet and exposed under nitrogen flow 

for 1 h to light with a wavelength of 365 nm and an intensity of 8 mW/cm2. To ensure 

homogeneous crosslinking, the mandrel was turned 180 degrees after 30 min. A solution of 30 

ml chloroform and 70 ml PC was used to swell and detach the tubular structure from the mandrel. 

Moreover, the sol fraction was extracted in this solution, which was refreshed once. 

Subsequently, the tubular structure was immersed in ethanol which was refreshed several times, 

after which the structure was dried in air overnight. Finally, the NaF particles were leached in 

distilled water which was refreshed several times, after which the porous conduit was dried in 

air.  

The porosity of the PTMC and PTMC/rGO nerve guide conduits was calculated by the 

following equation,  

 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = [1 −
𝑚𝑑𝑟𝑦

𝑉𝑑𝑟𝑦×𝜌𝑃𝑇𝑀𝐶
] × 100%    

 

in which ρPTMC = 1.31 g/cm3 (the density of the PTMC/rGO composite was assumed to be the 

same), mdry is the dry weight of the sample and Vdry the sample’s bulk volume.  

The structure of the nerve guides was observed by scanning electron microscopy (SEM) using 

a JEOL JSM-IT100 microscope. Before observation, samples were coated with gold in a 

Cressington sputter coater 108 Auto set at 40 mA for 60 s.  

Water flux measurements were conducted using PTMC films with 70% porosity to reflect water 

permeance of the PTMC and PTMC/rGO nerve guide conduits. The porous PTMC films were 
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prepared in a similar way as described for the conduits. Instead of dip-coating, a PTMC 

macromer, Irgacure 2959 and NaF mixture in chloroform was cast on a glass plate. The photo-

crosslinked porous PTMC films had a thickness of around 0.4 mm. Circular pieces with a 

diameter of 26 mm were punched from the films and sealed in an Amicon cell 8003 with 0.9 

cm2 filtration area (Merck Millipore). MilliQ water was introduced to the films at different 

pressures. After obtaining a stable water flow, the weight of the permeating water was measured 

every 10 s for a minimum of 20 min. 

 

2.4 Implantation of PTMC and PTMC/rGO nerve guide conduits 

Two New Zealand white rabbits (female, 6 months, 3.5−4.5 kg) were used in this study with 

permission of the local ethical committee (Management Committee of Experimental Animals 

of Sichuan Province, China). Operations were carried out under general sterile conditions. All 

surgeries were conducted under general anesthesia by injection of sodium pentobarbital (30 

mg/kg body weight) in the marginal ear vein of the rabbits. Following skin incision, fascia and 

muscle groups were separated using blunt dissection, and a 15 mm long gap was created in the 

right sciatic nerve. Ethanol-disinfected PTMC or PTMC/rGO nerve guide conduits with a length 

of 20 mm were implanted to bridge the proximal and distal nerve segments, using a single 7-0 

nylon suture at each side. The muscle layer was re-approximated with 4-0 chromic gut sutures, 

and the skin was closed with 4-0 silk sutures.  

After surgery, the animals were intramuscularly given 0.1 mg buprenorphine for 2 days to 

relieve pain and penicillin (40 mg/kg) for 3 consecutive days to prevent infection. The animals 

were fed ad libitum in separate stainless steel cages, and were allowed to move inside their cages 

without restriction. They were kept at 20−25 °C and 50−60% humidity, experiencing a light 

cycle coinciding with daylight hours.  

 

2.5 Histological analysis 

After 6 weeks, the rabbits were sacrificed with a marginal ear vein injection of an excessive 

amount of sodium pentobarbital, and samples were collected for histological evaluation. Firstly, 

the explanted nerve grafts were fixed in 10% formalin. Then, the conduits were opened, taking 

care not to harm the regenerated tissue inside, which was dehydrated in a series of ethanol 

solutions and embedded in methyl methacrylate (MMA). After curing at 60 oC, the embedded 
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samples were trimmed and mounted on a diamond saw microtome (Leica SP-1600, Wetzlar, 

Germany). Sections of 20 m were obtained and stained with 1% methylene blue and 0.3% 

basic fuchsin for histological and morphometrical evaluations. This method was used in the past 

to stain peripheral nerve tissue [26]. A similar method based on toluidine blue and alkaline 

fuchsin was used by den Dunnen et al. in an in vivo study of peripheral nerve regeneration [27]. 

Regenerated nerve tissue was examined in the middle parts of the PTMC and PTMC/rGO nerve 

guide conduits. Moreover, samples were taken from the distal nerve stumps 5 mm outside the 

conduits. Samples from the non-operated sciatic nerve of each animal were taken as controls. 

From each section, 4 areas of 200×200 m were evaluated and the number of myelinated axons 

per area was quantified. A similar method was used by den Dunnen and Meek [28][29]. 

 

2.6 Statistical analysis 

Differences in the number of myelinated axons were evaluated by two-way ANOVA using 

GraphPad Prism. P<0.05 was considered statistically significant. 

 

3 Results and discussion 

3.1 Characterization of PTMC and PTMC/rGO nerve guide conduits 

The synthesized PTMC macromer had a Mn of 19 kg/mol and a degree of functionalization with 

methacrylate groups of 97%. Moreover, rGO was synthesized with a C:O ratio of 13.9. As 

described in our previous study [24], the conductivities of PTMC and PTMC/rGO composite 

with 2 wt% rGO were 5.99×10-3 S/m and 6.88 S/m, respectively. 

Macroscopic images of the PTMC and PTMC/rGO conduits are shown in Figures 1A and B, 

and SEM images of the respective cross-sections in Figures 1C and D. The presence of rGO is 

depicted by the black color of the composite nerve guide. The walls of both conduits showed a 

similar interconnected pore structure.  

As shown in Table 1, the inner diameter and wall thickness of both conduits were around 3 mm 

and 0.4 mm, respectively. Both porosity and pore size range were in line with the theoretical 

values of 70% and 1-106 m, respectively. Because of the alternating presence of large and 
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small pores (Figure 1), cellular infiltration through the walls of the conduits was anticipated to 

be unlikely. The aim of the porous walls was to facilitate the transport of nutrients and cellular 

 

Figure 1. Macroscopic and SEM images of PTMC (A,C) and PTMC/rGO (B,D) nerve guide conduits. 

The SEM images show cross-sections of the walls of the conduits . Scale bars in C and D are 50 m. 

 

waste products. This might be hampered by a hydrophobic nature of the polymer matrix [30]. 

However, a high water flux of 36,650 ± 1,280 L/m2.h at 0.1 bar was measured through porous 

PTMC films prepared in the same way. For comparison, Bettahalli et al. prepared porous PLA 

fibers with a water flux of 200 L/m2.h at 0.1 bar, which supported the growth of mouse pre-

myoblasts [31]. Hence, the tissue fluid permeability of the nerve guide conduits in the present 

study was considered to be sufficient for the intended application.     

 

Table 1. Parameters of the PTMC and PTMC/rGO nerve guide conduits. 

 PTMC PTMC/rGO 

Inner diameter, mm*  2.95 ± 0.11 3.02 ± 0.13 

Wall thickness, mm* 0.43 ± 0.07 0.36 ± 0.05 

Porosity, %*  71 ± 1 73 ± 1 

Pore size range, m 1-103 1-96 

*N=4. 



PTMC/rGO composite nerve guide conduit: An in vivo pilot study 

 73 

3.2 Implantation of PTMC and PTMC/rGO nerve guide conduits 

As shown in Figures 2A and B, the PTMC and PTMC/rGO conduits were successfully 

implanted in the rabbits without any difficulties. The nerve guides were properly sutured at the 

defect site by two stitches. Upon sacrifice of the animals after 6 weeks, the conduits were still 

in place at the defect site and no polymer and/or rGO was found to be present in the surrounding 

tissue, see Figures 2C and D. After opening of the nerve guides, shown in Figures 2E and F, 

different types of tissue were found. The tissue in the PTMC guide lacked form stability and 

was sagging downward, whereas the tissue in the PTMC/rGO guide was more firm and had a 

tubular appearance resembling a nerve. In contrast to the PTMC conduit, the PTMC/rGO 

conduit fragmented upon opening. This can be explained by the presence of rGO, diminishing  

 

 

Figure 2. Macroscopic images of PTMC and PTMC/rGO nerve guide conduits at implantation (A and 

B, resp.), 6 weeks after implantation (C and D, resp.), and after explantation and opening of the conduits 

(E and F, resp.).  
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UV light penetration during crosslinking, resulting in a lower crosslink density of the 

PTMC/rGO nerve guide as compared to the PTMC conduit. In future work, the crosslink density 

of PTMC/rGO nerve guides could be increased by using PTMC macromer with a lower 

molecular weight, resulting in a lower degradation rate [20].    

 

3.3 Histological analysis 

The tissues inside the PTMC and PTMC/rGO conduits were stained with methylene blue and 

basic fuchsin, showing non-myelinated axons in pale blue, myelinated axons in deep blue and 

collagen in red [26].  

 

Figure 3. Histological images of cross-sections of native sciatic nerve of the rabbit (A-D), regenerated 

tissue in the middle of the PTMC (E,G) and PTMC/rGO (F,H) nerve guide conduits, and the respective 

distal nerve stumps (I,K and J,L). Non-myelinated axons: pale blue (white arrows), myelinated axons: 

deep blue (black arrows), collagen: red. Encircled in white: clusters of (non-)myelinated axons 

surrounded by collagen. Scale bars are 50 m.  
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Figure 3 shows cross-sections of the native sciatic nerves, regenerated tissue in the middle of 

the conduits, and the distal nerve stumps. The native sciatic nerves (Figures 3A-D) were similar, 

with plenty of myelinated axons, also non-myelinated axons and collagen. Large differences 

were found between the tissues present in the middle of the nerve guides, as more myelinated 

axons and collagen were present in the PTMC/rGO conduit (F and H) than in the PTMC conduit 

(E and G). The same was found for the respective distal nerve stumps (J and L compared to I 

and K). As mentioned before, the regenerated tissue in the PTMC/rGO nerve guide was more 

form stable, which was probably caused by the higher amount of collagen present in this conduit 

as compared to the PTMC conduit. Both native sciatic nerves, the tissue present in the 

PTMC/rGO nerve guide as well as its distal nerve stump showed clusters of myelinated and 

non-myelinated axons surrounded by collagen, which were not seen in the PTMC conduit and 

its distal nerve stump. Hence, more nerve tissue had regenerated in the PTMC/rGO nerve guide 

than in the PTMC conduit, which resulted in a similar difference in the respective distal nerve 

stumps. 

 

 

Figure 4. Numbers of myelinated axons in native sciatic nerve of the rabbit, in regenerated tissue in the 

middle of PTMC and PTMC/rGO nerve guide conduits, and in the respective distal nerve stumps. Of 

each cross-section, 4 areas of 200×200 m were evaluated. *P<0.01, **P<0.001, ns: not significant. 
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As action potentials are most efficiently transported along myelinated axons, the numbers of 

myelinated axons were counted in cross-sections of the native sciatic nerves, regenerated tissue 

in the middle of the conduits, and  the distal nerve stumps (Figure 4). Whereas the numbers of 

myelinated axons were similar in the native sciatic nerves, they were significantly higher in the 

PTMC/rGO nerve guide than in the PTMC conduit. A similar difference of almost twice the 

amount was found for the respective distal nerve stumps. Compared to native sciatic nerve, the 

numbers of myelinated axons in the PTMC/rGO conduit and its distal nerve stump were 

significantly lower. Hence, during 6 weeks implantation in the rabbit, nerve tissue regenerated 

more extensively in the PTMC/rGO conduit, albeit not to the level of native sciatic nerve tissue.   

Although the sciatic nerve defect regenerated to a larger extent using the PTMC/rGO conduit 

as compared to the PTMC nerve guide, there were no differences observed between the rabbits 

with respect to movement of the operated legs. After 6 weeks, both rabbits were able to move 

their leg at the side of the sciatic nerve defect, but not as good as the un-operated side. This can 

be explained in three ways. (1) Nerve regeneration in the PTMC/rGO conduit had not reached 

the threshold level for undisturbed leg movement. (2) Regenerated axons had not innervated the 

target muscles. (3) Regenerated axons had innervated the target muscles but were mislocated. 

These possibilities or combinations thereof will affect movement control and walking behavior 

of the animals [32]. For future studies, it is recommended to increase the amount of 

implantations as well as the implantation time, and to include walking track analysis and 

electrophysiological measurements.    

 

4 Conclusion 

Porous nerve guide conduits based on PTMC or electrically conductive PTMC/rGO composite 

were prepared by dip-coating, photo-crosslinking and particle leaching. Nerve regeneration in a 

rabbit sciatic nerve gap model was found to increase using the PTMC/rGO conduit as compared 

to the PTMC conduit. It is concluded that PTMC/rGO composite is an interesting material for 

the fabrication of conduits for peripheral nerve regeneration.  
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Abstract 

Graphene-graft-polymer has been used to improve the compatibility between graphene and a 

polymer matrix, and to further enhance electrical, mechanical and biological properties of 

polymer/graphene composites. In this study, poly(trimethylene carbonate) (PTMC) was 

successfully grafted onto graphene surface via “grafting from” method.  Reduced graphene 

oxide (rGO) initiator was synthesized by azido ethanol reaction with graphene oxide (GO) at 

high temperature. This resulted in thermal reduction of the GO and stable hydroxyl groups on 

the graphene surface. Subsequently, rGO initiator was used for the ring-opening 

polymerization of TMC monomer. rGO-graft-PTMC composites with PTMC molecular 

weights of 430, 480, 2150 and 7030 g/mol were successfully synthesized using different 

amounts of TMC. Single layer graphene nanosheets remained after graft polymerization by this 

method. rGO-graft-PTMC dispersions in chloroform were stable. The rGO-graft-PTMC 

composites with PTMC molecular weights of 430-7030 g/mol had electrical conductivities 

ranging from 0.2-0.016 S/cm. To investigate the biocompatibility of rGO-graft-PTMC, PTMC-

based films containing rGO-graft-PTMC were prepared and used in cell culturing experiments. 

The composite films showed good biocompatibility with PC12 neuronal cells. It is concluded 

that rGO-graft-PTMC composite is a promising material for the preparation of nerve 

regeneration conduits. 

 

1 Introduction 

Peripheral nerve regeneration in the case of long-gap peripheral nerve damage remains a 

challenge [1][2]. At the moment there are three methods for the treatment of peripheral nerve 

injury. End-to-end suturing is the first method in which the two ends of nerve stumps are sewed 

together using a biodegradable suture. This method fails if the gap is too long. Then an 

alternative procedure, autologous nerve grafting can be applied. This is referred as the “gold 

standard” [3]. However, it comes with disadvantages as the number of donor nerves is limited 

and additional surgery is needed [4]. Hence, tubular nerve guide conduits have been developed 

to connect both nerve ends as a bridging device, providing a suitable environment for the 

regenerating nerve without scar tissue and compression from other tissues [5][6].  

To prepare such a nerve guide conduit, a material with controlled biodegradability and 

biocompatibility is needed. Poly(ethylene glycol) (PEG) [7], poly(ε-caprolactone) (PCL) [8], 
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poly(lactic acid) (PLA) [9] and poly(lactic-co-glycolic acid) (PLGA) [10] are well known 

polymers and have been used for the preparation of nerve guide conduits. Although promising 

results were obtained, these materials have drawbacks in terms of mechanical properties, 

degradation behavior and release of acidic degradation products, warranting the use of other 

polymers. Since nerve guide conduits are implanted by surgery it is required that the material 

can handle stress that occurs due to handling and suturing [11]. Additional properties are a low 

degree of swelling to reduce pressure on the nerve. Flexibility, permeability [12] and toughness 

[13] are required as well. Recently, poly(trimethylene carbonate) (PTMC) has attracted a lot of 

attention due to its excellent biocompatibility, surface degradation behavior and adjustable 

mechanical properties. Rubber-like PTMC can be synthesized by ring-opening polymerization 

of 1,3-trimethylene carbonate (TMC) and is already used for different biomedical applications 

[14]. For the fabrication of polymer structures such as nerve guide conduits, especially creep- 

and tear-resistant PTMC networks are interesting [15].  

Stimulation of neuronal cell growth and differentiation has been observed on electrically 

conductive interfaces. This initiated the use of electrically conductive materials in research on 

nerve regeneration [16]. Graphene in the form of graphene oxide (GO) and reduced graphene 

oxide (rGO) shows promising physical and chemical properties to promote neuronal cell 

growth [17][18]. Hence, graphene-based composites were used to fabricate nerve guide 

conduits which showed strong potential to restore nerve function [19-21].  In our previous 

study [22], rGO/PTMC composites showed electrical conductivity and facilitated the growth 

of neuronal cells. While preparing the graphene/polymer composites, however, irreversible 

aggregates of graphene layers formed due to van der Waals interactions [23]. This can be 

prevented by using functionalized graphene nanosheets in the form of graphene-graft-polymer 

[24].  Dispersion of graphene-graft-polymer in a polymer solution improves not only the 

processing ability but also the thermal stability and mechanical properties of the prepared 

structures [25-27]. “Graft to” and “Graft from” techniques have been used to synthesize 

graphene-graft-polymers. Generally, “Graft from” results in a higher graft density and is more 

likely to yield thin graphene sheets [28]. Graphene sheets with thermally stable hydroxyl 

groups, designated as rGO initiator, can be prepared by nitrene chemistry as reported by Gao 

[29]. In the present work, rGO-graft-PTMC composites with a varying PTMC content were 

synthesized by the ring-opening polymerization of TMC with rGO initiator. After physical and 

chemical characterization, including determination of electrical conductivity, the 
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biocompatibility of PTMC-based composite films was investigated by culturing experiments 

with PC12 neuronal cells.   

 

2 Materials and methods 

2.1 Materials 

Sulfuric acid (H2SO4, 98.0 %), phosphorus pentoxide (99 %), ammonium persulfate (98.0 %), 

potassium permanganate (99.0 %), hydrogen peroxide  solution (H2O2, 30 % in water), 

hydrochloric acid solution (HCL, 37 % in water), 2-chloroethanol (99 %), sodium azide 

(99.5 %), stannous octoate (Sn(Oct)2), 1- 4-(2-Hydroxyethoxy)-phenyl -2-hydroxy-2-methyl-

1-propane-1-one (Irgacure 2959) and magnesium sulfate (MgSO4) were purchased from Sigma 

Aldrich, The Netherlands. MgSO4 was dried in an oven at 160°C before use, the other 

chemicals were used as delivered. Graphite flake (natural, -325 mesh, 99.8 %) was acquired 

from Alfa Aesar, Germany. Diethyl ether, acetone, toluene and dichloromethane (DCM) were 

bought from VWR Chemicals, Germany. N-methyl-pyrrolidone (NMP) was purchased from 

Merck, Germany. TMC Monomer was kindly provided by Huizhou Foryou Medical Devices, 

China. PC12 cells (ATCC® CRL-1721™) were ordered from ATCC, Germany. RPMI-1640 

culture medium and horse serum were purchased from Sigma Aldrich. Fetal bovine serum and 

penicillin/streptomycin were obtained from Gibco. PrestoBlueTM Cell Viability Reagent was 

ordered from Thermo Fisher Scientific. 

 

2.2 Preparation of rGO initiator 

GO was synthesized by modified Hummers’ method [30], as described in detail in our previous 

study [22]. A nitrogen chemistry reaction was performed to obtain thermally stable hydroxyl 

groups on the surface of the graphene layers. Homemade azido ethanol was used, synthesized 

according to [31].  Briefly, a 1000 mL three-neck-round-bottom flask was fitted with a 

condenser. Sodium azide (97.5 g; 1.5 mol), deionized water (390 mL) and 2-chloroethanol 

(60.4 g; 0.75 mol) were added. The flask was heated to 75 °C in an oil bath and kept stirring 

for 96 hours. After cooling to room temperature, the product was extracted with diethyl ether 

(5 x 50 mL). The extract was dried over anhydrous MgSO4 overnight. After filtering and 

evaporation of diethyl ether, azido ethanol was obtained as a colorless oil. 
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Commonly, ring-opening polymerization of TMC is performed at high temperature in the bulk 

[32, 33]. Thus, for the synthesis of rGO-graft-PTMC, thermally stable hydroxyl groups are 

needed to initiate the ring-opening polymerization of TMC. Therefore, GO was not used as 

initiator but rGO initiator was synthesized according to the method by Gao et al. [34] as shown 

in Scheme 1. In detail, 500 mg GO and 200 mL NMP were put into a bottle. It was sonicated 

for 120 minutes (40 kHz, pre-experiments showed no formation of aggregates for this duration) 

and then placed in a 500 mL flask in an oil bath. After bubbling with nitrogen for 30 minutes, 

homemade azido ethanol (10 g) was added. The mixture was heated to 160 °C and kept at this 

temperature for 18 hours in argon atmosphere under constant stirring. During this step, GO was 

thermally reduced to rGO while reacting with azido ethanol to become rGO initiator. After 

cooling to room temperature, rGO initiator was separated by filtering the dispersion and 

washing with acetone. Finally, it was dried in a vacuum oven at room temperature until a 

constant weight was gained. 

