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Abstract 
 
The time when it will be possible to grow complex organs in a lab environment comes closer due to the rapid progress taking 
place in the area of biotechnology and tissue engineering. Various tissue engineering methods of creating artificial scaffolds 
has evolved, one of those being electrospinning. Electrospun scaffolds are beneficial in tissue engineering applications 
foremost in regard to their body-mimicking structure. Small pore sizes and low porosities may however limit cell infiltration 
and thereby creation of 3D functional tissues. The issue of cell infiltration in electrospun constructs such as nonwoven 
polymer scaffolds for use in tissue engineering may be solved by a method of simultaneous integration i.e. integrating 
particles during the phase of production in the electrospinning process. In this thesis investigation of a proof-of-concept to 
the idea of in the future distributing living cells within the three-dimensional structure during the process of electrospinning 
of a polymeric biomaterial were made. To be able to conduct simple experiments glass particles with proper sizes are used to 
substitute living cells. During this thesis a novel method called spray electrospinning took shape enabling a fine distribution 
of particles in an electrospun material. 
 
The work in this thesis shows that there are methods to simultaneously integrate particles in production of scaffold materials, 
one of these composed of spraying particles while electrospinning on a rotating collector. The experiments were done in 
order to compare the different methods; Double, Coaxial and Spray electrospinning pointing out similarities and differences 
between the three. The methods used to characterize the materials include scale measurements and SEM image analysis to 
determine morphology, fibre diameter, layer thickness and distance between particles. Glass particles were used as 
substitutes for living cells for the sake of proof of concept which showed that these can successfully be integrated 
simultaneously in an electrospun material. However porosity and the number of particles have to be further optimized for the 
material to be ready for use in tissue engineering. 
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Abstract 

The time when it will be possible to grow complex organs in a lab environment comes closer 

due to the rapid progress taking place in the area of biotechnology and tissue engineering. 

Various tissue engineering methods of creating artificial scaffolds has evolved, one of those 

being electrospinning. Electrospun scaffolds are beneficial in tissue engineering applications 

foremost in regard to their body-mimicking structure. Small pore sizes and low porosities may 

however limit cell infiltration and thereby creation of 3D functional tissues. The issue of cell 

infiltration in electrospun constructs such as nonwoven polymer scaffolds for use in tissue 

engineering may be solved by a method of simultaneous integration i.e. integrating particles 

during the phase of production in the electrospinning process. In this thesis investigation of a 

proof-of-concept to the idea of in the future distributing living cells within the three-

dimensional structure during the process of electrospinning of a polymeric biomaterial were 

made. To be able to conduct simple experiments glass particles with proper sizes are used to 

substitute living cells. During this thesis a novel method called spray electrospinning took 

shape enabling a fine distribution of particles in an electrospun material. 

The work in this thesis shows that there are methods to simultaneously integrate particles in 

production of scaffold materials, one of these composed of spraying particles while 

electrospinning on a rotating collector. The experiments were done in order to compare the 

different methods; Double, Coaxial and Spray electrospinning pointing out similarities and 

differences between the three. The methods used to characterize the materials include scale 

measurements and SEM image analysis to determine morphology, fibre diameter, layer 

thickness and distance between particles. Glass particles were used as substitutes for living 

cells for the sake of proof of concept which showed that these can successfully be integrated 

simultaneously in an electrospun material. However porosity and the number of particles have 

to be further optimized for the material to be ready for use in tissue engineering.  
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Sammanfattning 

Möjligheten att odla komplexa organ i en labbmiljö är snart verklighet i och med den snabba 

utvecklingen av bioteknologi inom vävnadsutvecklingsområdet. Flertalet metoder för att 

skapa artificiella byggställningar för celler har utformats och en av dessa är elektrospinning. 

Elektrospunna material är fördelaktiga i vävnadsodlingssammanhang på grund av dess 

likheter med de naturligt förekommande strukturerna i kroppen. Små porstorlekar och låg 

porositet kan dock försvåra cellinfiltrationen och därmed skapandet av 3D-fuktionella 

vävnader. Problemet med cell infiltration i elektrospunna polymer-konstruktioner kan lösas 

genom att simultant integrera partiklar under produktionen av materialet. I detta arbete 

undersöks möjligheterna att i framtiden integrera levande celler inuti det elektrospunna 

polymermaterialet under produktionen. För att enkelt kunna utföra tester och experiment 

används här glaspartiklar av passande storlek istället för levande celler. Under arbetets gång 

utvecklades en ny metod kallad sprayelektrospinning för att finfördela partiklar i 

elektrospunna material. 