 

2.3 Ring-opening polymerization of TMC with rGO initiator in toluene 

 

Scheme 1. Synthesis of rGO initiator and ring-opening polymerization of TMC with rGO initiator. 

Toluene was chosen to disperse rGO initiator and dissolve TMC for the ring-opening 

polymerization of TMC. Different amounts of TMC monomer (2.5, 5, 10 and 15 g), 0.05 g 

rGO initiator and 15 mL toluene were added into three-neck flasks and sonicated for 40 minutes. 

The dispersions were heated up to 80 °C in an oil bath and Sn(Oct)2 (0.02 mol/g monomer) 
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was added as catalyst. The temperature was increased to 110 °C and left to react for 4 days 

under argon atmosphere with vigorous stirring, see Scheme 1. After reaction, the flasks were 

cooled to room temperature and toluene was poured out. To remove homo PTMC and residual 

TMC monomer, the mixture was washed with DCM and rGO-graft-PTMC was separated by 

centrifugation at 5000 rpm for 10 minutes. This washing/centrifugation step was performed 5 

times. Pure rGO-graft-PTMC was obtained by drying in the vacuum oven at room temperature 

until all DCM was removed.  

 

2.4 Characterization  

Fourier-transform infrared spectroscopy (FTIR, PerkinElmer Spectrum Two) was used to 

characterize the chemical structure of GO, rGO initiator and rGO-graft-PTMC. 

Thermogravimetric analysis (TGA, PerkinElmer Pyris 1) of GO, rGO initiator and rGO-graft-

PTMC was performed with a temperature range from 50 °C to 550 °C and heating rate of 

20 °C/min under a nitrogen flow (20 mL/min). 

X-ray diffractometry (XRD) was conducted on a PANalytical X’Pert Pro with Cu-Kα radiation 

(λ=0.15405 nm) at 45 kV and 40 mA. 

X-ray photoelectron spectroscopy (XPS, Physical Electronics Quantera SXM) was performed 

using an Al Kα X-ray source (1486.6 eV) and a vacuum pressure of 2.10-8 Torr. Multipack 

v.9.8 software was used for data analysis. For all these characterizations, dried powders of GO, 

rGO initiator and rGO-graft-PTMC were used.   

 

2.5 Morphology 

High resolution scanning electron microscopy (SEM, Zeiss MERLIN HR-SEM) and 

transmission electron microscopy (TEM, Philips CM300ST-FEG) were applied to observe the 

morphology of rGO initiator and rGO-graft-PTMC. To prepare the samples, diluted rGO 

initiator and rGO-graft-PTMC dispersions (around 0.05 mg/mL) were prepared in chloroform 

and dropped on sample holders. 

2.6 Electrical Conductivity  

Electrical conductivity measurements were carried out by van der Pauw method [35, 36]. To 

prepare the samples, rGO initiator and rGO-graft-PTMC were firstly dispersed in chloroform 

with 40 minutes sonication below 30 °C. Then the dispersions were filtered using 0.2 µm pore 
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size filter paper to get thin films, which were dried in the air and cut into 5 mm width and 5 

mm length specimens with a graphene layer thickness of around 0.1 mm.  

 

2.7 Biocompatibility 

2.7.1 Preparation of PTMC-based composite films as substrates for cell culturing 

PTMC-based films containing either rGO-graft-PTMC or rGO initiator were prepared as 

follows. Photo-crosslinkable three-armed PTMC macromer with a molecular weight of 17,000 

g/mol, functionalized with methacrylate end groups (PTMC-MA) was synthesized as 

previously reported [15]. Suspensions of rGO-graft-PTMC (sample code 2.5, see Table 1) and 

rGO initiator in chloroform were sonicated for 2 hours. Subsequently, PTMC-MA and photo 

initiator Irgacure 2959 (2.5 wt% relative to PTMC-MA) were added to the dispersions. In both 

cases, the amount of rGO was 1 wt% relative to PTMC-MA. The mixtures were blended for 

30 minutes and casted on glass plates to form thin films. The composite films were dried in the 

dark for 1 day at room temperature and then irradiated with 365 nm UV light for 30 minutes. 

Also plain PTMC films were prepared as a reference. All films were extracted twice with 

propylene carbonate:chloroform (7:3) solvent mixture, washed with ethanol and dried. 

 

2.7.2 PC12 cell culturing  

PC12 rat neuronal cells were cultured on the PTMC/rGO-graft-PTMC, PTMC/rGO initiator 

and plain PTMC films to evaluate their biocompatibility. The films were punched into 1 cm 

diameter circular samples and placed in 48 well suspension culture plates not treated for cell 

culture. Next, the films were stabilized with 12 mm diameter rubber rings to avoid floating and 

sterilized with 70 % ethanol in a laminar flow hood. Empty wells were used as control. Samples 

for cell culturing were either non-coated or coated with 0.1 wt% gelatin solution (Sigma 

Aldrich) for 1 h before seeding the PC12 cells. Seeding density was 10,000 cells/cm2, all 

samples were n=4. Complete culture medium consisted of 420 mL RPMI-1640 medium, 50 

mL horse serum, 25 mL fetal bovine serum and 5mL penicillin/streptomycin. Standard culture 

conditions of 37 °C and 5 % CO2 were applied. Culture media were completely changed every 

2 days. At selected time points, PrestoBlue™ cell viability reagent was added to the culture 

medium directly after refreshing (0.1 vol PrestoBlue reagent to 0.9 vol culture medium). After 

incubation for 1h at 37 °C, the fluorescence was read on a Tecan plate reader using excitation 
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wavelength of 560 nm and emission wavelength of 590 nm. After refreshing the medium, the 

PC12 cells were cultured until the next time point. Using separate samples, live/dead staining 

of PC12 cells was performed at day 7. Samples were rinsed with PBS and incubated with 2 µM 

calcein-AM/4 µM ethidium homodimer-1 (Invitrogen) in PBS for 1 h at 37 oC. The samples 

were rinsed with PBS and images were taken using an EVOS FL Cell Imaging System. 

 

3 Results and discussion 

3.1 Synthesis and characterization of rGO-graft-PTMC 

 

 
Figure 1. TGA curves of GO, rGO initiator and rGO-graft-PTMC. 2.5, 5, 10 and 15 refer to the amount 

of TMC (g) used for polymerization. 

rGO-graft-PTMC was synthesized by ring-opening polymerization of TMC with rGO initiator 

in toluene. rGO initiator was used because of its thermal stability. Although there are large 

numbers of hydroxyl and carboxylic acid groups on the surface of GO, these groups are not 

thermally stable.  

Thermogravimetric analysis of GO, rGO initiator and different types of rGO-graft-PTMC was 

performed, as shown in Figure 1. GO was not thermally stable as mass loss started below 

110 °C due to loss of oxygen-containing groups like –OH and –COOH. Similar results were 
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reported by Stankovich et al. [36]. During synthesis of rGO initiator at 160 oC, these unstable 

groups were removed, GO was thermally reduced and at the same time azido ethanol was bound 

to the surface yielding rGO initiator. As shown in Figure 1, there was no significant mass loss 

of rGO initiator below 110 °C, indicating that it was suitable to be used for the ring-opening 

polymerization of TMC at 110 oC. Grafted PTMC chains were degraded from 150 °C to 340 °C. 

The degradation temperature of rGO-graft-PTMC increased with increasing PTMC content. It 

was also found that the grafted PTMC chains increased the thermal stability of graphene layers. 

All rGO-graft-PTMC samples started to degrade at a higher temperature than rGO initiator. 

Similar results were found by Fang et al [23]. It was assumed that the weight loss of all rGO-

graft-PTMC samples was completely due to decomposition of the PTMC chains. The initiator 

group content of rGO initiator as well as the PTMC content of the rGO-graft-PTMC composites 

could be estimated from the TGA measurements and were used to calculate the molecular 

weights of the grafted PTMC chains, as shown in Table 1. 

 

Table 1. Synthesis and analysis of rGO-graft-PTMC  

Sample code rGO 
initiator, g 

TMC 
mass, g 

rGO-graft-
PTMC, g 

Residual content 
at 500 °C, % 

M
PTMC

  by 

TGA, g/mol 

rGO-graft-PTMC 2.5 0.05 2.5 0.0729 54.5 430 

rGO-graft-PTMC 5 0.05 5 0.0680 51.6 480 

rGO-graft-PTMC 10 0.05 10 0.1407 19.3 2150 

rGO-graft-PTMC 15 0.05 15 0.6396 6.8 7030 

Initiator group content was 13.3 wt%, which was the weight loss of rGO initiator in the temperature 
interval between 240 °C and 420 °C [37]. 	MInitiator groups was N-CH2-CH2-OH’s molar mass which is 59 
g/mol. Average molecular weight of grafted PTMC chains (MPTMC) was calculated as follows. Mass500 °C 
was the residual carbon content which was regarded as graphene mass without initiator groups. Massstart 
was the weight of rGO-graft-PTMC used for the TGA measurement. 

n#$%&(mol) = n-./0/1023	432567(mol) =	
%17789:;:<;=>	?>=@AB
%89:;:<;=>	?>=@AB

=
%177CDD	°F	∗	

HI.I%
(HDD%LHI.I%)

%89:;:<;=>	?>=@AB
 .	

MassPQQ	°& = Mass70130 ∗ 	Residual	content	at	500	°C	(%).	
M#$%& =

%177B;<>;\%177CDD	°F
.]^_F

   (g/mol). 

 

Four kinds of rGO-graft-PTMC with different PTMC molecular weights were synthesized as 

shown in Table 1. With more monomer loading, the PTMC content and the molecular weight 
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of grafted PTMC chains increased. In addition, both parameters dramatically increased at a 

monomer feeding over 10 g, which can be explained by a more efficient polymerization at a 

higher monomer concentration. The average molecular weights of PTMC chains grafted on 

the rGO surfaces were calculated using the TGA data, see Table 1 and Figure 1.  The PTMC 

molecular weights of the 4 different rGO-graft-PTMC composites were 430, 480, 2150 and 

7030 g/mol, respectively. 

 

 

Figure 2. FTIR spectra (A) and XPS spectra (B) of GO, rGO initiator and rGO-graft-PTMC 2.5. 

 

FTIR spectroscopy was used to chemically characterize the synthesized GO, rGO initiator and 

rGO-graft-PTMC, as shown in Figure 2A. Typical GO curves showed a broad band from 2900 

to 3700 cm−1, which was the stretching peak of different hydroxyl groups. The peaks at 1716, 

1635, 1152 and 1030 cm−1 were due to stretching of C=O, C=C, C–OH and C–O bonds, 

respectively. rGO initiator curves showed that unstable hydroxyl groups (2900-3700 cm−1) of 

GO were removed during azido ethanol reaction at high temperature. The peak around 1586 

cm−1 belonged to C=C and the one at 1164 cm−1 referred to remaining C-OH groups. Similar 

peaks were reported for thermally reduced graphene [38]. The FTIR spectrum of rGO-graft-

PTMC showed C-O (1230 cm−1), C=O (1700 cm−1) and C-H (2900 cm−1) peaks referring to 

PTMC chains grafted on the surface of rGO initiator. 

XPS spectra of GO, rGO initiator and rGO-graft-PTMC are shown in Figure 2B. In contrast to 

GO, rGO initiator showed a strong nitrogen signal, indicating that azido ethanol was coupled 

to the graphene surface. As compared to rGO initiator, rGO-graft-PTMC showed a stronger 
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oxygen signal due to the presence of PTMC. The C, N and O atomic percentages of GO, rGO 

initiator and rGO-graft-PTMC are given in Table 2. As compared to GO, a significant nitrogen 

content was present in the case of rGO initiator. Thermal reduction of GO during synthesis of 

rGO initiator resulted in a strong decrease of oxygen content from 38.78 to 11.89 %, which 

increased to 20.80 %  upon graft polymerization of PTMC. The atomic percentages shown in 

Table 2 for rGO-graft-PTMC were determined after 5 times washing of the composite with 

DCM, in order to remove any adsorbed PTMC from the graphene surface. Additional 5 times 

washing of the rGO-graft-PTMC with DCM did not change the C, N and O atomic percentages 

(data not shown). Taken together, this demonstrates that PTMC was successfully grafted onto 

the rGO surface.  

 

Table 2. Atomic content of GO, rGO initiator and rGO-graft-PTMC as determined by XPS (n=4). 

Atomic content, % C N O 

GO 59.33 ± 0.16 0.18 ± 0.11 38.78 ± 0.25 

rGO initiator 82.28 ± 0.46 5.51 ± 0.28 11.89 ± 0.12 

rGO-graft-PTMC 2.5 75.42 ± 0.50 1.29 ± 0.21 20.80 ± 0.45 

 

XRD was used to verify exfoliation of graphene nanosheets in GO, rGO initiator and rGO-

graft-PTMC. As shown in Figure 3, the GO pattern showed a strong peak around 10.1o, 

indicating the presence of oxygen-containing structures formed during oxidation. This strong 

peak disappeared in the patterns of rGO initiator and rGO-graft-PTMC, which is in agreement 

with thermal reduction during the synthesis of rGO initiator. The rGO initiator pattern showed 

a broad peak around 24.9o, similar to the pattern for thermally reduced graphene oxide reported 

by Mishra et al. [39]. The absence of a strong peak in the rGO initiator pattern indicates that 

the GO nanosheets remained exfoliated during the nitrene chemistry reaction [23]. The rGO-

graft-PTMC pattern showed almost no visible peaks, suggesting stabilization of exfoliated rGO 

nanosheets during graft polymerization. Similar results were reported by Fang et al. [40]. 
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Figure 3. XRD curves of GO, rGO initiator and rGO-graft-PTMC 2.5. 

 

3.2 Dispersion behavior 

The dispersion behavior of GO, rGO initiator and rGO-graft-PTMC was investigated in water 

and chloroform, see Figure 4. The same concentration (0.5 mg/mL) was used for all samples. 

GO could be dispersed very well in water due to the large amount of hydroxyl groups resulting 

in its hydrophilic character. rGO initiator was not able to form a stable dispersion in water due 

to its relatively high hydrophobicity [41]. rGO-graft-PTMC could not be dispersed at all in 

water due to the hydrophobic PTMC chains on the graphene surface. In contrast to GO, rGO 

initiator and rGO-graft-PTMC could be stably dispersed in chloroform, which is a nonpolar 

solvent. To prepare a polymer/graphene composite, rGO initiator or rGO can easily form 

aggregates when it is mixed with polymer at a relatively high concentration. Grafted polymer 

chains on the surface of graphene increase the compatibility of the graphene with the polymer 

[42]. In the present study, grafting of PTMC chains on the surface of rGO nanosheets was 

applied to prepare homogenous PTMC/rGO-graft-PTMC composites using chloroform as a 

solvent. 
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Figure 4. Dispersion behavior of GO, rGO initiator and rGO-graft-PTMC 2.5 in water and 

chloroform 

 

3.3 Morphology  

The morphology of rGO initiator and rGO-graft-PTMC was investigated using both SEM and 

TEM. As shown in Figure 5A, the surface of rGO initiator was relatively smooth and clean. 

The surface of rGO-graft-PTMC was rough due to the presence of a lot of PTMC particles 

(Figure 5B). This again proved that PTMC chains were successfully grafted on the surface of 

the rGO nanosheets. As shown in Figure 5C and D, single nanosheets of rGO initiator and 

rGO-graft-PTMC were present. Thus, single layer rGO nanosheets remained during the 

synthesis of graphene-graft-polymer. 
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Figure 5. SEM images of rGO initiator (A) and rGO-graft-PTMC 2.5 (B), TEM images of rGO 

initiator (C) and rGO-graft-PTMC 2.5 (D), scale bar is 2 µm. 

 

3.4 Conductivity 

Electrical conductivity as the most important property of graphene derivatives was 

characterized as well, see Table 3. The electrical conductivity of graphene-based materials is 

related to their carbon content. In our case, a higher residual content at 500 oC indicates a higher 

amount of rGO in the rGO-graft-PTMC composites. As rGO initiator was thermally reduced, 

it showed a relatively high conductivity of 1.59 S/cm, close to the value reported for highly 

reduced graphene oxide [43].  Regarding rGO-graft-PTMC, the conductivity values decreased 

from 0.2 to 0.016 S/cm with decreasing rGO content. It was noticed that the rGO-graft-PTMC 

15 sample with 6.8 wt% graphene showed a similar conductivity (~10−2 S/cm) as reported for 

PCL/rGO composites with 10 wt% graphene [44]. This rGO-graft-PTMC with high PTMC 

content could be directly used or further processed as a PTMC/rGO-graft-PTMC composite for 

the preparation of nerve guide conduits. 
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Table 3. Conductivity of rGO initiator and rGO-graft-PTMC 

Sample Residual content at 
500 °C, % 

Conductivity, 
S/cm 

Reference 

rGO film (hydrazine- 
reduced) 

- 2.53  [43] 

rGO initiator (thermally 
reduced) 

78.2 1.59 This work 

rGO-graft-PTMC 2.5 54.5 0.20 This work 

rGO-graft-PTMC 5 51.6 0.158 This work 

rGO-graft-PTMC 10 19.3 0.044 This work 

rGO-graft-PTMC 15 6.8 0.016 This work 

 

3.5 Biocompatibility 

 

 

Figure 6. PC12 cell viability on non-coated (A) and gelatin-coated (B) culture plates, PTMC, 

PTMC/rGO initiator and PTMC/rGO-graft-PTMC composite films after 1, 3 and 7 days of culturing. 

The data were analyzed by two-way ANOVA. ***p<0.001, ns: no significant difference. As graphene-

graft-polymer, rGO-graft-PTMC 2.5 was used. 
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To investigate the biocompatibility of rGO-graft-PTMC, PC12 cells were cultured on non-

coated and gelatin-coated PTMC/rGO-graft-PTMC composite films. Plain PTMC films and 

PTMC/rGO initiator composite films were tested as well, and wells of non-tissue culture-

treated culture plates were used as control. As shown in Figure 6A for non-coated surfaces, 

there were no differences in cell viability on all surfaces up to 3 days of culturing. On day 7, 

however, cell viabilities on the PTMC-based films were higher than on the culture plate. 

Moreover, cells cultured on PTMC/rGO-graft-PTMC films showed a significantly higher cell 

viability as compared to cells cultured on PTMC and PTMC/rGO initiator films. Also for 

gelatin-coated surfaces (Figure 6B), there were only differences in cell viability on day 7. In 

this case, cell viabilities on the PTMC-based films were similar, and significantly lower than 

on the culture plate. 

These results were confirmed by live/dead imaging of the cells on day 7. As shown in Figure 

7, a very low amount of dead cells was observed on all surfaces. In the case of non-coated 

surfaces, relatively low amounts of cells were observed on the culture plate and on PTMC/rGO 

initiator film, whereas cell numbers on PTMC and especially PTMC/rGO-graft-PTMC films 

were higher. All gelatin-coated surfaces showed high cell numbers, with the highest amount of 

cells on the culture plate. These results indicate that rGO-graft-PTMC composite is 

biocompatible and suitable for future application in peripheral nerve regeneration. 

 

 

Figure 7. Live/dead staining of PC12 cells on non-coated (top) and gelatin-coated (bottom) culture 

plates, PTMC, PTMC/rGO initiator and PTMC/rGO-graft-PTMC composite films after 7 days of 

culturing. Green: live cells, red: dead cells. Scale bar 400 µm. 
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4 Conclusion 

rGO-graft-PTMC was successfully synthesized by ring-opening polymerization of TMC with 

rGO initiator. During synthesis of rGO initiator by reaction of GO with azido ethanol at high 

temperature, the GO was thermally reduced. Different PTMC chain lengths were obtained by 

using different amounts of TMC monomer in the ring-opening polymerization. During the 

various steps of this method, single layer graphene nanosheets remained. rGO-graft-PTMC was 

electrically conductive and biocompatible in culturing experiments with PC12 neuronal cells. 

It is concluded that rGO-graft-PTMC composite is a promising material for the preparation of 

nerve regeneration conduits. 
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Abstract  

One of the key challenges for neural tissue engineering is to exploit functional materials to 

guide and support nerve regeneration. Currently, reduced graphene oxide (rGO) which is well-

known for its unique electrical and mechanical properties has been incorporated into 

biocompatible polymers to manufacture functional scaffolds for nerve tissue engineering. 

However, rGO has poor dispersity in polymer matrix, which limits its further application. Here, 

we replaced rGO with rGO-graft-PTMC. The rGO-graft-PTMC was firstly prepared by 

grafting trimethylene carbonate (TMC) oligomers onto rGO. And then, PTMC/rGO-graft-

PTMC composite fibrous mats were fabricated by electrospinning of a dispersion of PTMC 

and rGO-graft-PTMC. The loading of rGO-graft-PTMC could reach up to 6 wt% relative to 

PTMC. Scanning electron microscopy (SEM) images showed that the morphologies and 

average diameters of PTMC/rGO-graft-PTMC composite fibrous mats were affected by the 

content of rGO-graft-PTMC. Additionally, the incorporation of rGO-graft-PTMC resulted in 

enhanced thermal stability and hydrophobicity of PTMC fibers. Biological results 

demonstrated that PC12 cells showed higher cell viability in PTMC/rGO-graft-PTMC fibers 

of 1.2% and 6.0 wt% rGO-graft-PTMC compared to pure PTMC fibers. These results 

suggested that PTMC/rGO-graft-PTMC composite fibrous mats hold great potential as 

conduits for neural tissue engineering. 

 

1 Introduction 

Peripheral nerve injuries cause pain, disability, and economic burden in many affected 

individuals [1]. Each year around 300,000 people of working age in Europe suffer a peripheral 

nerve injury, and less than half of patients regain full function after treatment [2]. To date, the 

gold standard to repair nerve injury where nerve gap is larger than approximate 3 cm is 

autologous nerve grafting. However, this technique shows some major drawbacks, including 

limited supply of donor nerves, requiring an extra surgery, and sacrificial a healthy nerve [1, 

3-5]. In recent years, advances have been made to engineer artificial nerve guidance conduits 

composed of synthetic, natural or composite polymers systems [6, 7]. Nerve guide conduits 

could be manufactured via numerous approaches, such as extrusion, solvent casting, 3D 

printing, electrospinning, and phase separation [8]. Among these approaches, electrospinning 

shows superior advantage in terms of producing micro/nanofibers. As a simple and low-cost 

technique, electrospinning offers the ability to use a wide range of biomaterials, including 
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natural and synthetic polymers. For example, silk, gelatin, poly (caprolactone) (PCL), poly 

(lactic acid) (PLA), and poly (lactic-co-glycolic acid) (PLGA) have been electrospun to fibrous 

scaffold for nerve regeneration [9-11]. Moreover, electrospun scaffolds have large surface-to-

volume ratio and their fibrous structure resemble native extracellular matrix [12]. 

Poly (trimethylene carbonate) (PTMC) is a biocompatible rubber-like polymer which has been 

shown to degrade by surface erosion without formation of acidic products [13]. For this reason, 

such elastomeric polymer has been evaluated as scaffolding materials for regenerative 

medicine and tissue engineering application [14-16]. To date, little work is reported about the 

fabrication of PTMC fibers using electrospinning technique. Reduced graphene oxide (rGO) 

and its family have drawn enormous attention in recent years due to its many interesting 

properties such as high charge carrier mobility, large theoretical specific surface area and 

excellent mechanical properties [17]. It has been demonstrated that electrically conductive 

surface could promote neuron cell growing, differentiation and signaling [18]. In this context, 

rGO has been extensively integrated with various polymers as scaffolding materials for nerve 

tissue engineering [19, 20]. For example, Aznar-Cervantes used silk fibroin/rGO composite to 

prepare conductive fibrous scaffold for promoting PC12 cells [21]. In our previous study, 

PTMC/rGO composite film was prepared by casting and showed a potential application in 

nerve regeneration [22]. However, rGO/polymer composites tend to become inhomogeneous 

as the concentration of rGO increases leading to a sacrificial performance. This problem could 

be solved by using functionalized graphene which would significantly reduce the enthalpic 

interaction [23]. It has been demonstrated that polymer-functionalized graphene could improve 

the performance of polymer/graphene composites [24, 25].   

In the present work, a biocompatible and flexible fibrous scaffold was fabricated by 

electrospinning of a dispersion of PTMC and rGO-graft-PTMC. rGO-graft-PTMC was first 

prepared by grafting trimethylene carbonate (TMC) oligomers onto rGO. The benefits of such 

functionalization were in three ways. Firstly, it was expected to increase the loading amount of 

rGO into electrospun polymer fiber matrix. Secondly, it was carried out in an attempt to 

improve the interfacial adhesion with the PTMC fiber matrix. Thirdly, rGO fraction was 

present in composite fibers without an extra post-reduction process. The properties, such as 

hydrophilicity, fiber dimension, and fiber morphology of PTMC/rGO-graft-PTMC mats were 

characterized, and the cytocompatibility of PC12 cell line was investigated. 
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2 Materials and methods 

2.1. Materials 

TMC Monomer was kindly provided by Huizhou Foryou Medical Devices. Sulfuric acid 

(H2SO4), hydrochloric acid (HCl) solution, phosphorus pentoxide, ammonium persulfate, 

potassium permanganate, hydrogen peroxide solution, 2-chloroethanol, sodium azide, Tin(II)-

2-ethylhexanoate (Sn(Oct)2), and magnesium sulfate (MgSO4) were purchased from Sigma 

Aldrich, The Nederlands. Graphite flake (natural, -325 mesh) was acquired from Alfa Aesar, 

Germany. Diethyl ether, acetone, toluene, dimethylformamide (DMF), chloroform and 

dichloromethane (DCM) were bought from VWR Chemicals, Germany. N-methyl-pyrrolidone 

(NMP) was purchased from Merck, Germany. Homemade azido ethanol was synthesized by 

reacting 2-chloroethanol and sodium azide according to previous study [26]. All the reagents 

and chemicals were of analytical grade and used without further purification unless otherwise 

stated. 

 

2.2. Synthesis of PTMC and rGO-graft-PTMC 

High molecular weight linear PTMC was synthesized by ring opening polymerization TMC as 

described in our previous study [27]. Briefly, ring opening polymerization of TMC was 

performed in a bulk condition with Sn(Oct)2 as catalyst at 130 °C under argon atmosphere for 

2 days. The molecular weight of PTMC was determined by gel permeation chromatography. 

To synthesize rGO-graft-PTMC, rGO initiator was firstly prepared using a nitrene chemistry 

method [28]. Briefly, GO (0.5 g) was dispersed in NMP (200 mL) by sonication for 2 h 

followed by addition of azido ethanol (10 g). GO was then thermal reduced into rGO and 

reacted with azido ethanol at 160 °C under argon atmosphere. The product of rGO initiator was 

obtained by purifying the reaction mixture with acetone and subsequently dried in vacuum 

oven at room temperature for further use. rGO-graft-PTMC was synthesized by ring opening 

polymerization of TMC (5 g) in toluene (15 mL) with rGO initiator (0.05 g) under argon 

atmosphere. Sn(Oct)2 (0.02 mol/g monomer) was used as a catalyst and reaction was performed 

at 110 °C for 4 days. After cooling to room temperature, the sedimentation in the reaction flask 

was a mixture of homo PTMC and rGO-graft-PTMC. Toluene was removed, and the mixture 

was redispersed in DCM followed by centrifugation at 5000 rpm for 10 min to remove homo 
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PTMC. This purification step was repeated for 5 times. The final rGO-graft-PTMC was dried 

in vacuum oven at room temperature.  

 

2.3. Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA) 

FTIR spectroscopy (PerkinElmer, Spectrum Two, UK) was performed to characterize the 

chemical structure of PTMC, GO, rGO initiator, and rGO-graft-PTMC. TGA was used to 

characterize thermal stability and graphene loading content of PTMC/rGO-graft-PTMC 

composite fibers. The measurements were examined over a temperature range of 50 °C to 

550 °C at a heating rate of 20 °C/min and a nitrogen flow of 20 mL/min. 

 

2.4. Electrospinning  

PTMC (2.5%, w/v) was dissolved in chloroform/DMF (v/v=9/1) and used for electrospinning 

to obtain PTMC fibers. To prepare PTMC/rGO-graft-PTMC fibers, a dispersion of rGO-graft-

PTMC was firstly prepared by dispersing of rGO-graft-PTMC into a chloroform/DMF 

(v/v=9/1) solvent mixture with ultrasonication for 2 h. At mean time, a PTMC solution was 

prepared as mentioned above. PTMC solution and rGO-graft-PTMC dispersion of different 

proportions were then mixed to make mixtures with different weight ratios of rGO-graft-PTMC 

to PTMC, and the final concentration of PTMC in mixtures was kept constant at 2.5% (w/v). 

The resultant mixtures were stirred for 24 h to obtain homogenous dispersion before 

electrospinning. For electrospinning, PTMC or PTMC/rGO-graft-PTMC solutions were placed 

into a 5 mL standard syringe equipped with a 27G blunted stainless steel needle using a syringe 

pump at a rate of 1.0 mL/h with an applied voltage of 15 kV. The working distance from the 

tip of spinneret to aluminum plate collector was set at 20 cm.  

 

2.5. Scanning electron microscopy (SEM) imaging  

Surface morphology of electrospun scaffolds was examined by secondary electron SEM (JSM-

IT100, JEOL). Prior to SEM imaging, samples were gold sputtered with a Cressington Sputter 

Coater 108 Auto set at 30 mA for 60 s. For backscattering electron SEM, electrospun fibers 

were directly deposited on a carbon-coated (100-A) copper microscope grid for 5 s and then 

observed by a Zeiss MERLIN HR-SEM.  
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2.6. Fiber diameter and porosity of scaffolds  

The average fiber diameter and fiber diameter distribution were determined by measuring at 

least 15 fibers and 50 segments in one SEM image, and five images were used for each scaffold 

using Adobe Photoshop CS4. Porosity of scaffolds were calculated using the following equation 

[12]:  

	

𝑝 = $1 −
𝜌′

𝜌°
) × 100% 

	

Where p is the porosity of scaffold porosity, ρ' is the apparent density of scaffold, and ρ° is the 

bulk density of polymer materials. 

 

2.7. Contact angle measurements 

The wettability of electrospun scaffolds was investigated by sessile drop technique using an 

optical contact angle device (OCA15, Dataphysics, Germany). Sessile milli-Q water drop was 

deposited onto sample surface with a syringe, and the drop contour was fitted by the Young-

Laplace method. At least 3 different static contact angle measurements were performed for 

each sample.  

 

2.8. Cell culture and Cell seeding 

PC12 cells (ATCC® CRL-1721™, Germany) were expanded in T-175 flask and cultured in 

complete culture medium, comprising RPMI-1640 medium (Sigma Aldrich), 10% horse serum 

(Gibco), 5% fetal bovine serum (Gibco), and 100 U/mL penicillin and 100 mg/mL 

streptomycin (Gibco). The culture medium was refreshed every two days, and cells were 

allowed to grow until the culture reached at approximately 80% confluence.  

Electropsun mats were punched into discs of 1 cm diameter followed by washing with ethanol 

for 3 times.  After washing, samples were placed in 48-well plates, and rubber O-rings were 

placed on the top of them to avoid floating samples. For sterilization, samples were immersed 

in 70% ethanol for 10 min and rinsed with PBS for 2 times. After that, samples were soaked in 
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0.1 wt% gelatin solution for 1 h before cell seeding. PC12 cells were seeded on electrospun 

samples at a density of 10000 cells/cm2. Cell-scaffold constructs were cultured in complete 

culture medium in an incubator with 5% CO2 humid atmosphere at 37 °C up to 7 days. Cell 

culture medium was refreshed every two days. 

 

2.9. Cell viability 

Cell viability was tested by using PrestoBlue™ Cell Viability Reagent (Thermal fisher). Briefly, 

at each time point, cell culture medium in sample plates was replaced with fresh cell culture 

medium containing 10% (V/V) PrestoBlueTM reagent, and the sample plates were incubated at 

37 °C for 1 h avoiding light. Fluorescence intensity was measured using a Tecan plate reader 

(560/590 nm excitation/emission).  

 

2.10. Statistical analysis 

All data points were expressed as mean ± standard deviation. Statistical comparison was 

determined using GraphPad Prism 5.01 (GraphPad software, San Diego, USA) for windows. 

Two-way analysis of variance (ANOVA) was performed to compare cell viability. 
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3 Result and discussion 

3.1. Preparation of PTMC and rGO-graft-PTMC  

 

 

Figure 1. Synthesis scheme of (A) PTMC and (B) rGO-graft-PTMC 

 

High molecular weight PTMC was prepared by ring opening polymerization. The synthesis 

route and PTMC formula were shown in Figure 1A. The obtained PTMC had an average 

molecular weight of 500,000 g/mol. To synthesize rGO-graft-PTMC, rGO initiator with 

thermal stable hydroxyl groups was first prepared and subsequently used to initiate ring-

opening reaction of TMC as shown in Figure1B.  The chemical structure of PTMC and rGO-

graft-PTMC was verified by FTIR spectra (Figure 2). Stretching vibration of –CH2– (2971 and 

2909 cm−1) and C=O (1700 cm−1 ) were observed in PTMC [29]. A broad band peak from 2900 

to 3700 cm−1 were reflected by strong stretching of different hydroxyl groups in GO, and C=C 

stretching peak at 1635 cm−1 was also observed. The disappearance of unstable hydroxyl 

groups (2900-3700 cm−1) in rGO due to the reaction of azido ethanol with GO in NMP at high 

temperature. rGO-graft-PTMC had the stretching peaks at 1230 cm−1, 1700 cm−1, and 2900 

cm−1 which were assigned to the bands of C-O, C=O, and C-H in PTMC, respectively. Taken 

together, these results demonstrated that GO was thermally reduced into rGO initiator, and 

PTMC was successfully grafted on rGO surface.  
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Figure 2. FTIR spectra of PTMC, GO, rGO initiator, and rGO-graft-PTMC. 

 

3.2. Fabrication of PTMC fibers and PTMC/rGO-graft-PTMC composite fibers 

rGO has been integrated with electrospun fiber matrices, such as silk, polyvinyl  

polyvinylpyrrolidone, and polyacrylonitrile [30, 31]. However, an extra post-reduction process 

of GO is always required in these cases. In the present work, we fabricated rGO-based 

composite fibers without an extra post-reduction process via electrospinning of a dispersion of 

PTMC and rGO-graft-PTMC. Macroscopic view of PTMC/rGO-graft-PTMC composite fibers 

with various rGO-graft-PTMC content was shown in Figure 3.  
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Figure 3. Macroscopic view and corresponding SEM images of PTMC fibers and PTMC/rGO-graft-

PTMC composite fibers with rGO-graft-PTMC weight percent of 0.6%, 1.2%, 2.4%, 4.0%, and 6.0% 

relative to PTMC content.    
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Figure 4. Distributions of fiber diameters of PTMC fibers (A) and PTMC/rGO-graft-PTMC composite 

fibers with rGO-graft-PTMC weight percent of (B) 0.6%, (C)1.2%, (D) 2.4%, (E) 4.0%, and (F) 6.0% 

relative to PTMC content. 

 

Pure PTMC fiber mats were milk white. After introduction of rGO-graft-PTMC, the fibrous 

mats became gray. As the concentration of rGO-graft-PTMC increased, the fibrous mats 

gradually turned black. Previous studies have demonstrated that the morphology of electrospun 

fibers is depended on various parameters such as working distance, applied voltage, flow rate, 

ambient humidity, and solution properties (eg. viscosity, polymer concentration, and surface 

tension) [12, 32]. To know the influence of rGO-graft-PTMC content on fiber morphology, 

secondary electron SEM micrographs were acquired at different magnifications (Figure 3). The 

SEM micrographs showed a framework composed of randomly oriented fibers. When the 

portion of rGO-graft-PTMC increased from 0 to 4.0%, homogeneous and smooth fiber 

morphology was observed. As the weight ratio reach up to 6.0%, the fibers presented a 

heterogeneous morphology with an increase in fiber interconnection. Figure 4 shows the 

average fiber diameter and diameter distribution of electrospun mats. A similar average fiber 

diameter (around 1.3 µm) was detected with the concentration of rGO-graft-PTMC no higher 

than 4.0%. When the weight ratio was further increased to 6.0%, the average fiber diameter 

apparently increased (1.8 µm) and the variations of fiber diameter became larger as well. The 

porosity of electrospun fiber mats was summarized in Table 1. Generally, the obtained 

electrospun mats had a highest porosity from 84 ± 4% to 95 ± 2%.  
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Table 1. The porosity of PTMC fibers and PTMC/rGO-graft-PTMC composite fibers with various 

rGO-graft-PTMC content. 

Samples  porosity 

PTMC 95 ± 2% 

0.6% 92 ± 1% 

1.2% 84 ± 4% 

2.4% 89 ± 1% 

4.0% 93 ± 1% 

6.0% 86 ± 2% 

N=4 

 

 

Figure 5. Backscattering images of fibers. (A) pure PTMC fibers. (B) rGO-graft-PTMC/PTMC fibers 

with 4.0 wt% rGO-graft-PTMC relative to PTMC content. 

 

Backscattering electron SEM imaging has been used to investigate phase morphology of 

polymer blends [33]. To investigate the presence of rGO-graft-PTMC in PTMC/rGO-graft-

PTMC composite fibers, backscattering electron SEM imaging was carried out for both PTMC 

and PTMC/rGO-graft-PTMC fibers. As shown in Figure 5A, the pure PTMC fibers present a 

smooth single-phase surface morphology. Bright spots on PTMC/rGO-graft-PTMC composite 

fibers were regarded as the rGO-graft-PTMC which was assembled within the fibers (Figure 

5B).  A similar finding was reported by Zhang et al. who assembled gold nanoparticles in poly 

(vinyl alcohol) (PVA) electrospun nanofibers. Their backscattering electron SEM imaging 

results demonstrated that bright spots in the PVA nanofibers were the gold nanoparticles [34].  
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3.3. TGA analysis  

The thermal properties of rGO-graft-PTMC and electrospun fibers were characterized by TGA. 

The TGA curves were shown in Figure 6, and corresponding residual content at 500 oC was 

summarized in Table 2.  

 

 

Figure 6. TGA curves of rGO-graft-PTMC, PTMC fibers, and PTMC/rGO-graft-PTMC composite 

fibers. 

 

Table 2. TGA residual mass of rGO-graft-PTMC, PTMC fibers, and PTMC/rGO-graft-PTMC 

composite fibers. 

Sample Code Residual mass at 500oC, wt% 

rGO-graft-PTMC, 100% 51.6 

PTMC 0.86 ± 0.36 

0.6% 1.16 ± 0.29 

1.2% 1.42 ±0.34 
2.4% 2.48 ± 0.18 

4.0% 2.82 ± 0.47 

6.0% 4.35 ± 0.29 

N=4 

rGO-graft-PTMC showed an obvious weight loss due to the grafted PTMC chains on the rGO 

surface. The degradation temperature of PTMC fibers was around 230 oC. The addition of rGO-
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graft-PTMC led to a modest increase in degradation temperature from 280 oC to 310 oC with 

increasing weight percent of rGO-graft-PTMC. The higher thermal stability of composite fibers 

attributed to the presence of rGO fractions which had a higher thermal stability than the 

polymer fiber matrix [35]. The rGO content in electrospun composite fibers could be estimated 

by the residual mass from TGA. As shown in Table 2, the percentage of residual mass for rGO-

graft-PTMC was 51.09% which indicate the weight percent of rGO in rGO-graft-PTMC. 

PTMC fibers had residual mass percentage around 0.86 ± 0.36%. For the PTMC/rGO-graft-

PTMC composite fibers, the residual mass percentage increased with the increasing weight 

percent of rGO-graft-PTMC.  

 

3.4. Contact angle measurement  

 

 

Figure 7. Contact angel measurement of PTMC fibers and PTMC/rGO-graft-PTMC composite fibers 

with various rGO-graft-PTMC content. (A) Representative images showed droplets on electrospun 

fibers. (B) The influence of rGO-graft-PTMC content on the wettability of electrospun fibers. 
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The wettability of substrate has an important role in cellular proliferation, adhesion and 

differentiation [36]. Wettability of PTMC and PTMC/rGO-graft-PTMC electrsopun fibers 

were determined by contact angel measurement (Figure 7). Generally, all types of elctrospun 

fibers showed a hydrophobic surface leading to a long stay of water sessile droplet on their 

surface (Figure 7A). The incorporation of rGO-graft-PTMC resulted in slightly enhanced 

surface hydrophobicity due to the super hydrophobic property of rGO materials. The average 

contact angle value gradually increased from 95.8° to 117.5° when the portion of rGO-graft-

PTMC increased from 0 to 2.4%, respectively (Figure 7B). After the threshold point of 2.4%, 

the average contact angle value slightly dropped down even the amount of rGO-graft-PTMC 

reaching up to 6.0%. Previous study has demonstrated that the contact angle of a surface is not 

only depended on the chemical components (surface energy), but also the geometric structure 

including surface roughness, fiber diameter and porosity [37, 38].  

 

3.5. Cell viability 

 

 

Figure 8. Biocompatibility of PTMC fibers and PTMC/rGO-graft-PTMC composite fibers with various 

rGO-graft-PTMC content. 

 

PTMC is considered to be a biocompatible material and usually used as a scaffolding material 

for soft tissue regeneration [13]. Beside excellent physical properties, graphene materials 
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promote cellular interaction due to their high surface area. However, graphene shows dose-

dependent cytotoxicity [17]. To investigate the biocompatibility of PTMC/rGO-graft-PTMC 

composite fibers, PC12 cells were seeded on fibrous mats for 7 days. PTMC fibers were used 

as control. The cell viability was investigated by PrestoBlueTM assay (Figure 8). Generally, the 

results revealed that cell numbers increased steadily for all kinds of fibers during the time 

course investigated. At day 1 and day 3, no statistical differences in cell viability were observed 

among all types of fibers regardless of rGO-graft-PTMC content. However, at day 7, 

PTMC/rGO-graft-PTMC composite fibers with 1.2 and 6.0 wt% of rGO-graft-PTMC showed 

significantly higher cell viability than that of pure PTMC fibers. Taken together, our results 

demonstrated that PTMC/rGO-graft-PTMC composite fibers showed good biocompatibility. 