Detta arbete visar att det är möjligt att med olika metoder simultant integrera partiklar under 

produktionen av ett stödmaterial för celler. En av metoderna består av att spraya partiklar 

samtidigt som man elektrospinner polymer mot en roterande kollektor. Experimenten utfördes 

för att jämföra de olika metoderna; dubbel, coaxial och sprayelektrospinning där likheter och 

skillnader undersöktes. För att karaktärisera materialen användes viktmätningar och SEM-

bildanalys för att bestämma morfologi, fiberdiametrar, lagertjocklek och avstånd mellan 

partiklar. Glaspartiklar användes som substitut för levande celler för att bevisa principen om 

simultan integrering av partiklar i ett elektrospunnet material. Porositeten och antalet partiklar 

måste dock optimeras. Även tester med levande celler bör utföras innan dessa material är redo 

att presenteras på marknaden.  
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Introduction 

Background 

Tissue engineering is today an expanding area where research and development plays a big 

part in finding new methods to advance the possibilities of cell culturing, wound healing and 

creation of new tissues and organs. One of the main issues in promoting cells to become a 

specific type of tissue, in future making them grow into organs, is the construction and design 

of support materials. The support materials in which the cells can adhere and develop into 

more complex structures is very important in the development of different tissues. The 

process of electrospinning has shown to be a simple and versatile way of producing scaffolds 

for the use in tissue engineering. The nano-fibrous structure has the benefit of being body-

mimicking and it has been found to support adhesion, proliferation & differentiation of a wide 

variety of cells. 

Biomaterials 

The widespread term known as biomaterials can be summarized by the general definition that 

the material at hand must be compatible and be able to successfully interact in a positive way 

with the body it is in contact with. A good biomaterial must be suited to the place it is 

designed for with the right properties to successfully interact with its surroundings. Important 

features for biomaterials are biocompatibility and biodegradability. The biodegradability 

makes the material able to disintegrate after or during tissue regeneration. Other important 

properties for biomaterials are mechanical and physical properties as well as chemical surface 

properties.  

Poly(ε-caprolactone), PCL, is a polymer produced by polymerizing of ε-caprolactone and can 

be chemically extracted from crude oil. The biocompatibility and the fact that it is fully 

biodegradable, while degrading at a low pace, makes it usable in many different applications 

and medical situations.
1
 The use of PCL enables the creation of a stable network of polymer 

fibres with good mechanical properties as well as supporting cell attachment and growth.
2
 

Poly(ethylene oxide), PEO, is a water-soluble polymer which can be made synthetically from 

ethylene. It is known to be biocompatible and also forms a hydro gel when in contact with 

water. Hydro gels which can be made with PEO are considered to enhance cell migration and 

the transportation of proteins and other bio-molecules and are able to protect sensitive drug 

molecules while acting as a drug release material.
3
 

ECM & Scaffolds 

The living cells in tissues inside the human body have a complex system with structures of 

support varying from nano to macro scale. These supporting structures surrounding the cells 

is called Extra Cellular Matrix or ECM and is composed of polysaccharides and a variety of 

proteins one being nano-fibrous collagen.
1
 The research in the area of scaffold for tissue 

engineering focus mainly on mimicking these natural structures by designing materials that 

are similar to the ECM in terms of texture and size.
2
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To get a material that supports the cells and enables them to grow into more complex 

structures an artificial matrix known as a scaffold is needed. A good scaffold for use in tissue 

engineering is both biocompatible as well as biodegradable. Biodegradable materials are 

made to help the body regenerate itself and afterwards leave the system by degradation. The 

material should also be porous with sufficient pore sizes. The mechanical properties play a big 

part in biocompatibility to be suited for the type of stress and wear related to implantation. 