 

4 Conclusion 

In the present study, PTMC/rGO-graft-PTMC composite fibers were successfully fabricated 

by using electrospinning technology. The loading of rGO-graft-PTMC was varied from 0 to 

6.0 wt% relative to PTMC content. The fiber morphology and average diameter of PTMC/rGO-

graft-PTMC composite fibers were affected by the content of rGO-graft-PTMC. In addition, 

the integration of rGO-graft-PTMC led to an increase in thermal stability and hydrophobicity. 

PC12 cell viability results demonstrated that PTMC/rGO-graft-PTMC composite fibers had 

good biocompatibility. Therefore, PTMC/rGO-graft-PTMC composite fibers were promising 

materials for nerve tissue regeneration.   
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Abstract 

The aim of this work was to fabricate micro-porous poly(trimethylene carbonate) (PTMC) 

vascular structures by stereolithography (SLA) for applications in tissue engineering and organ 

models. Leachable CaCO3 particles with an average size of 0.56 µm were used as porogen. 

Composites of photo-crosslinkable PTMC and CaCO3 particles were cast on glass plates, 

crosslinked by UV treatment and leached in watery HCl solutions. In order to obtain 

interconnected pore structures, the PTMC/CaCO3 composites had to contain at least 30 vol% 

CaCO3. Leached PTMC films had porosities ranging from 33-71% and a pore size around 0.5 

µm. The mechanical properties of the micro-porous PTMC films matched with those of natural 

blood vessels. Resins based on PTMC/CaCO3 composites with 45 vol% CaCO3 particles were 

formulated and successfully used to build vascular structures of various shapes and sizes by 

SLA. The intrinsic permeabilities of the micro-porous PTMC films and vascular structures 

were at least one order of magnitude higher than reported for the extracellular matrix, indicating 

no mass transfer limitations in the case of cell seeding. 

 

1 Introduction 

Fabrication of artificial vascular structures is not only needed for traditional tissue engineering 

applications, but for disease models on chip as well [1-5]. Large tissue engineering is regarded 

as a viable strategy for the regeneration of organs, which may provide a solution for the limited 

availability of donor organs for transplantation [6-8]. However, engineering of tissues remains 

a challenge, because the viability of seeded cells as well as in situ tissue formation are 

dependent on the presence of a vascular system [9-11]. Therefore, tissue engineering scaffolds 

as well as chip-based organ models have been developed both containing vascular structures, 

using 3D printing of sacrificial templates and 3D bioprinting [12-17]. 

Additive manufacturing (AM) allows for the preparation of designed tissue engineering 

scaffolds with optimal properties concerning porosity, pore interconnectivity, pore size and 

pore geometry. Of all AM techniques, stereolithography (SLA) is the most versatile and 

accurate method allowing structures to be built at a resolution of 10-150 µm [18,19]. Although 

for many applications pores sizes in this range or somewhat larger are suitable for cell seeding, 

the presence of (sub)micron-sized pores in the scaffold struts is advantageous in view of 

prolonged nutritional supply throughout the scaffold after implantation. Likewise, the walls of 
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an artificial vascular network need to be micro-porous for the delivery of nutrients to cells and 

removal of waste products. Current commercial SLA machines, however, are not able to build 

pores in the (sub)micron range.  

Porosity in tissue engineering scaffolds can be efficiently created by means of particle leaching 

[20]. NaCl and sugar particles are generally used for relatively large pores, ranging from tens 

to hundreds of micrometers, whereas micro-pores have been formed by leaching 2 µm ZnO 

crystals or 5-15 µm NaF particles [21]. We have recently shown that scaffolds for bone 

regeneration can be built by SLA using a polymer/nano-hydroxyapatite composite [22]. 

Likewise, it should be possible to build vascular structures by SLA using a polymer/leachable 

particle composite. In this study we used CaCO3 as a porogen, because of the uniform size of 

the particles which show little tendency to aggregate and can be easily leached.  

Synthetic polymers are widely used to build structures by SLA for biomedical applications 

[23,24]. In previous work, we have used flexible poly(trimethylene carbonate) (PTMC) to 

prepare tubular scaffolds for vascular tissue engineering by dipcoating or molding [25,26]. 

PTMC is an amorphous rubber-like polymer, that degrades by surface erosion in vivo without 

the formation of acidic degradation products [27-29]. Because of these characteristics, which 

are lacking in other polymers like poly(lactic acid) and poly(-caprolactone), PTMC is a very 

suitable material for vascular tissue engineering. The mechanical properties and degradation 

rate of PTMC networks can be tuned by varying the crosslink density as well as by 

copolymerization with e.g. poly(lactic acid) and poly(-caprolactone) [28-30]. In a previous 

study, we have built a micro-vascular network from PTMC by SLA [31]. The capillaries had 

an inner diameter of approximately 200 µm and a wall thickness of 150 µm. The walls of the 

channels were non-porous, which would hamper the formation of tissue around the capillaries. 

Therefore, in the present study, we aimed to fabricate micro-porous PTMC vascular structures 

by SLA and subsequent particle leaching. 

 

2 Materials and Methods  

2.1. Materials 

Trimethylene carbonate (TMC) monomer was kindly provided by Huizhou Foryou Medical 

Devices, China. 1,1,1-Tris(hydroxymethyl)propane, 2-Hydroxy-4'-(2-hydroxyethoxy)-2-

methyl- propiophenone (Irgacure 2959), Tin(II)-2-ethylhexanoate (Stannous octoate, Sn(Oct)2), 
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hydroquinone, methacrylic anhydride and triethylamine were purchased from Sigma Aldrich, 

The Netherlands. Propylene carbonate was ordered from Merck Millipore, Germany. Ethyl-

(2,4,6-trimethyl-benzoyl)-phenylphosphinate (Omnirad TPO-L) was obtained from IGM 

Resins, The Netherlands. Orasol Orange G dye was ordered from CIBA Specialty Chemicals, 

Switzerland. Hydrochloric acid (37% (w/w) in water), analytical grade chloroform, 

dichloromethane (DCM), ethanol, methanol and acetone were purchased from VWR 

Chemicals, Germany. CaCO3 was ordered from Alfa Aesar, USA. 

 

2.2. Synthesis and functionalization of three-armed PTMC 

Three-armed PTMC was synthesized by ring-opening polymerization of TMC in a three-neck 

flask under argon atmosphere at 130 oC for 3 days [22]. 1,1,1-Tris(hydroxymethyl)propane and 

Sn(Oct)2 were used as initiator and catalyst, respectively. As resins for printing contained 

propylene carbonate diluent, three-armed PTMC was used to increase the possibility for 

crosslinking. The obtained PTMC was dissolved in DCM, and hydroquinone, triethylamine 

and methacrylic anhydride (MA) were added [22].  This was reacted at room temperature (RT) 

under argon protection for 5 days in the dark. PTMC-MA was obtained by precipitation in cold 

ethanol and drying in a vacuum oven at RT in the dark. The molecular weight (Mn) and degree 

of functionalization of PTMC-MA were determined by 1H-NMR spectroscopy using a Bruker 

Ascend 400/Avance III 400 MHz NMR spectrometer. 

 

2.3. Preparation and characterization of PTMC-MA/CaCO3 films 

PTMC-MA and TPO-L were dissolved in chloroform (1 g PTMC-MA/3 mL chloroform, 5 wt% 

TPO-L relative to PTMC-MA). Various amounts of CaCO3 particles were dispersed in 

chloroform by sonication for 20 min. PTMC-MA/TPO-L solutions and CaCO3 dispersions 

were fully mixed and cast on glass plates using a casting knife. Chloroform was slowly 

evaporated overnight in the dark, after which the films were heated to 60 oC for 1 h to fully 

evaporate remaining chloroform. The PTMC/CaCO3 composite films, containing 30-60 vol% 

CaCO3 particles in the polymer matrix, were photo-crosslinked for 30 min in a UV box at 365 

nm wavelength and 8 mW/cm2 light intensity. To remove the sol fraction, the films were 

extracted for 3 d in chloroform, which was refreshed once per day. Finally, the composite films 

were immersed in ethanol and dried in a vacuum oven at 40 oC until constant weight. 
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The gel content of the photo-crosslinked PTMC/CaCO3 composite films was determined by 

extraction of the sol fraction in chloroform as described above. The following equation was 

used, 

 

Gel content =  
mdry

minitial
 × 100%                                  (1) 

 

in which mdry is the mass of a PTMC/CaCO3 composite film after extraction and drying and 

minitial is the mass of a photo-crosslinked composite film before extraction. 

 

2.4. Leaching of CaCO3 particles and characterization of micro-porous PTMC films 

Photo-crosslinked and extracted PTMC/CaCO3 composite films were immersed for 4 d in 3.7% 

(w/w) HCl solution in water, which was refreshed once per day. This yielded micro-porous 

PTMC films, which were finally soaked in distilled water.  

The porosity of the photo-crosslinked micro-porous PTMC films was determined 

gravimetrically according to the following equation, 

 

Porosity = [1 −
mdry

V ×ρPTMC
] × 100%                                (2) 

 

in which ρPTMC = 1.31 g/cm3, mdry is the dry weight of a micro-porous PTMC film and V the 

film’s bulk volume in either dry or hydrated state, yielding the porosity in dry or hydrated state, 

respectively. 

 

2.5. Water flux 

Circular samples with a diameter of 26 mm were punched from hydrated micro-porous PTMC 

films. The samples were fixed in an Amicon cell 8003 (Merck Millipore, Germany) with a 

filtration area of 0.9 cm2. MilliQ water was introduced onto the membranes at a pressure of 
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0.13, 0.23 or 0.33 bar. Upon reaching a stable water flow through the films, the permeating 

water mass was measured every 10 s for a minimum of 20 min. 

 

2.6. Mechanical properties 

Samples with a length of 60 mm and a width of 5 mm were punched from the micro-porous 

PTMC films. The tensile properties of the films were determined in both hydrated and dry state 

using a Zwick Z020 tensile tester. The initial grip to grip separation was 30 mm and a pulling 

rate of 50 mm/min was applied. The stiffness of the samples was determined from the slope of 

the stress-strain curve between 3 and 6 % of strain. 

 

2.7. Additive manufacturing of micro-vascular structures using PTMC/CaCO3 resin 

A dispersion of calculated amounts of CaCO3 and PTMC-MA in chloroform was homogenized 

and precipitated in cold ethanol to yield a composite that was dried in a vacuum oven at 40 oC 

to constant weight. Resins were prepared by homogenizing the composite in propylene 

carbonate and adding TPO-L photo-initiator and Orasol Orange G dye. The resin formulation 

is shown in Table 1. Structures were designed using Rhino 3D design software. PTMC 

structures containing 45 vol% CaCO3 were printed using an Ember Autodesk digital light 

processing stereolithograph at a pixel resolution of 50x50 µm and a step height of 50 µm. 

Layers were sequentially photo-crosslinked by exposure for 11 s to light with a wavelength of 

405 nm and an intensity of 20 mW/cm2. Built structures were extracted for 4 d in 

chloroform/acetone (1:1 v/v) solution, which was refreshed once per day. Subsequently, the 

structures were dried and immersed for 1 d in chloroform containing 1% (w/v) Irgacure 2959, 

dried and post-cured for 4 h in a UV cabinet at 254 nm and 10 mW/cm2. The CaCO3 particles 

were leached for 3 d in 3.7% (w/w) HCl solution in water, which was finally replaced by 

distilled water. 
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Table 1. Resin formulation for stereolithography. 

Component Weight (g) Content (%) 

PTMC-MA 46.5 22.1 

CaCO3 78.7 37.4 

Propylene carbonate 85.0 40.5 

TPO-L 2.3 5* 

Orasol Orange G 0.07 0.15* 

*relative to the mass of PTMC-MA 

 

2.8. Scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) 

Samples were sputtered with gold using a Cressington Sputter Coater 108 Auto set at 40 mA 

for 60 s. The average size of the CaCO3 particles was determined by measuring the size of 500 

particles by SEM (JSM-IT100, JEOL, Japan). Surfaces and cross-sections of PTMC/CaCO3 

composite films and printed micro-vascular structures, both before and after leaching of the 

CaCO3 particles, were also observed by SEM. CaCO3 content of the printed PTMC/CaCO3 

micro-vascular structures was determined by TGA. The measurements were carried out using 

a temperature range of 50-550 °C at a heating rate of 20 °C/min and a nitrogen flow of 20 

mL/min (PerkinElmer, Pyris 1, UK). 

 

3 Results and Discussion 

3.1. Characterization of PTMC-MA, CaCO3 particles and PTMC-MA/CaCO3 composite 

films  

The synthesized PTMC-MA had a molecular weight (Mn) of 4,500 g/mol and degree of 

functionalization with methacrylate groups of 97%. 

As shown in Figure 1, the CaCO3 particle size distribution ranged from 0.1 to 3.6 µm. The 

average particle size was 0.56 ± 0.32 µm, which indicated the potential of the CaCO3 particles 

as leachable component given the intended SLA layer thickness of 50 µm. 
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Figure 1. CaCO3 particle size distribution and SEM image of the particles. Scale bar 1 µm. 

 

To be able to leach all CaCO3 particles, the porous structure formed upon leaching should have 

interconnected pores. Therefore, a percolation threshold study was carried out, by preparing 

PTMC/CaCO3 composite films with 30, 40, 50 or 60 vol% CaCO3 particles in the polymer 

matrix. As shown in Table 2, the composite films had a gel content of at least 94.9%, which 

increased with decreasing amount of CaCO3 particles. Pure PTMC films without CaCO3 had 

the highest gel content of 98.1%. Thus, although the presence of the particles slightly decreased 

UV crosslinking efficiency, the high gel contents indicated the formation of stable 

PTMC/CaCO3 composite films.   

 

Table 2. Gel contents of PTMC and PTMC/CaCO3 composite films. 

Sample code CaCO3 loading, vol% Gel content, % 

PTMC 0 98.1 ± 0.3 

PTMC/30  30 97.2 ± 1.1 

PTMC/40 40 97.4 ± 0.7 

PTMC/50 50 96.6 ± 0.6 

PTMC/60 60 94.9 ± 2.1 

All measurements N=4. 
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Figure 2 shows SEM images of cross-sections of the PTMC/CaCO3 composite films. With 

increasing CaCO3 loading more particles were observed, which were homogeneously 

distributed. 

 

 

Figure 2. SEM pictures of cross-sections of PTMC/CaCO3 composite films. (A) PTMC/30; (B) 

PTMC/40; (C) PTMC/50; (D) PTMC/60. Scale bar 1 µm. 
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3.2. Characterization of leached PTMC-MA/CaCO3 composite films 

 

Figure 3. SEM pictures of cross-sections of leached PTMC/CaCO3 composite films. (A) PTMC/30; (B) 

PTMC/40; (C) PTMC/50; (D) PTMC/60. Scale bar 1 µm. 

 

 

Figure 4. Macroscopic images of leached PTMC/CaCO3 composite films in hydrated and dry state. 
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All PTMC-MA/CaCO3 composite films were fully leachable in 3.7% (w/w) HCl solution, see 

Figure 3. With increasing CaCO3 content more pores were observed, which were 

homogeneously distributed. The average pore sizes, determined from the SEM pictures, ranged 

from 0.45-0.50 µm (Table 3). This is somewhat smaller than the average size of the CaCO3 

particles (0.56 µm). It should be noted that the pore sizes were determined in the dry state, 

which resulted in shrinkage of the leached films. This led to lower porosities of the films in the 

dry state as compared to the hydrated state, see Table 3. Moreover, the differences in porosities 

between dry and hydrated state increased with increasing CaCO3 content of the composite films. 

Thus, shrinkage of the dry films was higher at higher porosities, which is illustrated in Figure 

4. Most probably, shrinkage of the leached films in the dry state was caused by the presence of 

pores, resulting in a relatively unstable structure, in combination with the low Tg of PTMC of 

around -20 oC. In the hydrated state, the pores were filled with water which stabilized the 

structure. The thickness of the leached films in the hydrated state was around 120 µm. 

 

Table 3. Porosity and pore size of leached PTMC/CaCO3 composite films. 

Sample code Porosity, % 

Hydrated 

Porosity, % 

Dry 

Pore size, µm 

PTMC/30  33.2 ± 1.9 31.4 ± 2.2 0.49 ± 0.27 

PTMC/40 43.1 ± 2.4 41.9 ± 1.4 0.50 ± 0.21 

PTMC/50 57.3 ± 3.7 52.1 ± 4.3 0.45 ± 0.36 

PTMC/60 71.7 ± 5.1 51.3 ± 3.9 0.46 ± 0.29 

All measurements N=4, except for pore size N=75. 

 

3.3. Water permeability of the micro-porous PTMC films  

For the delivery of nutrients to cells and removal of waste products, tissue engineering scaffolds 

should not only be porous but also permeable to watery solutions. This was tested for the micro-

porous PTMC films by water flux measurements, see Figure 5. Except the leached composite 

films with 30 vol% CaCO3, all other PTMC films showed a water flux through the micro-

porous structures at pressures up to 0.33 bar. Water flux increased with increasing porosity of 

the films. Although the PTMC/30 composite films could be fully leached, indicating 
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interconnected pores, a pressure of 0.33 bar in conjunction with the relatively low porosity of 

33.2% was apparently not high enough to induce a flow of water through the films. 

A water pressure of 0.16 bar is a physiological pressure corresponding to 120 mm Hg. The 

extrapolated water flux at 0.16 bar was used to calculate the intrinsic permeability of the 

PTMC/40, PTMC/50 and PTMC/60 micro-porous films according to Darcy’s formula [32]. 

The corresponding values were 3.13.10-17, 6.25.10-15 and 1.88.10-14 m2, respectively. This is at 

least 10-fold higher than the intrinsic permeability of 1.32.10-18 m2 reported for the extracellular 

matrix [33], indicating that these micro-porous structures would not hamper the delivery of 

nutrients to cells and removal of waste products. 

 

 

Figure 5. Water flux through the micro-porous PTMC films, vol% refers to the amount of CaCO3 

particles used during preparation of the films. 

 

3.4. Mechanical properties of the micro-porous PTMC films 

The mechanical properties of PTMC and micro-porous PTMC films are shown in Table 4. In 

the hydrated state, both stiffness (Emod) and maximum strength (Fmax) of the micro-porous films 

decreased with increasing porosity. Compared to dense PTMC films, the micro-porous films 

had lower Emod and Fmax and higher elongation at break due to the presence of pores. The same 

was observed for films in the dry state, albeit that Emod and Fmax decreased much less with 

increasing porosity due to the shrinkage of the micro-porous films upon drying. 
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The leached PTMC/50 films in the hydrated state had similar Emod, Fmax and elongation at break 

as native blood vessels [25], indicating the suitability of these structures for cardiovascular 

applications. 

 

Table 4. Mechanical properties of PTMC and micro-porous PTMC films in hydrated and dry conditions. 

  Hydrated     Dry  

Sample 

code 

Emod, 

MPa 

Fmax, 

MPa 

Elongation at 

break, % 
  

Emod, 

MPa 

Fmax, 

MPa 

Elongation at 

break, % 

PTMC 8.16 ± 0.43 4.81 ± 0.89 67.1 ± 10.9   9.07 ± 0.34 6.57 ± 0.14 83.6 ± 4.2 

PTMC/30  3.52 ± 0.16 3.28 ± 0.72 89.6 ± 12.5   7.76 ± 0.15 5.76 ± 1.21 121.7 ± 12.1 

PTMC/40 2.72 ± 0.14 2.79 ± 0.52 109.4 ± 11.7   6.95 ± 0.17 4.58 ± 1.79 131.5 ± 14.2 

PTMC/50 1.13 ± 0.05 1.48 ± 0.21 103.5 ± 8.1   5.82 ± 0.18 2.70 ± 0.54 143.3 ± 24.1 

PTMC/60 0.30 ± 0.06 0.54 ± 0.04 104.1 ± 10.2   6.13 ± 0.16 2.16 ± 0.11 86.8 ± 19.9 

All measurements N=4. 

 

3.5. Structure design, resin formulation and SLA 

A branched vascular structure was designed as shown in Figure 6A. The resin for SLA-based 

printing contained PTMC, CaCO3, photo-initiator TPO-L and Orasol Orange G dye in 

propylene carbonate diluent. The composition of the resin is shown in Table 1 and a 

macroscopic image of the resin in Figure 6B. Based on the above percolation threshold study, 

45 vol% CaCO3 relative to the PTMC matrix was chosen as leachable component for the 

creation of a micro-porous structure. The Orasol Orange G dye content was optimized to ensure 

a proper curing depth as previously described [34]. Branched vascular structures were 

successfully built and extracted, see Figures 6D and E, respectively. As complete leaching of 

these structures was not possible due to pore collapse, a post-curing step was implemented after 

extraction. After printing in various shapes and sizes, post-cured structures could be fully 

leached as shown in Figures 6F-H. 
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Figure 6. (A) design of branched vascular structure;  (B) PTMC/CaCO3 composite resin; (C) built 

structures attached to printing head after SLA; (D) vascular structure before extraction; (E) vascular 

structure after extraction; (F) vascular structure after extraction, post-curing and leaching (hydrated); 

(G) branched vascular structures of different sizes (extracted, post-cured and leached, hydrated); (H) 

vascular tubes of different sizes (extracted, post-cured and leached, hydrated). 

 

3.6. Characterization of the branched vascular PTMC structures 

SEM images of the vascular structures shown in Figures 6E and F are presented in Figure 7. 

Cross-sections showed open branched tubular structures, both in the case of non-leached and 

leached samples (Figures 7A and G, respectively). The outer surfaces clearly showed that the 

structures were built layer by layer, see Figures 7D, E, J and K. Cross-sections of non-leached 

samples showed CaCO3 particles, which were replaced by pores after leaching (Figures 7C, F 

and I, L, respectively). 
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Figure 7. SEM images of (A-F) non-leached and (G-L) leached SLA-built vascular structures after 

extraction and post-curing. A, B, C and G, H, I show cross-sections, whereas D, E, F and J, K, L show 

the outer surfaces of the channels. Scale bar 500µm (A, D, G, J), scale bar 50 µm (B, E, H, K), scale 

bar 5 µm (C, F, I, L). 

 

As shown in Table 5, the leached vascular structures in the hydrated state had an inner diameter 

of 482 µm and a wall thickness of 146 µm. Both values were lower in the dry state, caused by 

shrinkage of the structures similar as observed for the films. Taking shrinkage into account, 

pore sizes in the dry state around 0.40 µm were in agreement with a mean particle size of 0.56 

µm. On SEM pictures (Figures 7I and L), some larger pores were visible probably formed by 

particle agglomerates. The CaCO3 content determined by TGA of the non-leached vascular 

structures was 50.2 vol% (Table 5), which is higher than the theoretical value of 45 vol%. This 
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can be explained by extraction of non-crosslinked PTMC before post-curing. This was also 

observed for PTMC/nano-hydroxyapatite composite scaffolds fabricated by SLA [22]. The 

porosity of the leached vascular structures in the hydrated state was 59%, which is in agreement 

with the CaCO3 particle content. Again because of shrinkage, the porosity of the structures in 

the dry state was lower (35%). Based on the water flux through the walls of the vascular 

structures, as shown in Table 5, an intrinsic permeability of 0.61.10-16 m2 was calculated. This 

is 50-fold higher than reported for the extracellular matrix, see discussion above for the films, 

indicating that the branched vascular structures will be highly permeable to nutrients and 

cellular waste products.       

As our previous micro-vascular PTMC network built by SLA facilitated the adhesion and 

proliferation of human umbilical vein endothelial cells [31], a good biocompatibility of the 

vascular structures printed in the present study is expected as well. This is supported by other 

studies, in which PTMC scaffolds built by SLA were shown to be biocompatible with human 

mesenchymal stem cells and annulus fibrosus cells [22] [35] [36]. Both in vitro and in vivo, 

photo-crosslinked PTMC networks degrade by surface erosion. Degradation rate increases with 

increasing macromer molecular weight, i.e. decreasing crosslink density [28]. This also holds 

for networks prepared from linear PTMC crosslinked by  -irradiation [37] [38].   

 

Table 5. Parameters of SLA-printed vascular structures. 

 

Non-leached Leached, hydrated Leached, dry 

Inner diameter, µm 480.2 ± 10.9 482 ± 10.2 416.3 ± 7.5 

Wall thickness, µm 162.5 ± 4.3 146.0 ± 6.1 90.1 ± 3.8 

Pore size, µm - - 0.40 ± 0.27 

CaCO3 content, vol% 50.2 ± 2.9 - - 

Porosity, %  - 59 ± 3 35 ± 4 

Water flux at 0.16 bar, mL/min.cm2 - 0.09 ± 0.02 - 

All measurements N=4, except for pore size N=75. 

 

In previous work, we have prepared porous tubular scaffolds for vascular tissue engineering by 

sequential dipcoating and salt leaching [25]. Using this technique, it is not possible to fabricate 

branched structures. A strategy to implement branched vascular structures in scaffolds for 
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tissue engineering or organ models is the use of sacrificial templates, e.g. of poly(vinyl alcohol) 

[16] or carbohydrate [17][39]. The template is immersed in a hydrogel matrix that is 

crosslinked, after which the template is leached. A draw-back of this approach is the lack of a 

barrier between e.g. endothelial cells seeded in the channels and other cells present in the 

surrounding matrix. Therefore, carbohydrate sacrificial templates were coated with thin layers 

of synthetic polymers such as poly(caprolactone) [17] or poly(lactic-co-glycolic acid) [39]. The 

layers had a thickness of 10-50 µm and were made porous by phase separation or inclusion of 

leachable NaCl particles, respectively. Although interesting, the polymer coatings had 

relatively low tensile strengths around 85 kPa [17] and large pore sizes up to 50 µm [39].   

Micro-porous vascular structures built by SLA have not been described in literature before. 

Composites of commercial resins and leachable NaCl particles were used to print cubes, 

pyramids and macro-porous scaffolds [40], but not branched vascular structures. Moreover, the 

smallest particle sizes ranged from 75-180 µm, resulting in large pores [40]. Printing of 

branched porous vascular structures by SLA using a cytocompatible polyacrylate has been 

reported, but the designed pores had a diameter of 100 µm which could not be covered by 

endothelial cells [41]. This problem will not be encountered with the micro-porous vascular 

structures presented in the present paper.   

 

4 Conclusions 

Leachable CaCO3 particles with an average size of 0.56 µm were found to be suitable as 

porogen for the preparation of micro-porous PTMC films and vascular structures by casting 

and SLA, respectively. In order to obtain interconnected pore structures, the PTMC/CaCO3 

composites had to contain at least 30 vol% CaCO3. The mechanical properties of the micro-

porous PTMC films matched with those of natural blood vessels. The intrinsic permeabilities 

of the micro-porous PTMC films and vascular structures were at least one order of magnitude 

higher than reported for the extracellular matrix, indicating no mass transfer limitations in the 

case of cell seeding. 
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Abstract 

Vascular grafts with an inner diameter less than 6 mm are urgently needed due to the increasing 

prevalence of vascular disease. In this study, tubular scaffolds for vascular tissue engineering 

were fabricated by photo-crosslinking of acrylate-functionalized poly(trimethylene carbonate) 

(PTMC) macromers of different molecular weights in a glass mold. Porous structures were 

prepared by means of salt leaching. Tubular scaffolds were obtained with an inner diameter of 

3 mm, a wall thickness of 1 mm and a length of 4.5 cm. Pore sizes ranged from 0-290 µm and 

the porosity was around 70 %. The pores were homogeneously distributed and interconnected. 

PTMC macromers with a molecular weight of 4, 8, 13, 17 and 22 kg/mol were used. With 

increasing PTMC macromer molecular weight from 4 to 22 kg/mol, the E-modulus and 

maximum tensile strength of the scaffolds in the radial direction increased from 0.56 to 1.12 

MPa and 0.12 to 0.55 MPa, respectively. Stress-strain curves for scaffolds made of 13, 17 and 

22 kg/mol PTMC macromers, showed a ‘toe’ region characteristic for native arteries, followed 

by a linear increase until the maximum stress was reached. 

The E-moduli of the latter scaffolds are comparable to those of native arteries, whereas the 

maximum tensile strengths are approximately 4-fold lower. This can be improved, however, 

by cell seeding in the scaffolds and subsequent mechanical stimulation in a bioreactor. It is 

concluded that the porous tubular scaffolds made of 13, 17 and 22 kg/mol PTMC macromers 

are suitable scaffolds for vascular tissue engineering. 

 

1 Introduction 

Peripheral vascular disease is in most cases related to narrowing or occlusion of arteries and 

affects 12 to 20% of the population older than 65 years [1]. Peripheral vascular disease can be 

treated by placement of a bypass graft, for which purpose autologous blood vessels, allografts, 

xenografts, or synthetic grafts of Dacron or Teflon are being used. These have all limitations 

such as low availability, immune responses, and low patency rates, [2] which may be overcome 

by vascular tissue engineering. 

The purpose of vascular tissue engineering is to produce tubular grafts with similar properties 

as the native blood vessels that should be replaced.3 Current strategies to fabricate such grafts 

include scaffold-guided tissue engineering and scaffold‐free approaches such as assembly by 
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cell sheet technology and 3D bioprinting [4-6] In view of the required mechanical properties 

of the grafts, design considerations as well as relatively low costs, a large amount of research 

has focused on scaffold‐guided tissue engineering [7]. In addition to the use of biocompatible 

materials and reproducible fabrication methods, the scaffold must have an appropriate structure 

for the intended application, be sufficiently strong to bear forces in vivo, and promote cell 

attachment and growth of new tissue. To fulfil the latter requirement, the scaffold should 

consist of an interconnected porous structure [8]. 

Porous tubular scaffolds can be prepared by combined solvent casting on a rod and particulate 

leaching, electrospinning on a rotating rod, and 3D printing of designed structures [9-11] 

Although solvent casting of a polymer solution containing leachable particles is feasible,9 this 

method has a relatively low consistency in terms of wall thickness of the scaffold. Although 

electrospinning is a popular technique for the fabrication of tissue engineering scaffolds, these 

may suffer from poor cell penetration due to small pore sizes and poor control over mechanical 

properties [10]. 3D printing is a promising technique to be applied in vascular tissue 

engineering. Not all polymers, however, are appropriate for 3D printing, and scaffolds may 

have unsuitable mechanical properties [12]. Thus, the development of a new method to 

fabricate suitable porous tubular scaffolds for vascular tissue engineering is imperative. 

In view of its biocompatibility, biodegradability, and rubber-like mechanical properties, 

poly(trimethylene carbonate) (PTMC) is an excellent polymer for tissue engineering 

applications. Acrylate-functionalized PTMC macromers can easily be processed and photo-

crosslinked for the preparation of scaffolds [13]. Salt leaching has widely been used to create 

porous structures [14]. In this study, we investigated the preparation of porous tubular scaffolds 

for vascular tissue engineering by means of photo-crosslinking of acrylate-functionalized 

PTMC macromers in a glass mold combined with salt leaching. 

 

2 Materials and Methods 

2.1 Materials and equipment 

Trimethylene carbonate (1,3-dioxane-2-one, TMC) was provided by Huizhou Foryou Medical 

Devices (Shenzhen, China). 1,1,1‐Tris(hydroxymethyl)propane (trimethylolpropane) was 

purchased from Fluka. Tin (II) ethylhexanoate [Sn(Oct)2], hydroquinone, methacrylic 

anhydride (MA), trimethylamine, and Irgacure 2959 were obtained from Sigma‐Aldrich. 
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Propylene carbonate (PC) and calcium hydride were ordered from Merck Millipore. 

Dichloromethane and ethanol (99.8%) were bought from VWR Chemicals. Dichloromethane 

was dried by calcium hydride and distilled under argon atmosphere. Salt particles were sieved 

to a size of 250 to 425 µm by using stainless steel sieves and subsequently dried in an oven at 

120°C for 2 days. The glass mold consisted of two quartz glass tubes with different diameters, 

which were custom ordered from Technical Glass Products (Painesville, USA). MilliQ water 

was prepared by a Millipore Advantage A10 from Merck Millipore. 

 

2.2 PTMC-MA synthesis and formulation of PTMC-MA/PC/salt resin 

Three-armed PTMC was synthesized by ring-opening polymerization of TMC, using Sn(Oct)2 

as catalyst and trimethylolpropane as initiator, under argon at 130°C for 2 days. PTMC 

molecular weight was controlled by varying the amount of initiator. Three-armed PTMC was 

subsequently converted to PTMC‐MA macromer as described by Geven et al [13]. Three-

armed PTMC oligomer and PTMC-MA macromer were analyzed by 1H-NMR ((Bruker 

Ascend 400/Avance III 400 MHz NMR spectrometer) to determine the average molecular 

weight (Mn), conversion of TMC, and degree of functionalization with MA. 

Photo-crosslinkable resin was prepared by dissolving PTMC-MA macromer in PC for 2 days, 

after which Irgacure 2959 (2.5 wt% relative to PTMC-MA) was added as photo-initiator under 

stirring for 1 hr. Subsequently, dried salt particles were added to the solution that was mixed 

by hand with a spoon. The weight ratio of PTMC-MA: PC: salt was 1:4:9. 

 

2.3 Photo-crosslinking of PTMC-MA/PC/salt resin and post-processing 

Annular glass molds with an inner and outer diameter of 5 and 8 mm, respectively, were filled 

with PTMC-MA/PC/salt resins containing 4, 8, 13, 17, or 22 kg/mol PTMC-MA. Pieces of 

plastic tube with an inner diameter of 5 mm and a wall thickness of 1.5 mm were used as 

stoppers. UV crosslinking was carried out for 30 min at 365 nm in an UltraLum crosslinking 

cabinet. In order to obtain homogeneous crosslinking and to keep a homogeneous distribution 

of the salt particles, the molds were turned 6 times for 180°. 

After cooling to room temperature, the inner tube of the mold could be easily removed. To 

remove the outer tube of the mold, the photo-crosslinked structure was soaked for 2 days in a 
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PC/ethanol solution (3:7, v/v). Subsequently, the PC was removed by extraction of the 

structures in a graded series of PC/ethanol solutions, starting at a ratio of 8:2 until 0:10 (v/v). 

The extraction solutions were refreshed daily. After extraction, the solid structures containing 

ethanol were dried at 50°C for 12 hr. Finally, the salt particles were leached from the tubes by 

soaking for 2 days in MilliQ water. After rinsing with ethanol, the porous tubular crosslinked 

PTMC scaffolds were dried at 30°C for 2 days under vacuum. A schematic representation of 

the fabrication method is shown in Figure. 1. 

 

 

Figure 1. Schematic representation of the preparation of porous tubular crosslinked PTMC scaffolds. 

 

2.4 Characterization of porous tubular PTMC scaffolds 

The porosity of the tubular crosslinked PTMC scaffolds was determined gravimetrically 

according to Equation 1, 

 

Porosity = [1 – (W dry/ V dry * ρ PTMC)] * 100%                         (1) 

 

in which ρPTMC = 1.31 g/cm3, Wdry is the dry weight of the scaffold, and Vdry is the volume of 

the scaffold in dry condition (regarded as a solid tube). 

The pore size distribution of the tubular crosslinked PTMC scaffolds was determined by 

scanning electron microscopy (SEM), using a Hitachi S800 operating at 5 kV. Prior to imaging, 

dry specimens were coated with gold-platinum by using a Polaron E5600 sputter coater. 

Micro-computed tomography (Micro-CT) was used to obtain a three-dimensional visualization 

of the pore structures of the scaffolds. A General Electric Explore Locus SP was used operating 
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at 90 kV and 80 μA. The resolution was 14 µm. Average pore size and porosity were calculated 

from the data generated with scaffolds in dry condition. 

The tensile properties of dry porous tubular crosslinked PTMC scaffolds were determined in 

the radial direction according to standards of the American National Standards Institute and 

the Association for the Advancement of Medical Instrumentation (ANSI/AAMI VP20: 1994) 

at a pulling rate of 1 mm/min, using a Zwick Z020 tensile tester. The initial stiffness was 

determined from the slope of the tensile curve between 5 and 15% of strain. 

 

3 Results and Discussion 

3.1 Characterization of PTMC-MA 

The average molecular weight (Mn) of the three-armed PTMC oligomers, conversion of TMC 

monomer, and degree of functionalization of the oligomers with MA are shown in Table 1. All 

monomer conversions were higher than 99%, and the molecular weights of the PTMC 

oligomers were close to the intended values. The degree of functionalization of the oligomers 

with MA ranged from 87 to 96%, indicating that all PTMC macromers contained enough 

double bonds for efficient crosslinking. 

 

Table 1. Characterization of the three-armed PTMC-MA macromers 

 4k 8k 13k 17k 22k 

PTMC macromer 

molecular weight 

(Mn), g/mol 

4460 7980 13600 16980 22300 

Monomer conversion 99.8 % 99.8 % 99.6 % 99.3 % 99.4 % 

Degree of 

functionalization 

96 % 92 % 87 % 91 % 93 % 

Intended molecular weights are abbreviated as 4, 8, 13, 17, and 22 k. 
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3.2 Characterization of porous tubular crosslinked PTMC scaffolds 

3.2.1 Physical parameters of the scaffolds 

 

 

Figure 2. Glass mold (A) and macroscopic appearance of a porous tubular crosslinked PTMC scaffold 

after salt leaching (B). 

 

Figure 2 shows the glass mold used for the preparation of the crosslinked PTMC scaffolds as 

well as a macroscopic picture of one of the tubes after de-molding and post-processing. The 

annular space of the mold had an inner and outer diameter of 5 and 8 mm, respectively. The 

inner and outer diameters of the tubular PTMC scaffolds, however, were smaller. As shown in 

Table 2, the scaffolds had an inner diameter around 3 mm and a wall thickness of approximately 

1 mm (i.e. an outer diameter of 5 mm). This difference can be explained by shrinkage of the 

scaffolds during post-processing. Photo-crosslinking of the PTMC-MA macromer took place 

in the swollen state, due to the presence of PC, resulting in contraction of the PTMC network 

upon extraction of PC and subsequent salt leaching. Also, the length of the scaffolds decreased, 

from approximately 7 cm after photo-crosslinking in the mold to 4.5 cm after post-processing 

(data not shown). 

As shown in Table 2, the porosities of the scaffolds as determined by gravimetry amounted to 

approximately 75%. The theoretical porosity based on the volume ratio of salt to PTMC was 

83%. This discrepancy can also be explained by shrinkage of the structures during extraction 



Chapter 8 

 152 

and salt leaching. Porosities determined by Micro-CT were around 67% (Table 2). This is lower 

than the gravimetrical data, probably because of the Micro-CT resolution of 14 µm. 

 

Table 2. Physical parameters of porous tubular crosslinked PTMC scaffolds 

Parameters 4k 8k 13k 17k 22k B50 a 

Inner diameter 
b, mm 

2.96±0.06 3.00±0.06 3.12±0.09 3.16±0.8 3.18±0.8 3.15±0.28 

Wall thickness b, 

mm 

0.95±0.04 0.98±0.04 1.04±0.04 1.05±0.04 1.07±0.04 0.83±0.25 

Porosity c, vol % 73±2.1 73±2.6 75±4.3 76±3.3 77±3.1 82.2±2.0 

Porosity d, vol % 61±3.2 64±2.3 67±2.1 69±1.2 68±2.6 77.8±1.7 

Average pore 

size d, µm 

81 81 87 91 93 108 

Pore size range 

e, µm 

0-280 0-283 0-286 0-294 0-289 0-308 

a Porous tubular PTMC scaffold prepared by Song et al. by dip coating, crosslinking by γ-irradiation, 

followed by salt leaching. [9] 

b Inner diameter and wall thickness of all porous tubular PTMC scaffolds were measured by using a caliper. 

c Porosity as determined by gravimetry. 

d Porosity and average pore size as determined by Micro-CT. 

e Pore size range as determined by SEM. 

 

 

Figure 3. Micro-CT images of a porous tubular crosslinked PTMC scaffold. Transversal cross-section 

(A), longitudinal cross‐sections (B), and generated 3D image (C). 
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Figure 4. SEM images of a porous tubular crosslinked PTMC scaffold. Outer surface (A), inner surface 

(B), and cross sections (C) and (D). 

 

The average pore size of the scaffolds as determined by Micro-CT was approximately 87 µm. 

Micro-CT imaging showed that the pores were homogeneously distributed throughout the 

scaffolds (Figure. 3). Pore sizes determined by SEM ranged from 0 to 290 µm (Table 2). This 

is smaller than the sizes of the salt particles (250-425 µm), again due to shrinkage of the 

structures during post-processing. SEM imaging showed that both the outer and inner surfaces 

of the wall of the scaffolds had an open porous structure (Figure. 4). Moreover, cross-sections 

of the scaffolds showed that the pores were interconnected. As reported by Yannas, human 

aortic smooth muscle cells in suspension have a length and diameter of approximately 55 and 

8 µm, respectively, and the optimal pore size for migration of the cells through a scaffold is 

around 100 µm [15]. Thus, the pore characteristics of the scaffolds meet the requirements for 

successful cell seeding and migration. 

Table 2 also shows that the dimensions, porosities, and pore sizes of the crosslinked 4 and 8 k 

PTMC scaffolds were lower than those of the scaffolds prepared with the higher molecular 

weight PTMC-MA macromers. The reason for this is that the crosslinked 4 and 8 k PTMC 

scaffolds shrunk more during extraction because of the shorter chain lengths between 

crosslinks and thus a higher crosslink density. Finally, Table 2 shows comparable physical 

parameters of porous tubular PTMC scaffolds (B50) fabricated by Song et al., by casting of 



Chapter 8 

 154 

high molecular weight linear PTMC/salt suspension on a glass rod, followed by crosslinking 

by means of γ-irradiation and leaching of the salt particles in water [9]. As those PTMC 

scaffolds proved to be very suitable for vascular tissue engineering, this can also be expected 

for the scaffolds prepared in the present study. 