Electrospinning 

With the process known as electrospinning, patented by Anton Formhals in 1934,
4
 a way to 

draw ultra thin fibres in the nano-to-micro scale from a polymer solution by applying high 

voltage have enabled the creation of scaffolds for medical use. Due to the high surface area 

and body-mimicking structures derived from electrospinning this technique is specially suited 

to make scaffolds mimicking the native extracellular matrix of the body.
5
 

Cell infiltration 

The creation of a good scaffold is not an easy task, in order to function well for the use in 

tissue engineering the material needs to have a few key properties. To get living cells to attach 

and grow in a new environment such as an artificial ECM the material must be designed with 

care. One of the main issues is the cell infiltration of the material. There are a few ways to 

increase the cell infiltration and the most natural way is to increase the porosity and the size of 

the pores in the material. Porosity gives the material the ability to let free cells move inside 

the scaffold as well as leave some space for fluid to move through the material. Efficient 

porosity enables an influx of anabolic nutrients as well as the outflow of catabolic wastes to 

keep the cells from dying.
4
 A material can be made porous by different methods to mention a 

few; salt leaching, phase separation, sacrificial fibres and composite electrospinning, some of 

whom we will talk more about later on.
4, 6, 7

 The use of a bioreactor with constant flow of 

liquid through the scaffold can also help the cells to infiltrate it but this still requires sufficient 

porosity of the material to work. Other ways to facilitate the infiltration of cells is to 

incorporate gradients of chemo-attractants to accomplish a movement of cells towards the 

inner parts of the structure.
8 

One way of making the cells completely infiltrate the material is 

to find a method of incorporating cells during the production of the material. The idea of 

simultaneous cell infiltration is to apply the living cells while electrospinning the scaffold 

which is what is investigated in this thesis work.  

 

Aim 

The aim with this master thesis is to investigate methods for distributing particles within an 

electrospun polymer matrix for use in Tissue Engineering. Three different methods will be 

evaluated: electrospinning from two syringes, coaxial electrospinning and electrospinning + 

spraying. For proof-of-principle glass particles of appropriate size will be used instead of 

cells. 



10 
 

Theory 

Electrospinning 

Electrospinning is a process in which nano-sized polymer fibres are formed by electrostatic 

forces. A high voltage is applied to a needle of a syringe filled with a polymer solution or melt 

and electrical charges is built up on a droplet at the tip of the needle. When the voltage is high 

enough to overcome the forces of surface tension the droplet will deform and take the shape 

of a ―Taylor cone‖. The electrical field results in an elongation of the polymer solution that 

forms ultra thin fibres. When the cone narrows at the tip it soon starts a whipping motion due 

to the electrical field and the surface charges. In this whipping process the fibres are stretched 

immensely into fibres in the nano & micro scale. The formed ultra-fine fibres are drawn to a 

grounded collector, as seen in figure 1, forming a randomized pattern called a non-woven 

structure with high specific surface area and high porosity.
9
 

 

Figure 1. Schematic picture of the electrospinning apparatus with a high voltage power supply 

and a grounded collector.  

Parameters 

The morphology of electrospun and electrosprayed materials depends on different factors 

connected to process parameters and solution parameters as well as ambient conditions. Some 

of these factors are discussed here. 

Process parameters 

The electrical field that forms between the needle and collector is the key in making ultra thin 

fibres from a polymer solution. Applied voltage and distance between the needle and collector 

also called source-to-ground (S-G) distance are parameters that define the properties of the 

electrical field. Without a sufficiently strong electrical field the solution would not form a 

Taylor-cone and stretching of the fibre would not occur. An increase in S-G distance can 

result in lowering the tensile strength of the material due to the decreased numbers of point 

bonding as the fibres get longer time to dry (evaporation of the solvent) before they reach the 

collector.
10
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The voltage also affects how fast the solution is charged to the point when it plunges towards 

the grounded collector and thereby influences the flow rate needed to supply the needle with 

polymer to keep the process stable. With longer S-G distance the electrical field gets weaker 

if the voltage is kept at the same level and the time the polymer solution spends in air before it 

lands on the collector is increased. The morphology of the fibres can be affected by the time 

the polymer solution spends in the air due to evaporation of solvents before the polymer 

reaches the collector. If the solvent in the polymer solution do not have enough time to 

evaporate before hitting the collector small drops may form instead of fibres. It was observed 

by S Chung et al that an increased voltage can reduce beads formation and increase the fibre 

diameter.
1 

 

Figure 2. Collector with rotating mandrel.  