 

3.2.2 Mechanical properties of the scaffolds 

For application in vascular tissue engineering, the mechanical properties of the scaffolds are 

very important. After seeding of cells, e.g. smooth muscle cells or stem cells, in the pores of 

the scaffolds, subsequent mechanical stimulation in a bioreactor is most effective when the 

mechanical properties of the constructs comply with those of native arteries. This especially 

holds for the mechanical properties in radial direction. The pulsatile flow of blood in vivo 

causes cyclic distension of the arterial wall, which in turn affects cell differentiation, function, 

and orientation. 

As shown in Table 3, the initial stiffness (E-modulus) and maximum tensile strength in the 

radial direction of the porous tubular crosslinked scaffolds increased from 0.56 to 1.12 MPa 

and 0.12 to 0.55 MPa, respectively, with increasing PTMC-MA macromer molecular weight 

from 4 to 22 kg/mol. The increasing tensile strength with increasing macromer molecular 

weight is in agreement with data reported by Schüller-Ravoo et al. for photo‐crosslinked 

PTMC network films [16]. In the latter study, however, the E-modulus decreased with 

increasing PTMC-MA macromer molecular weight from 3 to 24 kg/mol. Using 3 k macromer, 

densely crosslinked brittle films were obtained, whereas 18, 20, and 24 k macromers yielded 

rubber‐like elastomeric films. It should be noted that the scaffolds in the present study were 

porous. Increasing porosity decreases the mechanical properties of scaffolds, especially the E-

modulus. As the porosities of the tubular crosslinked PTMC scaffolds were the same, this 

cannot explain the lower E-moduli of the scaffolds prepared with the lower molecular weight 

macromers, most likely, this was caused by the processing conditions that were used. The 

tubular PTMC scaffolds were crosslinked in the presence of the non-reactive diluent PC and 

salt particles. Upon extraction of the PC, the brittle networks formed with the lower molecular 

weight macromers may have been partially damaged because of contraction while the salt 

particles were still in place. Subsequent salt leaching resulted in porous scaffolds with lower 

E-moduli. 
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Table 3. Tensile properties of porous tubular crosslinked PTMC scaffolds and natural arteries in the 

radial direction 

Sample Initial stiffness, 

MPa 

Maximum tensile 

strength, MPa 

Elongation, % 

4k 0.56 ± 0.09 0.12 ± 0.05 382 ± 40 

8k 0.53 ± 0.06 0.25 ± 0.03 820 ± 60 

13k 0.79 ± 0.09 0.32 ± 0.03 1130 ±150 

17k 0.89 ± 0.12 0.41 ± 0.04 1320 ±180 

22k 1.12 ± 0.30 0.55 ± 0.03 1080 ±160 

B-50 a 1.10 ± 0.08 0.17 ± 0.04 1214 ± 120 

Ovine Carotid artery a 1.21 ± 0.14 1.65 ± 0.08 255 ± 21 

Human arteria 

mesenterica inferior a 

5.7 1.89 345 

a. Data from Song et al. [4]. B-50 refers to a porous tubular PTMC scaffold prepared by dip coating, 

crosslinking by -irradiation, followed by salt leaching. 

 

The number of acrylate groups available for photo-crosslinking decreased with increasing 

PTMC-MA macromer molecular weight. Because of this and the relatively large amount of 

non-reactive diluent present in the resins, it was expected that the efficiency of photo-

crosslinking would decrease with increasing PTMC-MA macromer molecular weight. Indeed, 

crosslinked scaffolds could not be formed using macromers with a molecular weight higher 

than 22 kg/mol. 

Whereas the E-modulus of the 13, 17, and 22 k scaffolds was comparable to that of the B50 

scaffold previously prepared by Song et al. [9], the maximum tensile strength of the scaffolds 

prepared in the present study was higher. Stress-strain curves for the 13, 17, and 22 k scaffolds 

showed a “toe” region characteristic for native arteries, followed by a linear increase until the 

maximum stress was reached 17 (Figure. 5). Elongations at break were higher than 1000%. 

The E-moduli of the 13, 17, and 22 k scaffolds are comparable to those of native arteries, 

whereas the maximum tensile strengths are approximately fourfold lower (Table 3). This can 

be improved, however, by cell seeding in the scaffolds and subsequent mechanical stimulation 

as described earlier. 
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Figure 5. Stress-strain measurements of the porous tubular crosslinked PTMC scaffolds and an ovine 

carotid artery. 

 

4 Conclusions 

This study shows that photo-crosslinking of acrylate-functionalized PTMC macromers in a 

glass mold followed by salt leaching is a feasible method to prepare suitable scaffolds for 

vascular tissue engineering. Although the tubular crosslinked PTMC scaffolds shrink during 

post-processing, this can be taken into account during fabrication. Desired scaffold dimensions 

can be obtained by adjusting the dimensions of the mold. In view of their mechanical properties, 

porous tubular scaffolds made of PTMC macromers with a molecular weight of 13–22 kg/mol 

are the preferred scaffolds for vascular tissue engineering. 
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Abstract 

Tissue-engineered vascular grafts for the replacement of diseased blood vessels are expected 

to be clinically applied in the coming years. To engineer such grafts, patient-specific vascular 

cells have to be seeded and matured in porous tubular scaffolds. In this study, a porous tubular 

scaffold was prepared by photo-crosslinking of a resin of three-armed end-methacrylated 

poly(trimethylene carbonate) (PTMC-MA) and NaCl particles, followed by photo-crosslinking 

and particle leaching. The tubular scaffolds, with 3 mm inner diameter, 1 mm wall thickness 

and an average pore size of 68 µm, were seeded with human smooth muscle cells (SMCs) and 

cultured under dynamic conditions in a pulsatile flow bioreactor. Culturing of SMCs in porous 

PTMC scaffolds under static conditions was used for comparison. Cells were cultured for 14 

days, after which cell proliferation, histology and mechanical properties were evaluated. A 

three times higher number of SMCs was found using dynamic culture conditions compared to 

static culturing. Histological analysis of the constructs cultured under dynamic conditions 

showed that SMCs fully filled the porous scaffold, which was not found after static culturing. 

An increase in maximum stress of the constructs was found after dynamic culturing compared 

to static conditions. After endothelialization of the dynamically cultured constructs, future in 

vivo implantation studies may show the potential of these vascular grafts for clinical application. 

 

1 Introduction 

Small-diameter vascular grafts have a potential application in replacing diseased or occluded 

blood vessels, which affects 12 to 20 % of persons older than 65 years [1][2]. Vascular tissue 

engineering is regarded as a promising method to prepare such vascular grafts. A tissue-

engineered implant may show significant improvement in immune response and patency 

compared to current Dacron or Teflon vascular grafts [3]. However, up to now no commercial 

product has come to the market.  

Tissue engineering of small-diameter blood vessels consists of four main steps; isolating 

patient-specific cells, cell seeding in porous scaffolds, maturation of the construct in a 

bioreactor and implantation of the final construct in the patient [4][5]. A porous scaffold is used 

as a temporary support for smooth muscle cells (SMCs) and endothelial cells. A bioreactor 

provides mechanical mimicking of the cellular environment and accelerates tissue formation. 



Dynamic culturing of smooth muscle cells in porous PTMC scaffolds 

 161 

A key issue in current vascular tissue engineering remains the manufacturing of a suitable 

porous tubular scaffold.  

Both scaffold materials and manufacturing processes are important in the preparation of 

vascular grafts. The synthetic polymer poly(trimethylene carbonate) (PTMC) has been used in 

many soft tissue engineering applications due to its biodegradability and mechanical properties 

[6][7]. Compared to natural polymers like gelatin, chitosan and silk, PTMC has a low swelling 

which makes this material highly suitable for use in vivo [1][4]. Compared to other degradable 

synthetic polymers such as poly(ester urethane)s and polyesters like poly(-caprolactone) and 

poly(lactide)s, an adjustable degradation time, surface erosion mechanism and no formation of 

acidic degradation products are characteristic for PTMC [8][9].  Several manufacturing 

techniques including solvent casting, electrospinning and printing have been used to fabricate 

3D scaffolds [10][11][12]. Although electrospun vascular scaffolds may have good cell 

attachment, their small pore size below 20 µm does not provide enough space for the growth 

of SMCs. In addition, the mechanical properties of constructs are not easy to control using this 

method [13][14]. 3D printing of vascular grafts recently received a lot of attention due to its 

efficiency and versatility in design. However, current 3D printing technologies do not allow 

the fabrication of highly porous scaffolds due to limitations of 3D printing devices and 

materials [15].  

In this respect, solvent casting of polymer/leachable particle mixtures still is a feasible option 

to adjust both pore size and mechanical properties of scaffolds. In a previous study, high 

molecular weight PTMC combined with sodium chloride or sucrose particles were used to 

prepare tubular scaffolds by dip-coating on a glass mandrel. Crosslinking by gamma irradiation 

afforded compliant and creep-resistant PTMC networks, and porous scaffolds were obtained 

by means of particle leaching in water [16][17][18] [19]. Seeded SMCs were able to effectively 

attach and grow in these scaffolds having pore sizes ranging from 55-116 µm. Although solvent 

casting of a polymer solution containing leachable particles is feasible, this method has a low 

consistency in terms of wall thickness of the scaffold.  

In this study, we improved the manufacturing method and changed the materials based on the 

work of Song et al. [17]. Photo-crosslinking of end-methacrylated low molecular weight 

PTMC has proven to provide structures with similar mechanical and biological properties as 

the gamma-irradiated scaffolds [20]. We prepared porous tubular scaffolds by photo-

crosslinking of a mixture of three-armed end-methacrylated PTMC (PTMC-MA) and NaCl 
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particles in a mold followed by particle leaching [21]. The obtained porous scaffolds were 

seeded with SMCs. A pulsatile flow bioreactor was used to mimic the native cell environment 

and to study cell proliferation and changes in mechanical properties of the constructs. 

 

2 Materials and Methods 

2.1 Materials 

Trimethylene carbonate (TMC) was obtained from Huizhou Foryou Medical Devices. 1,1,1-

Tris(hydroxymethyl)propane (trimethylolpropane) was purchased from Fluka. Tin (II)-

ethylhexanoate (Sn(Oct)2), hydroquinone, methacrylic anhydride (MA), triethylamine (TEA) 

and Irgacure 2959 were purchased from Sigma-Aldrich. Propylene carbonate (PC) was ordered 

from Merck Millipore. Dichloromethane and ethanol were bought from VWR Chemicals. 

Sodium chloride particles were sieved to a size of 106-250 µm and dried at 120 °C for 2 days 

before use. Quartz glass tubes for the preparation of tubular scaffolds were custom-ordered 

from Technical Glass Products (Painesville, USA). Phosphate-buffered saline (PBS), gelatin 

type B for cell culturing and Trypsin/EDTA were purchased from Sigma-Aldrich. All culture 

media components were ordered from Lonza. 

 

2.2 Synthesis and characterization of three-armed PTMC-MA 

Three-armed PTMC was synthesized by ring-opening polymerization of TMC at 130 °C for 2 

days. In brief, 50.0 g (0.49 mol) of TMC and 0.335 g (0.0025mol) of trimethylolpropane were 

added to a 250 mL three-necked round bottomed flask under argon atmosphere and the mixture 

was heated to 80 oC for 5 min. To the melt 0.065 g of Sn(Oct)2 was added as a catalyst. The 

temperature was immediately raised to 130 oC and the mixture was maintained at this 

temperature for 2 days. After cooling to room temperature, the obtained three-armed PTMC 

was dissolved in 150 mL of dichloromethane, and 0.05 g of hydroquinone was added to prevent 

crosslinking during functionalization. To the solution of the three-armed PTMC (0.0075 mol 

OH end groups), 4 mL of MA (0.027 mol) and 3.5 mL of TEA (0.025 mol) were added. The 

reaction was conducted at room temperature under argon atmosphere for 5 days. The mixture 

was subsequently precipitated and washed in cold ethanol. The PTMC-MA was dried in a 

vacuum oven at 40 oC for 4 days. The average molecular weight (Mn) and degree of 
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functionalization of the three-armed PTMC and PTMC-MA were determined from 1H-NMR 

spectral data (Bruker Ascend 400/Avance III 400 MHz NMR spectrometer). 

 

2.3 Preparation and characterization of porous tubular scaffolds 

The PTMC-MA/NaCl composite resin was formulated as follows. PTMC-MA (10 g) was 

dissolved in 30 g of PC at 60 oC while stirring. After dissolution, Irgacure 2959 (2.5 wt% 

relative to PTMC-MA) was added as a photo-initiator and the mixture was stirred for another 

1 h. Subsequently, dried NaCl particles (80g) were added to the solution and the resulting 

mixture was stirred by hand using a spoon. The weight ratio of PTMC-MA:PC:salt was 1:3:8. 

Annular quartz glass molds, 80 mm in length and with 5 mm inner and 8 mm outer diameter 

were filled with the PTMC-MA/PC/salt resins. Silicone tubing (5 mm inner diameter, 1.5 mm 

wall thickness) was used to seal the two ends of the glass molds. The prepared samples were 

photo-crosslinked by UV (365 nm) at 8mW/cm2 light intensity for 2 h. The molds were rotated 

180 degrees each half hour during the photo-crosslinking process.  

The inner tube of the mold was removed by hand. The outer tube was removed by swelling the 

photo-crosslinked resin in PC/ethanol (3:7 v/v) solution. Samples were extracted in PC/ethanol 

(8:2 v/v) solution, after which ethanol was slowly dropped into the mixture until the PC content 

was below 5%. Then, the solid photo-crosslinked PTMC-MA/NaCl tubes were soaked in 

ethanol to remove residual PC. After extraction, the resulting composites were dried at 50 °C 

for 12 hours. Subsequently, the constructs were soaked in distilled water for several days to 

leach out the NaCl particles. The obtained porous PTMC-MA scaffolds were stored in cold 

ethanol for future use.  

The porosity of the tubular photo-crosslinked PTMC scaffolds was determined from 

gravimetric measurements and calculated according to equation 1, 

 

Porosity = [1 – (W dry/ V dry * ρ PTMC)] * 100%                         Eq 1 

 

in which ρ PTMC = 1.31 g/cm3, W dry = dry weight of the scaffold and V dry = volume of the 

scaffold in dry condition (regarded as a solid tube).   
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The pore size distribution of the scaffolds was determined from scanning electron microscopy 

(SEM) images. Cross-sections of scaffolds were sputtered with gold using a Cressington sputter 

coater 108 auto, and subsequently analyzed using a JSM-IT100 (JEOL Ltd. Japan). Average 

pore sizes were calculated based on 100 pores randomly taken from the SEM images. Adobe 

Photoshop software was employed to measure the pore size and calculate the average pore size. 

 

2.4 Culturing and seeding of SMCs 

SMCs isolated from human umbilical veins were cultured in 0.1% (w/v) gelatin-coated cell 

culture flasks at 37°C and 5% CO2 in an incubator. The culture medium consisted of 500 mL 

advanced DMEM supplemented with 25 mL FBS, 5 mL glutamax, 1 mL FGF-, 0.5 mL EGF, 

0.5 mL insulin and 0.5 mL gentamycin/amphotericin B. Culture media were refreshed every 2 

days. When cultures were almost confluent, SMCs were detached with 0.125% (w/v) 

trypsin/0.05% (w/v) EDTA and subcultured with a split ratio of 1:3 up to 10 passages. 

Porous tubular PTMC scaffolds with a length of 4 cm were disinfected with 70% (v/v) ethanol, 

rinsed with PBS, and coated with 0.1% (w/v) gelatin for 1 h at 37 oC. SMCs were seeded in a 

scaffold by perfusing 10 mL of a SMC suspension in culture medium (0.5 × 106 cells/mL) from 

the lumen into the wall with two syringes connected to both ends of the scaffold. During the 

first 2 h, the seeded scaffolds were rotated 90° every 10 min to ensure a homogeneous cell 

distribution. The cells were allowed to adhere to the scaffolds overnight in the incubator. 

Subsequently, cell culturing was continued under static conditions in the incubator or under 

dynamic conditions in a bioreactor (see below) up to 14 days. In the case of static culturing, 

culture media were refreshed every 3 days. 
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Scheme 1. Schematic representation of the pulsatile flow bioreactor. 

 

 

Figure 1. A: 3PTMC-MA scaffolds seeded with SMCs, B: bioreactor system in the incubator. 

 

The SMC-seeded scaffolds were dynamically cultured in a pulsatile flow bioreactor (Scheme 

1). Two culture chambers, each containing one construct, were operated in parallel. Culture 

media were perfused through the chambers using a dual head roller pump. The number of 

pulses was 90/min and the flow rate through each scaffold was 0.53 mL/s, resulting in a wall 

shear rate of 200 s-1. The bioreactor was placed in a 5% CO2 incubator operating at 37°C, see 

Figure 1. 
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2.5 Histological analysis 

PTMC-MA porous scaffolds seeded with SMCs and cultured for 14 days were rinsed with PBS. 

A construct was cut in 4 pieces of 8 mm length.  One of these segments was fixed overnight in 

4% (w/v) paraformaldehyde solution, rinsed with demineralized water, and embedded in Jung 

tissue freezing medium (Leica). Transverse sections with a thickness of 20 m was cut at -22 

oC using a microtome, stained with hematoxylin and eosin, and observed by light microscopy. 

 

2.6 CyQuant assay 

Numbers of SMCs present in the constructs were quantified by means of the CyQuant cell 

proliferation assay (Molecular Probes). A construct segment of 8 mm length was placed in 1 

mL 0.1% (w/v) Triton X-100 solution and frozen at -20 oC. After thawing and homogenizing 

the solution, 20 l was added to 180 l CyQuant dye solution, after which the fluorescence 

was measured in a Tecan plate reader at 480 nm excitation and 520 nm emission wavelengths. 

 

2.7 Tensile testing 

The mechanical properties of porous PTMC scaffolds and SMC-containing constructs in the 

hydrated state were determined in the radial direction using a Zwick Z020 tensile tester. 

Measurements were carried out according to standards of the American National Standards 

Institute and the Association for the Advancement of Medical Instrumentation (ANSI/AAMI 

VP20: 1994) at a tensile rate of 1 mm/min. The stiffness was determined from the slope of the 

tensile curve between 3 and 6% strain. 

 

2.8 Statistical analysis 

Differences between cell numbers as well as mechanical properties of constructs cultured under 

static and dynamic conditions were analyzed by Student’s t-test, and considered significant 

when p < 0.05.   
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3 Results and discussion 

3.1 Preparation and characteristics of the porous tubular scaffolds 

Three-armed PTMC with a molecular weight of 19 kg/mol was synthesized by ring-opening 

polymerization of TMC using trimethylol as an initiator and stannous octoate as catalyst. 

Subsequent methacrylation using methacrylic anhydride in the presence of TEA afforded the 

PTMC-MA, in which 95 % of the originally present hydroxyl groups were converted into 

methacrylate groups. 

The prepared porous tubular scaffolds (Figure 2) had an inner diameter of 3.12 ± 0.13 mm, a 

wall thickness of 1.05 ± 0.11 mm, and a porosity of 73.3 ± 2.1%. From the SEM images an 

average pore size of 68 ± 7 µm was determined. 

 

 

Figure 2. SEM images of a cross-section of a porous tubular PTMC-MA scaffold. A: scale bar is 500 

µm, B: scale bar is 200 µm. 

 

The annular space of the mold had an inner and outer diameter of 5 and 8 mm, respectively. 

The inner and outer diameter of the tubular PTMC scaffolds, however, were smaller. This 

difference can be explained by shrinkage of the scaffolds during post-processing. Photo-

crosslinking of the PTMC-MA macromers took place in the swollen state, due to the presence 

of PC, resulting in contraction of the PTMC network upon extraction of PC and subsequent 

salt leaching. Also, the length of the scaffolds decreased, from approximately 7 cm after photo-

crosslinking in the mold to 4.5 cm after post-processing (data not shown). 
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 3.2 Seeding and culturing of SMCs in the scaffolds 

Figure 3 shows the results of the CyQuant cell proliferation assay after 14 days of culturing. 

SMC numbers in the dynamically cultured constructs were 3 times higher than in the constructs 

cultured under static conditions. This indicates that dynamic mechanical stimulation of the 

SMCs had a positive effect on proliferation of the cells. In addition, the higher cell numbers 

under dynamic conditions may be due to a more efficient nutrient and oxygen supply and waste 

product removal [17][22][23]. 

 

 

Figure 3. Numbers of SMCs present in the tubular PTMC scaffolds after 14 days of culturing. Data 

from CyQuant cell proliferation assay, n = 4 ± SD. *p < 0.001. 

 

Histological images of hematoxylin- and eosin-stained neat PTMC-MA scaffold and PTMC-

MA scaffolds cultured with SMCs for 14 days are shown in Figure 4. The porous structure of 

the neat PTMC-MA scaffold can be clearly observed because of dye absorption by the PTMC-

MA network. Comparing cell proliferation under static and dynamic culture conditions, it 

becomes clear that the pores were almost fully filled with cells when using dynamic conditions. 
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Figure 4. Cross-sections of hematoxylin- and eosin-stained PTMC-MA scaffolds. A: PTMC-MA 

scaffold, B: PTMC-MA scaffold with statically cultured cells, C: PTMC-MA scaffold with dynamically 

cultured cells. Scale bars are 200 μm. 

 

3.3 Mechanical properties of PTMC scaffolds cultured with SMCs 

The circumferential mechanical properties of the neat PTMC scaffold and scaffolds cultured 

with SMCs are listed in Table 1. The results show that compared to the neat PTMC scaffold, 

the elastic moduli of the SMC-cultured scaffolds using static and dynamic conditions were 

slightly higher and lower, respectively. The effect of dynamic culturing on the mechanical 

properties of the constructs is mainly reflected in the maximum stress. After culturing of SMCs 

in PTMC-MA scaffolds under pulsatile flow conditions, the maximum stress was significantly 

higher compared to static culture conditions. Combined with the histological data, these results 

can be ascribed to the deposition of new extracellular matrix. Collagen fibers in the 

extracellular matrix likely have a positive effect on the mechanical properties of the vascular 

graft [17]. 

 

Table 1.  Tensile properties of 3PTMC-MA scaffolds cultured with SMCs (n = 4 ± SD). 

Code Elastic 

modulus, MPa 

Maximum 

stress, MPa 

Elongation, % Reference  

Scaffold 0.21 ± 0.01 0.42 ± 0.02 2063 ± 180 This work 

Static 0.24 ± 0.02 0.45 ± 0.03 1989 ± 160 This work 

Dynamic  0.18 ± 0.02   0.61 ± 0.05* 2190 ± 210 This work 

Gamma-irradiated 

PTMC scaffold 

1.11 ± 0.05 0.47 ± 0.06 928 ± 211 [17]# 

*p < 0.001compared to static. #Also cultured under dynamic conditions for 14 days with human SMCs. 
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4 Conclusions 

A highly porous tubular PTMC scaffold was prepared by photo-crosslinking a PTMC/NaCl 

resin in a mold followed by particle leaching. Human SMCs were seeded in the scaffolds and 

culturing was performed under pulsatile flow conditions in a bioreactor for 14 days. Cell 

numbers and histology results revealed a significant improvement of SMC proliferation 

compared to the use of static culture conditions. Mechanical properties of the PTMC scaffolds 

cultured with SMCs under dynamic conditions were also significantly enhanced. Based on 

these results, and after endothelialization of the constructs, future in vivo implantation studies 

may show the potential of these vascular grafts for clinical application.  
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Summary and outlook 

 

1 Summary 

 

The past decades have shown major developments in biomedical engineering technologies, 

especially in tissue engineering and regenerative medicine. This poses a large demand on the 

preparation of suitable biomaterials for both research and industry. Among the different classes 

of biomaterials, polymer-based composites have received special attention in the past years. 

These composite materials can have several advantages related to presentation of functional 

bioactivity and improved mechanical properties, next to biocompatibility and biodegradability. 

The work presented in this PhD thesis introduces two applications of polymer-based 

composites. One is the use of electrically conductive reduced graphene oxide (rGO) fillers, 

enhancing the conductivity of scaffolds to be applied in nerve regeneration. Another is the use 

of sacrificial particle leaching, applied in the manufacturing of porous scaffolds for small-

diameter vascular tissue engineering. 

Poly(trimethylene carbonate) (PTMC) was chosen as the polymer component, because of its 

excellent biocompatibility, surface erosion degradation behavior and flexible and elastic 

properties. Combination of the functional rGO filler with PTMC, was either done by mixing 

rGO in a PMTC matrix or grafting the polymer onto the rGO and subsequent mixing with 

PTMC. Porogens such as sodium chloride, sodium fluoride and calcium carbonate were used 

to fabricate porous scaffolds for vascular tissue engineering. 

Next to a description of the material properties of the composites, also several porous scaffold 

manufacturing methods are described. These include sacrificial particle leaching, 

electrospinning and additive manufacturing. Moreover, in vitro and in vivo evaluation of 

prepared scaffolds were performed. 

 

In Chapter 1, a general introduction on the background of the research described in this thesis 

is presented. The scope and outline of the studies are also introduced. In Chapter 2, the current 

state of the art on advancements in polymer-based composites, their properties, structure and 

fabrication techniques is presented. To engineer suitable scaffolds or implants for e.g. tissue 
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engineering and regenerative medicine applications, structure property relationships of 

composites need to be considered. In this chapter, we focused on and discussed bioactive 

polymer-based composites, such as bone-forming, electrically conductive, magnetic, 

bactericidal and oxygen-releasing materials, and non-bioactive polymer-based composites 

containing reinforcing fillers and porogens. In addition, porous scaffold structures fabricated 

by particle leaching, electrospinning and additive manufacturing, all subjects of this PhD 

research, were described. It was concluded that current challenges are related to the limited 

choice of bioactive and functional fillers, control of the bioactive expression in the polymer 

matrix and manufacturing techniques for suitable structures. Therefore, studies on the 

relationship between the material properties of a specific polymer-based composite, its 

structure, physical and mechanical properties and biological response for a specific biomedical 

application remain necessary.  

Previous studies on PTMC polymer technology developed within the research group, revealed 

the highly interesting properties of this material, like flexibility, elasticity and degradation 

without eliciting acidic degradation products in a biological environment. This material is 

therefore regarded highly suitable for the preparation of tubular scaffolds that can be applied 

as e.g. engineered nerve guides or blood vessel prostheses. In Chapter 3 a study on the 

preparation of PTMC/rGO composites with electrical conductivity for peripheral nerve 

regeneration is described. rGO was obtained through reduction of graphene oxide (GO), which 

was prepared by a modified Hummers method. A 3-armed PTMC was synthesized by ring-

opening polymerization and end-functionalized with methacrylate groups. PTMC-MA/rGO 

composite films were subsequently prepared by mixing, solvent casting and photo-crosslinking. 

The PTMC-MA/rGO composite films with 0, 0.5, 1, 2 and 4 wt% rGO showed increasing 

electro-conductive properties with values up to 6.88*10-2 S/cm. Cell culturing with PC-12 cells 

showed that after initial cell adhesion, the cells proliferated on the surface of the PTMC-

MA/rGO composites, regardless of the rGO loading. These results provide evidence that 

composite materials of PTMC and rGO have promising properties for application as nerve 

guide conduits that accelerate nerve regeneration and were the basis for a study described in 

Chapter 4. In this chapter we describe a study on porous PTMC/rGO composite nerve guides, 

their preparation and in vivo evaluation. The composite nerve guide conduit with 2 wt% rGO 

relative to PTMC was prepared by dip-coating, photo-crosslinking and leaching of sodium 

fluoride porogen particles. The conduit, which had a porosity of 73%, was used to bridge a 15 

mm sciatic nerve gap in a pilot study in rabbits. A porous PTMC conduit with the same porosity 
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was used as a control. Macroscopic evaluation 6 weeks after implantation showed the 

formation of firm tissue in the PTMC/rGO nerve guide, whereas the tissue formed in the PTMC 

conduit lacked form stability. Histological analysis showed that the number of myelinated 

axons and the amount of collagen were higher in the PTMC/rGO nerve guide than in the PTMC 

conduit. The same differences were found in the respective distal nerve stumps. 

To improve the compatibility and dispersion behavior of the rGO in the composites, an 

alternative strategy was chosen for the preparation of the composite material. In Chapter 5 a 

study on a new composite rGO-graft-PTMC is presented. rGO was synthesized by azido 

ethanol reaction with GO at a high temperature. The hydroxyl groups on the rGO were used to 

initiate the ring-opening polymerization of trimethylene carbonate monomer. The obtained 

rGO-graft-PTMC, comprising of single layer graphene nanosheets, afforded stable rGO-graft-

PTMC dispersions in chloroform. The rGO-graft-PTMC composites, with different PTMC 

molecular weights of 430-7030 g/mol, had electrical conductivities ranging from 0.2-0.016 

S/cm. To investigate the biocompatibility of rGO-graft-PTMC, PTMC-based films containing 

rGO-graft-PTMC were prepared and used in cell culturing experiments. The composite films 

showed good biocompatibility with PC12 neuronal cells. 

Another method than particle leaching to fabricate porous scaffolds is electrospinning. In 

Chapter 6, we describe a study on the preparation and properties of electrospun PTMC/rGO-

graft-PTMC composite fibrous mats. A loading of the rGO-graft-PTMC in the PTMC matrix 

of up to 6 wt% could be reached. Scanning electron microscopy images showed that the 

morphology and average diameter of the PTMC/rGO-graft-PTMC composite fibers were 

affected by the content of rGO-graft-PTMC. Additionally, the incorporation of rGO-graft-

PTMC resulted in enhanced thermal stability and hydrophobicity of the PTMC-based fibers. 

Biological results demonstrated that PC12 cells showed higher cell viability on PTMC/rGO-

graft-PTMC fibers of 2.4, 4.0 and 6.0 wt% rGO-graft-PTMC compared to pure PTMC fibers. 

The results of these studies suggest that PTMC/rGO-graft-PTMC composite structures hold 

great potential for neural tissue engineering. 

In the last chapters and appendix of this thesis, our research on the engineering of porous 

scaffolds for small-diameter vascular tissue engineering is described. Due to the increasing 

prevalence of peripheral and cardiac vascular diseases, we focused on vascular grafts with an 

inner diameter of less than 6 mm for which there is an urgent need. Fabrication of branched 

micro-vascular channels for biomedical applications is presented in Chapter 7. PTMC/CaCO3 
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composite films with various amounts of CaCO3 particles were prepared by solvent casting and 

photo-crosslinking. Particle leaching using a diluted HCl solution afforded micro-porous 

structures with porosities ranging from 33 to 71% and a pore size around 0.5 m. A minimum 

CaCO3 content of 40 vol% was required to get a porous structure with sufficient water 

permeation at a physiological pressure. The mechanical properties of the micro-porous films 

were similar to those of native blood vessels. To engineer complex vascular structures, photo-

crosslinkable PTMC/CaCO3 composite resins were formulated for stereolithography-based 

additive manufacturing. We were able to build vascular scaffolds of various shapes and sizes 

with this PTMC/CaCO3 composite resin. A very small branched vascular structure with a 

micro-porous wall, having a 482 µm inner diameter, wall thickness of 146 µm, 0.4 µm pore 

size and 59% porosity could be built, showing that complex structures and scaffolds for 

biomedical applications can be fabricated using this PTMC/CaCO3 composite resin through 

additive manufacturing techniques. 

In Chapter 8 we describe a method, based on salt leaching, for the manufacturing of porous 

tubular scaffolds for small-diameter vascular tissue engineering. Using a photo-crosslinkable 

composite resin composed of methacrylate end-functionalized PTMC macromer, sodium 

chloride as a sacrificial composite filler and propylene carbonate as a non-reactive diluent in a 

glass mold, porous structures were prepared after crosslinking, extraction of the diluent and 

particle leaching. Tubular scaffolds were obtained with an inner diameter of 3 mm, a wall 

thickness of 1 mm and a length of 4.5 cm. Pore sizes ranged from 0-290 µm and the porosity 

was around 70%. The pores were homogeneously distributed and interconnected. With 

increasing PTMC macromer molecular weight from 4 to 22 kg/mol, the E-modulus and 

maximum tensile strength of the scaffolds in the radial direction increased from 0.56 to 1.12 

MPa and 0.12 to 0.55 MPa, respectively. Stress-strain curves of scaffolds made from 13, 17 

and 22 kg/mol PTMC macromers, showed a ‘toe’ region characteristic for native arteries, 

followed by a linear increase until the maximum stress was reached. In view of their mechanical 

properties, porous tubular scaffolds made from PTMC macromers with a molecular weight of 

13–22 kg/mol appeared the preferred scaffolds for vascular tissue engineering. 

In the Appendix we present an initial study on the culturing of seeded smooth muscle cells 

(SMCs) in porous tubular PTMC scaffolds under dynamic conditions in a pulsatile flow 

bioreactor. Scaffolds with a 3 mm inner diameter, 1 mm wall thickness and an average pore 

size of 68 µm were used. SMCs cultured in porous PTMC scaffolds under static conditions was 

used for comparison. Cells were cultured for 14 days and a cell proliferation assay and 
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histological evaluation were performed. A three times higher number of SMCs was found using 

dynamic culture conditions compared to static culturing. Histological images of the scaffolds 

cultured under dynamic conditions showed that the SMCs fully filled the porous scaffolds, 

which was not found after static culturing. Determination of the mechanical properties after 

dynamic culturing revealed an increase in the maximum stress of the constructs. It was 

concluded that dynamic culturing of cell-seeded PTMC scaffolds for vascular tissue 

engineering can be used for future in vivo experiments. 

 

2 Outlook and future perspectives 

Polymer-based composites can be regarded as a special class of materials and currently are 

widely investigated for the preparation of biomedical implants, grafts and other devices. 

Because polymer composites have advantages, such as low cost of available natural and 

synthetic polymers, filler types and ease and tunability of manufacturing techniques, it is 

envisaged that these materials will receive a prominent place in the biomedical field. It can be 

recognized that the combination of a specific polymer and composite filler will lead to novel 

material properties. Importantly, fillers not only can be used to change the material properties 

but can add bioactive properties to the composite. As an example, in the design of an implant 

the filler can be used to reinforce the polymer material but also be used to deliver bioactive 

components in a sustained manner. Manufacturing techniques may be used to create a 3D 

gradient scaffold structure, allowing a spatio-temporal regeneration of the targeted tissue. 

As demonstrated in this thesis work, poly(trimethylene carbonate) (PTMC)-based composites 

with several kinds of functional fillers can be used for biomedical applications such as nerve 

regeneration conduits and vascular grafts. Several processing techniques were used to prepare 

those biomedical implants. Functional properties were added by using electrically conductive 

graphene oxides as fillers. Sacrificial particles were used to create porous tubular scaffolds 

allowing the diffusion of nutrients and waste products in the tissue regeneration process. While 

positive results were obtained in these studies, it can be concluded that improvements remain 

necessary for each application before such biomedical devices can be clinically applied. 
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2.1 Nerve guide conduits 

Due to trauma or disease nerves can be damaged and cause loss of function. The main function 

of a nerve guide conduit is to provide a temporary guide and protect the regenerating axons from 

invading cells from the environment, i.e. prevention of scar tissue formation. The wall of the 

conduit, however, should not be completely closed and allow the sustained delivery of nutrients 

and removal of cellular waste products. Particle leaching from polymer salt composites is an 

efficient way to make a porous structure. However, due to the limited access to of submicron 

leachable particles, porosity is generally not consistently small.  

Electrically conductive materials are widely investigated for use in tissue engineering and 

regenerative medicine, especially in neural tissue engineering due to its bioactive electrical 

interface which could stimuli cells growing, differentiation and signaling. In addition, based on 

electrically conductive materials, electrostimulation could be applied to accelerated axonal 

growth and restoring nerve function. We showed that use of electrically conductive PTMC/rGO 

composite with a small amount (2wt% relative to PTMC) of highly conductive rGO fillers for 

the fabrication of nerve guide conduits is a viable strategy to improve peripheral nerve 

regeneration.  

It is envisaged that detailed in vivo experiments should be carried out with these PTMC/rGO 

composites to show their full potential. A complete nerve function characterization should be 

carried out to determine the threshold level for undisturbed movement. For future studies, it is 

recommended to increase the amount of in vivo experiments as well as the implantation time, 

and to include walking track analysis and electrophysiological measurements. To avoid in 

vivo implantation studies, the regeneration process may be evaluated using microfluidic 

techniques. 

Although these conduits show promising results in the regeneration of nerves, their use was 

limited to small defects only. Development of improved conduits will likely focus on 

composite materials that also will deliver constituents like growth factors that stimulate the 

regeneration process. This may also stimulate the regeneration of large nerves and large size 

nerve defects (more than 3 cm). 
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2.2 Porous vascular networks 

Capillary vascular networks are a necessary component of most native tissues and organs. This 

capillary structure provides the oxygen and nutrient supply for living cells as well as removal 

of waste products. To engineer tissues and organs for transplantation building of a vascular 

network plays an important role. Because the capillaries have a micro size inner diameter and 

wall thickness, these are difficult to fabricate. Selection of a suitable polymeric material, type 

of salt allows the preparation of scaffolds with sub-micro pore size of the wall and mechanical 

properties matching those of natural blood vessels. Such artificial vascular structures are 

needed for both traditional tissue engineering applications but also in studies on disease models. 

In this respect these materials hold great promise in their combination with microfluidic 

techniques. Functions, like platelet activation and adhesion dependent blood-graft interfaces 

may be studied. Such studies will contribute to optimal materials to be applied in blood-vessel 

tissue development. 

 

2.3 Small diameter vascular grafts  

Tissue engineering of small diameter vascular networks can have a significant impact on in 

vitro generated vascularized tissue and organ constructs for transplantation. 3D printing of 

vascular grafts recently received a lot of attention due to its efficiency and versatility in design. 

However, current 3D printing technologies do not allow the fabrication of highly porous 

scaffolds due to limitations of 3D printing devices and materials. Combining 3D printing, 

photo-crosslinking and particle leaching may well be a valuable step. Because mechanical 

stimulation has been shown to affect such processes tissue development using a bioreactor with 

pulsatile flow may stimulate tissue development. In combination with cell seeding techniques, 

future in vivo implantation studies may show the potential of these vascular grafts for clinical 

application. 

 

3 General conclusions 

We may conclude that bioactive or other functional fillers will endow biodegradable polymers 

large possibilities to be used in the repair or regeneration of tissues and other biomedical 

applications. The current techniques, applying polymer-based composites, in general need fine-

tuning to optimize the structure required in the specific application. Polymer-based composite 
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scaffolds already showed not only high cell adhesion, biocompatibility, and biodegradability 

but also bioactivities in terms of tissue formation, function, stimulation, survival and 

antibacterial properties during in vitro and in vivo experiments. 

However, there are still challenges because of the limited choice of bioactive and functional 

fillers, control of the bioactive expression in the polymer matrix, and manufacturing techniques 

of suitable structures. Polymer-based composites should be adapted to the biological 

microenvironment, thereby accelerating tissue repair and regeneration. Studies on the 

relationship between the material properties of a specific poly(trimethylene carbonate-based 

composite, its structure, physical and mechanical properties and biological response for 

specific biomedical applications remain necessary. 
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Samenvatting 

 

In de laatste decaden zijn er belangrijke ontwikkelingen geweest in de biomedische technologie, 

met name in de weefselregeneratie (tissue engineering) en de regeneratieve geneeskunde 

(regenerative medicine). Hierdoor is er grote vraag naar de ontwikkeling van geschikte 

biomaterialen zowel voor gebruik in het onderzoek als in de industrie. Van de verschillende 

soorten biomaterialen, hebben op polymeer gebaseerde composieten de laatste jaren veel 

belangstelling gekregen. Gebruik van deze composiet materialen kan grote voordelen hebben, 

daar ze naast hun biocompatibiliteit en biodegradeerbaarheid verbeterde eigenschappen en 

functionele bioactiviteit kunnen presenteren. Het werk dat in dit proefschrift beschreven is 

introduceert twee toepassingen van polymeer composieten. De eerste is het gebruik van 

elektrisch geleidende gereduceerd grafeen oxide (reduced graphene oxide, rGO) vulstoffen die 

de elektrische geleiding van cel- en weefsel dragermaterialen  (tissue engineering scaffolds) in 

zenuwregeneratie verbeteren. In een tweede toepassing worden oplosbare partikels gebruikt 

om poreuze scaffolds voor de regeneratie van kleine-diameter bloedvaatjes te maken.  

Poly(trimethyleen carbonaat) (PTMC) werd gekozen voor de polymere component, gezien de 

uitstekende biocompatibiliteit, oppervlakte erosie degradatiegedrag en flexibele en elastische 

eigenschappen. Het combineren van de functionele rGO vulstof met PTMC werd gedaan door 

rGO in een PTMC matrix in te mengen, of door het enten van het polymeer op het rGO gevolgd 

door het mengen met PTMC. Porie-vormende verbindingen als natrium chloride, natrium 

fluoride en calcium carbonaat werden gebruikt voor het maken van poreuze scaffolds voor 

tissue engineering van bloedvaten. Naast het beschrijven van de materiaal eigenschappen van 

de composieten, worden ook verschillende fabricagemethoden voor het maken van poreuze 

scaffold structuren besproken.  Deze omvatten methoden gebaseerd op het uitwassen van 

deeltjes, electrospinnen en additieve fabricage technieken (additive manufacturing). Ook zijn 

de gemaakte scaffolds in vitro en in vivo geëvalueerd. 