The flow rate of solution to the needle from the syringe needs to be high enough to supply the 

process with material or else the process gets unstable. Higher flow rate can to some extent 

give thicker fibres. By controlling the morphology of the collector you can distribute the 

fibres over a specific area. With a collector formed as a rotating mandrel (seen in figure 2) a 

sufficiently high speed may result in an alignment of the fibres in a specific direction.
11

 

Solution parameters 

The concentration and molecular weight of the polymer is connected to the viscosity and 

elasticity of the solution and affects the morphology of the produced fibres. If the polymer 

concentration is low beads can form and it takes longer for the polymer to dry before hitting 

the collector. With higher polymer concentration the fibre diameter tends to increase.
12

 The 

conductivity of the solution affects how the solution reacts to the charges from the applied 

voltage and by adding small amounts of salt you can increase the ionic strength of the solution 

and thereby stabilize the jet and reduce the formation of beads.
11 

 

The viscosity and elasticity of the solutions used in electrospinning is well known to impact 

how they behave when high voltage is applied and can also be the reason why some polymer 

solutions are electrospinnable and some are not. The effect of elasticity and viscosity can in 

some cases be formation of droplets or necklace-like structures called beads-on-string.
6
 If the 

viscosity is held at a low level the electrospinning process may turn in to electrospraying 

described further on. 

Ambient conditions 

Ambient factors like humidity, temperature and air velocity can have an impact on the 

morphology of the produced material in different ways. Temperature can make the liquid 

more or less viscous. Humidity can make the solvent evaporate more or less rapidly and the 

air velocity in the laboratory chamber can make the fibers move in the same direction as the 
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air flows.
13

 The influence of ambient conditions is however unclear and yet to be fully 

investigated.  

Electrospraying 

Electrospraying shares a lot of similarities with electrospinning in terms of the setup. The 

difference lies in the state of the jet at the end of the ―Taylor cone‖ that is formed at the tip of 

the needle. When the solution have a low concentration of polymer the forces keeping the 

molecules from separating from each other are too low to form fibres and instead very small 

droplets form when the jet erupts from the rest of the solution. This way the solvent doesn’t 

evaporate before the droplets reach the collector.
11

 

The size of the polymer beads formed by electrospraying is affected by the surface tensions 

that makes the liquid want to lower its surface area.
6
 The evaporation rate from the time the 

droplets leave the nozzle until they reach the collector is crucial to the shape of the beads. If 

the evaporation do not occur at a balanced pace the beads does not become spherical in 

shape.
13

 

Double electrospinning 

 

Figure 3. A model of the double electrospinning set-up. 

Double electrospinning, also known as mixed electrospinning, uses the standard 

electrospinning set-up with syringes and needles from two sides of the collector. By using two 

sets of electrospinning devices it is possible to simultaneously spin two polymers with 

different properties into one composite material. This makes it possible to combine the 

characteristics of each polymer to form a new material tailor made to a specific application. 

Electrospinning two different polymers that dissolve in different solvents have been done 

using this method. After being spun one of the polymers can then be extracted, leaving behind 

a more porous structure that may enhance cell infiltration and mass transport in the material.
1
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In tissue engineering applications the mixed electrospinning has also been used to create 

materials with heterogeneous fibre distributions. This was done by loading the two syringes 

with polymer solutions of different concentrations and utilizing the close relationship between 

fibre diameter and polymer concentration (higher concentration → larger fibres) to make the 

material more porous.
14

 

Coaxial electrospinning 

 

Figure 4. A model of the coaxial electrospinning set-up. 

Coaxial electrospinning is a technique where two solutions can be electrospun by making 

them pass through the same annular nozzle bringing rise to a core-sheath formation (figure 5) 

with one of the solutions in the middle and the other on the outside of the coaxial fibers.
12

 

 

Figure 5. Core-sheath model with the fibre to the left and a cross-section to the right. 

To get the core-shell formation of the electrospun fibers a higher flow rate for the outer shell 

polymer is used to encapsulate the inner solution. This technique enables a large variety of 

combinations when electrospinning making it possible to design a suitable scaffold for the use 

in tissue engineering. One of the popular ways to make use of coaxial electrospinning is to 

make drug release materials through encapsulating the drug inside coaxially made fibers.
12
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Spraying 

The use of a spray technique to distribute particles in a material instead of using 

electrospinning for that purpose can be shown favourable in cases when the particles are 

sensitive to electrical charges that could influence or even damage them. Spraying consists of 

dividing the solution into tiny droplets that travels through the air to the target. The term 

aerosol is often mentioned in these contexts and is defined as a fog consisted of small 

particles, 100 microns or less, suspended in a gas. To accomplish an aerosol suited to the 

experimental conditions compressed air is used. 