In Hoofdstuk 1 wordt een algemene inleiding in de achtergrond van het onderzoek dat in dit 

proefschrift is beschreven gegeven. Ook wordt ingegaan op het belang van het onderzoek en 

wordt een overzicht van de uitgevoerde studies gegeven. In Hoofdstuk 2 wordt de huidige 

kennis en technologie op het gebied van polymeer composieten en hun eigenschapen, en 

verschillende methoden om ze te bereiden, gepresenteerd. Om geschikte scaffolds of 

implantaten voor bijvoorbeeld tissue engineering en regeneratieve geneeskunde te ontwerpen, 
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moeten de structuur-eigenschap relaties van composieten in beschouwing worden genomen. In 

dit hoofdstuk hebben we ons gericht op bioactieve polymeer composieten zoals botvormende-, 

elektrisch geleidende-, magnetische-, bacteriedodende en zuurstof-afgevende materialen, en op 

niet-bioactieve polymere composieten die versterkende vulstoffen of uitwasbare partikels 

bevatten. Daarnaast worden poreuze scaffolds gemaakt door het uitwassen van deeltjes, 

electrospinnen en additive manufacturing, allemaal onderwerpen die onderzocht zijn in dit 

promotieonderzoek, beschreven. Er werd geconcludeerd dat de huidige uitdagingen verband 

houden met de beperkte keuze aan bioactieve en functionele vulstoffen, de expressie van 

bioactiviteit in de polymere matrix en de fabricage technieken van geschikte structuren. 

Daarom zijn studies die een verband leggen tussen de materiaal eigenschappen van een 

specifiek polymeer composiet, zijn structuur, zijn fysische en mechanische eigenschappen en 

de biologische respons in een bepaalde biomedische toepassing, van groot belang. Eerdere 

studies in onze onderzoeksgroep naar PTMC lieten de zeer interessante eigenschappen van dit 

materiaal zien: bijvoorbeeld zijn flexibiliteit, elasticiteit, en degradatiegedrag in een 

biologische omgeving waarbij zure producten niet gevormd worden. Dit materiaal kan daarom 

als zeer geschikt worden beschouwd voor het maken van buisvormige scaffolds voor 

toepassing als bijvoorbeeld regenererende zenuwgeleiders of bloedvatprothesen. 

In Hoofdstuk 3 wordt een studie naar de bereiding van elektrisch geleidende PTMC/rGO 

composieten voor de regeneratie van perifere zenuwen beschreven. rGO werd verkregen door 

reductie van grafeen oxide (GO), dat bereid werd volgens de gewijzigde methode van Hummer.  

3-armig PTMC werd gesynthetiseerd door ring-openingspolymerisatie en eind-functionalisatie 

met methacrylaat groepen. Composieten van PTMC-MA/rGO in film vorm werden vervolgens 

gemaakt door mengen, gieten uit oplossen en vernetten onder invloed van licht (photo-

crosslinking). De PTMC-MA/rGO composiet films met 0, 0.5, 1, 2 en 4 gewichts % rGO lieten 

toenemende elektrische geleiding zien met waarden tot 6.88*10-2 S/cm. 

Celkweekexperimenten met PC-12 cellen lieten zien dat na initiële celadhesie de cellen 

onafhankelijk van de rGO belading op het oppervlak van de PTMC-MA/rGO composieten 

prolifereerden. Deze resultaten laten de gunstige eigenschappen van PTMC en rGO voor 

toepassing als zenuwgeleiders die regeneratie van zenuwen kunnen versnellen zien. Zij zijn de 

basis voor de vervolgstudie die in Hoofdstuk 4 gepresenteerd wordt.  

In dit hoofdstuk beschrijven we een studie naar poreuze composiete PTMC/rGO 

zenuwgeleiders, hun bereiding en evaluatie in vivo. De composiete zenuwgeleider met 2 
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gewichts % rGO (in relatie tot PTMC) werd bereid door dompelen in een polymeeroplossing 

(dipcoating), photo-crosslinking en uitwassen van natrium fluoride porie-vormende partikels. 

De geleider, die een porositeit van 73% had, werd in een proefonderzoek gebruikt voor  het 

overbruggen van een 15 mm defect in de heupzenuw van konijnen. Een poreuze PTMC 

geleider met dezelfde porositeit werd als controle gebruikt. Macroscopische evaluatie 6 weken 

na implantatie liet de vorming van stevig weefsel in de PTMC/rGO zenuwgeleider zien, terwijl 

het weefsel dat in de PTMC geleider gevormd was niet vormvast was. Histologische analyse 

liet zien dat het aantal gemyelineerde axonen en de hoeveelheid collageen in de PTMC/rGO 

zenuwgeleider groter was dan in de PTMC geleider. Dezelfde verschillen werden ook 

gevonden in de respectievelijke distale zenuwstompen.  

Om de compatibiliteit en het dispersiegedrag van het rGO in de composieten te verbeteren, 

werd een alternatieve strategie gekozen voor de bereiden van de composiet materialen. In 

Hoofdstuk 5 wordt een studie naar een nieuw composiet rGO-ent-PTMC gepresenteerd. rGO 

werd gesynthetiseerd door de reactie van azido ethanol met rGO bij hoge temperatuur. De 

aanwezige hydroxyl groepen op het rGO worden dan gebruikt voor de initiatie van de ring-

openingspolymerisatie van het trimethyleen carbonaat monomeer. Het verkregen rGO-ent-

PTMC bestaat uit enkel-laags grafeen nano-vellen en geeft stabiele rGO-ent-PTMC dispersies 

in chloroform. De rGO-ent-PTMC composieten, met PTMC moleculaire massa’s van 430-

7030 g/mol, hadden elektrische geleidbaarheden variërend van 0.2-0.016 S/cm. Om de 

biocompatibiliteit van rGO-ent-PTMC te onderzoeken, werden films van PTMC die rGO-ent-

PTMC bevatten gemaakt en in celkweek experimenten gebruikt. De composiete films lieten 

goede biocompatibiliteit met neurale PC12 cellen zien. 

Een andere manier dan het uitwassen van partikels om poreuze scaffolds te maken is 

electrospinnen. In Hoofdstuk 6 beschrijven we een studie naar het maken van vezelachtige 

matten van PTMC/rGO-ent-PTMC composieten door electrospinnen en hun eigenschappen. 

Een belading van 6 gewichts% van het rGO-ent-PTMC in de PTMC matrix kon bereikt worden. 

Raster elektronen microscopie beelden lieten zien dat de morfologie en de gemiddelde diameter 

van de PTMC/rGO-ent-PTMC composiete vezels beïnvloed werd door de hoeveelheid rGO-

graft-PTMC. Ook resulteerde de incorporatie van rGO-ent-PTMC in toename van de 

thermische stabiliteit en hydrofobiciteit van op PTMC gebaseerde vezels. Biologische 

resultaten lieten zien dat de levensvatbaarheid van PC12 cellen hoger was op PTMC/rGO-ent-

PTMC vezels van 2.4, 4.0 en 6.0 wt% rGO-ent-PTMC in vergelijking met puur PTMC vezels. 
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De resultaten van deze studie suggereren dat structuren gebaseerd op PTMC/rGO-ent-PTMC 

zeer geschikt zijn voor gebruik in de regeneratie van neuraal weefsel. 

In de laatste hoofdstukken en appendix van dit proefschrift wordt ons onderzoek naar de 

ontwikkeling en vervaardiging van poreuze scaffolds voor tissue engineering van kleine-

diameter bloedvaten beschreven. Door het toenemend voorkomen van perifere vaat- en 

cardiovasculaire ziekten, hebben we ons gericht op bloedvatprothesen met een inwendige 

diameter kleiner dan 6 mm waar grote behoefte aan is. 

Het maken van vertakte micro-vasculaire kanalen voor biomedische toepassingen wordt in 

Hoofdstuk 7 gepresenteerd. Composiete PTMC/CaCO3 films met verschillende hoeveelheden 

CaCO3 deeltjes werden gemaakt door te gieten uit oplossing en foto-crosslinken. Het uitwassen 

van de deeltjes met een verdunde HCl oplossing gaf micro-poreuze structuren met porositeiten 

van 33 tot 71% en porie afmetingen van circa 0.5 m. Een gehalte van minimaal 40 volume %  

CaCO3 was nodig om een poreuze structuur met voldoende waterpermeabiliteit bij 

fysiologische druk te verkrijgen. De mechanische eigenschappen van de micro-poreuze films 

waren vergelijkbaar met die van natuurlijke bloedvaten. Om complexe vasculaire structuren te 

kunnen maken, werden foto-vernetbare PTMC/CaCO3 composiete hars samenstellingen 

geformuleerd voor stereolithografie. We waren in staat vasculaire scaffolds van verschillende 

vormen en afmetingen te maken met deze PTMC/CaCO3 harsen. Een zeer kleine vertakte 

vasculaire structuur met micro-poreuze wanden kon worden gebouwd. Van deze structuur was 

de binnen diameter 482 µm, de wanddikte 146 µm, de poriegrootte 0.4 µm en de porositeit 

59%. Dit laat zien dat het mogelijk is om complexe structuren en scaffolds voor biomedische 

toepassingen met deze PTMC/CaCO3 composiete harsen te maken middels additieve 

fabricagetechnieken. 

In Hoofdstuk 8 beschrijven we een methode gebaseerd op het uitwassen van zout deeltjes voor 

het maken van buisvormige scaffolds voor tissue engineering van kleine-diameter bloedvaatjes. 

Door gebruik te maken van een foto-vernetbare composiete hars samengesteld uit methacrylaat 

eind-gefunctionaliseerd PTMC macromeer, natrium chloride als oplosbare vulstof en 

propyleen carbonaat als niet-reactive verdunner in een glazen matrijs, konden poreuze 

structuren verkregen worden na crosslinking, extractie van de verdunner en uitwassen van de 

vulstof deeltjes. Buisvormige scaffolds met een binnen diameter van 3 mm, een wanddikte van 

1 mm en een lengte van 4.5 cm werden verkregen. De porieafmetingen varieerden van 0-290 

µm en de porositeit was circa 70%. De poriën waren homogeen verdeeld en met elkaar 
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verbonden. Met toenemend molecuulgewicht van het PTMC macromeer van 4 tot 22 kg/mol, 

namen de E-modulus en de maximale treksterkte in de radiële richting toe van, respectievelijk, 

0.56 tot 1.12 MPa en van 0.12 tot 0.55 MPa. Spannings-rek curven van scaffolds gemaakt van 

PTMC macromeren met een molecuulgewicht van 13, 17 en 22 kg/mol vertoonden een “teen” 

gebied  dat karakteristiek is voor natuurlijke arteriën, gevolgd door een lineaire toename tot de 

maximale spanning werd bereikt. Voor wat hun mechanische eigenschappen betreft, lijken 

poreuze buisvormige scaffolds gemaakt van PTMC macromeren met molecuulgewichten van 

13-22 kg/mol de meest geschikte scaffolds voor bloedvat tissue engineering.  

In de Appendix presenteren we een initiële studie naar het kweken van gezaaide gladde 

spiercellen (smooth muscle cells, SMCs) in poreuze buisvormige PTMC scaffolds onder 

dynamische omstandigheden in een bioreactor met pulsatiele vloeistofstroom. Scaffolds met 

een binnen diameter van 3 mm, een wanddikte van 1 mm en een gemiddelde poriegrootte van 

68 µm werden gebruikt. SMCs gekweekt in poreuze PTMC scaffolds onder statische condities 

werden ter vergelijking gebruikt. De cellen werden gedurende 14 dagen gekweekt, waarna cel 

proliferatie bepaald werd en histologische evaluaties gedaan werden. Het aantal SMCs 

gekweekt onder dynamische condities was driemaal zo hoog als die gekweekt onder statische 

condities. Histologische beelden van scaffolds gekweekt onder dynamische condities lieten 

zien dat de SMCs de poreuze scaffolds volledig vulden, dit was niet het geval na statisch 

kweken. Bepalingen van de mechanische eigenschappen na dynamisch kweken lieten een 

toename van de maximale treksterkte van de constructen zien. Er werd geconcludeerd dat 

dynamisch kweken van met cel-gezaaide PTMC scaffolds voor bloedvat tissue engineering 

gebruikt kan worden in toekomstige in vivo experimenten. 
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摘要 

 

在过去的二十年里，生物医学工程技术有了很大的发展，特别是在组织工程和再

生医学领域。这导致了制备合适生物材料的巨大需求在研究领域和工业领域。在不同

种类的生物材料里，高分子基复合材料在近几年得到了很大的关注。高分子基复合材

料有着以下几个方面的优势，例如复合材料可以提供功能化的生物活性，可改善的力

学性能，以及较好的生物相容性和生物可降解性。导电性的还原氧化石墨烯填料可以

增加生物支架的电导率进而应用于神经修复领域；另一个例子就是利用可洗出的颗粒

制备多孔性的管状支架用于小直径血管组织工程研究。 

聚三甲基碳酸脂（PTMC）被选择用来作为复合材料的高分子组分，理由是其优

异的生物相容性，表面降解特性，可拉伸以及回弹性。PTMC和还原氧化石墨烯（rGO）

的混合分别用了直接溶液搅拌混合，接枝 PTMC 在还原氧化石墨烯表面然后再混合两

种方式。制孔剂氯化钠、氟化钠和碳酸钙被用来制备小直径人造血管组织工程的多孔

性支架。 

接下来论文介绍了高分子基复合材料的力学性能，以及几种制备多孔性支架的方

法。包括颗粒洗出，静电纺丝和增材制造。并进一步对制备的支架进行了体内和体外

实验评估。 

在第一章中，对整个论文的研究背景做了介绍。对论文研究的范围和目的也进行

了介绍。第二章介绍了高分子基复合材料的先进性，性质，结构和制备方法。为组织

工程和再生医学制造可实用性的支架或者植入物，复合材料的结构性质和性质关系需

要被考虑。在本章中，我们重点关注和讨论了生物活性的高分子基复合材料，像骨再

生性，导电性，磁性，灭菌性和氧气活性；以及非生物活性高分子基复合材料包含增

强性填料和制孔剂。此外，颗粒析出，静电纺丝，和增材制造等制备多孔性支架结构

的方法在博士论文中也做了描述。得出结论的是目前的挑战包括，缺少足够种类的生

物活性和功能性的填料，控制生物活性在高分子母体中的表达，以及合适结构的制备

技术。因此，研究高分子基复合材料性质，结构，物理，力学性能，和生物反应之间

的关系对特定生物医学的应用是十分必要的。 
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之前对于 PTMC 的研究，在本课题组高分子技术的发展，揭示了这种材料非常有

意思的特性，比如延展性，弹性和没有酸降解产物生物环境降解性。这种材料因此被

认为是制备管能够应用于制造像神经导管或者血管植入物的管状支架。在第三章中描

述了一个关于制备 PTMC/rGO 导电性复合材料被用于周围神经修复。通过还原由改进

的 Hummers 方法得到的氧化石墨烯（GO），制备出了 rGO。一种三臂的 PTMC 被通

过开环聚合的方法合成出来，进而用甲基丙烯酸酯基对其进行了末端功能化。紧接着

PTMC-MA/rGO 复合材料膜通过搅拌，溶剂浇铸和光交联的方法制备出来。含有 0，

0.5，1，2和 4%还原氧化石墨烯的 PTMC/rGO复合材料膜的导电性逐渐升高至 6.88*10-

2 S/cm。PC-12 小鼠神经细胞培养实验表明细胞初次黏附后，细胞增殖在 PTMC/rGO 复

合材料表面跟 rGO 的含量无关。这些结果提供了 PTMC/rGO 复合材料具有优异的性质

能够作为神经导管促进神经修复证据和第四章的研究作为一个基础。在此章节中，我

们阐述了多孔性 PTMC/rGO 复合材料神经导管的研究，其制备和体内评估。含有 2 wt% 

rGO 相对于 PTMC 质量的复合材料神经导管通过浸涂，交联和洗出氟化钠颗粒的方法

被制备出来。此导管，孔隙率 73%，被用于连接 15mm 兔子坐骨神经缺损的初步实验。

含有相同孔隙率的多孔性 PTMC 导管被用来作为空白实验。植入 6 周后显微评估表明

在 PTMC/rGO 神经导管生成了硬组织，相对而言在 PTMC 导管中形成的组织不具备此

性质。组织学分析显示髓鞘轴突和胶原含量，PTMC/rGO 神经导管多于 PTMC 导管。

这种不同也发现于远端神经。 

为了改善 rGO 在复合材料中的相容性和分散性，另一种替代策略被选择作为制备

此类复合材料。在第五章中，研究了新的 rGO-graft-PTMC 复合材料。通过高温下，氧

化石墨烯和叠氮乙醇的反应来合成还原氧化石墨烯。在石墨烯表面的羟基基团用来引

发三甲基碳酸脂单体的开环聚合反应。这种得到的氧化石墨烯接枝聚三甲基碳酸脂包

含的是单层石墨烯纳米片，能够使 rGO-graft-PTMC 在氯仿中稳定的分散。这种 rGO-

graft-PTMC 中 PTMC 的分子量是 430-7030g/mol，导电性从 0.2 到 0.016S/cm。为了探

讨 rGO-graft-PTMC 的生物相容性，制备了 PTMC/rGO-graft-PTMC 膜并在其表面进行

了细胞培养。复合材料膜对 PC12 神经细胞显示出了较好的生物相容性。 

相较于颗粒洗出，另一种方法静电纺丝也能制备多孔性支架。在第六章中，我们

描述了静电纺丝 PTMC/rGO-graft-PTMC 复合材料纤维膜的制备和性能。rGO-graft-

PTMC 在 PTMC 中的含量可以达到 6wt%。扫描电镜图像显示 rGO-graft-PTMC 含量会
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影响 PTMC/rGO-graft-PTMC 复合材料的表面形貌和平均直径。此外，rGO-graft-PTMC

参杂使用会增加 PTMC纤维的热稳定性和疏水性。生物实验结果证明 PC12细胞在含有

2.4, 4.0 and 6.0 wt% rGO-graft-PTM 的 PTMC/rGO-graft-PTMC 纤维上相较于纯 PTMC 纤

维上显示出了更高的细胞活性。这些结果显示 PTMC/rGO-graft-PTMC 复合材料结构在

神经组织工程上有着巨大的应用潜力。 

在这本论文后面的章节和附录中，我们描述了制造小直径血管组织工程的多孔性

支架研究。因为周围和心脏血管疾病的患病率的增加，我们主要关注当前急需的内径

小于 6mm 的血管移植体。用于生物医学的分支型微血管管道的制备被放在了第七章。

多种 CaCO3含量的 PTMC/CaCO3复合材料膜通过溶剂浇铸和光交联被制备出来。使用

稀释盐酸溶液颗粒洗出得到了孔隙率在 33-71%和孔径在 0.5 微米的微孔结构。得到在

生理压力下具有足够水通过率的多孔结构需要至少 40%的 CaCO3。微孔结构膜的力学

性能和天然血管的力学性能相似。为了制造复杂的血管结构，配制出了可光固化的

PTMC/CaCO3 复合材料树脂用于立体光刻技术的增材制造。用这种 PTMC/CaCO3 复合

材料树脂我们可以打印多种形状和尺寸的血管支架。一个非常小的带有微孔壁的分支

血管结构，内径 482 微米，壁厚 146 微米，空尺寸 0.4 微米和孔隙率 59%，可以被制备

出来，说明基于 PTMC/CaCO3 复合材料树脂，生物医学用的复杂结构和支架可以通过

增加制造方法制备出来。 

在第八章，我们介绍了一种方法，基于盐颗粒洗出，用于制造小直径血管组织工

程的多孔性管状支架。用甲基丙烯酸酯末端官能化的 PTMC 大分子单体，氯化钠作为

洗出复合材料填料以及非反应性稀释剂碳酸丙烯酯在一个玻璃模具中，在交联，抽提

稀释剂和颗粒洗出后，制备出了多孔性结构。管状支架内径 3mm，壁厚 1mm，长度

4.5cm。孔尺寸范围在 0-290mm，孔隙率 70%左右。这些孔是均匀分布且相互贯通的。

增加 PTMC 大分子的分子量，从 4-22kg/mol，其制备出支架的径向杨氏模量和最大拉

伸应力逐渐增加，分别为 0.56-1.12 兆帕和 0.12 到 0.55 兆帕。从 13，17 到 22kg/mol 分

子量的 PTMC 大分子制备出支架的应力应变曲线，显示出了一个符合自体动脉的“脚

趾”区特性，紧随其后的是一直到最大应力的线性增加。总的来看由 13-22kg/mol 分子

量 PTMC 大分子制备出的管状支架的力学性能显示出了其可以用于血管组织工程。 

在附录中，我们使用脉动生物反应器对种植过平滑肌细胞（SMCs）的多孔管状

PTMC 支架做了动态培养细胞增殖。使用了内径为 3mm，壁厚 1mm，平均孔径为
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68mm 的支架。对比实验是静态培养 SMCs 种植的多孔性 PTMC 支架。细胞培养了 14

天，之后进行了进行细胞增殖测定和组织学评估。动态培养得到 SMCs 细胞数量 3 倍

于静态培养。组织学图片显示，在动态培养下，SMCs 细胞完全填满了多孔支架，而

静态培养则没有。通过测试动态培养后支架的力学性能发现，其最大拉伸应力得到了

提高。总的来说，动态培养种植细胞后的 PTMC 血管组织工程支架在未来可以用于体

内实验。 
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