 

Figure 6. Picture of the type of airbrush used in this thesis. 

The airbrush is a device that can be connected to an air compressor to create a spray of the 

solution. The compressed air goes through the airbrush and its nozzle and powers the device 

while mixing the liquid together with the air. Airbrushes are a smaller type of painting device 

that is often used by artists and painters and is well suited to this experiment due to its small 

size and its adjustment capabilities. 

Spray electrospinning 

 

Figure 7. A model of the spray electrospinning set-up. 
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The novel method of spray electrospinning, developed during this thesis, combines the 

airbrush spray technique with the classic electrospraying. With this new method sprayed 

particles can be simultaneously distributed in an electrospun material without being exposed 

to an abundance of electrical charges. This method could be beneficial when producing a 

nano-fibrous fabric with living cells such as a scaffold material. Spray electrospinning could 

be utilized as a way of distributing polymer solution to make hydro gels inside an electrospun 

material. 

Glass particles 

To simplify the process of developing new methods glass particles were used to substitute 

living cells. By doing so the experiments can be done without the need for cell culture and 

delicate care otherwise needed for the cells to be able to survive under laboratory conditions. 

This was also done to eradicate the factors of uncertainty involving experiments using living 

cells. 

 

Figure 8. Glass particles in an image from a light microscope.  

When using PEO solution to solve the glass beads the solution gets more viscous than water 

which helps the beads stay afloat and reduces the time it takes for them to fall down and 

sediment at the bottom. The use of PEO to accomplish this has several effects on the outcome 

of the biomaterial. The use of PEO in double electrospinning makes the polymer form thin 

fibres which mix along with the PCL fibres in a non-woven. The PEO fibres can then be 

removed by hydrating them in water giving rise to increased porosity described as removal of 

sacrificial fibers by B.M Baker et al.
7
 The PEO polymer can make the material rather close 

packed and dense without contact with water. This may not be a problem in the moist state 

that are required of the material when managing living cells that needs to be kept in a 

physiological solution to stay alive. In contact with water the PEO which is hold in place by 

the surrounding material become a sol-gel which may in fact help to increase cell movement 

and thereby increase cell infiltration.
15
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State of the art 

The research in the biotechnology area has taken a big leap when it comes to the use of 

electrospinning in a range of different methods. With cell infiltration being a major issue in 

the use of electrospun scaffolds, the research in the area is intense. Presented below are some 

currently investigated approaches to solve this problem. 

Porosity 

One of the biggest challenges that tissue engineers face is the problem of having the cells to 

infiltrate and grow further inside a fabricated material and make connections with each other 

to function as a tissue. To enable cell infiltration a material that is porous like the native ECM, 

with lots of space for transportation of oxygen and nutrition between blood vessels and cells 

as well as room for cell-to-cell interactions to take place, is needed.
4
 Making use of porogen 

leaching, (integrating salt crystals to leach out pores in the material), mixed electrospinning 

and combinations of nano & micro fibres are some approaches currently being investigated to 

solve this issue. It has been found that using these methods do increase scaffold porosity and 

that increased porosity and pore sizes enhance cell infiltration.
16

 

Ink-jet printing 

The ink-jet printing makes computerised cell-printing possible by using commercial available 

ink-jet printers. The fine drops made by the printers can be used to deposit small amounts of 

material in a very precise pattern on a predefined surface area. This method can for example 

be used to induce micro vascularisation in biomaterials to enhance the in/out-flux of nutritions 

and wastes. Previous this ink-jet method was successfully used in the making of DNA micro 

arrays.
17

 

Layer-by-layer 

By electrospinning one layer followed by seeding cells a repeated number of times a layer-by-

layer construct can be made. This multilayer method has been reported to reduce the 

cultivation time for new tissues to form making it an interesting way to speed up the process 

of seeding cells in a material.
18, 19

 

Microencapsulation 

In 2006 Townsend-Nicholson and Jaysinghe succeeded with the encapsulation of living cells 

by coaxial electrospinning. In their study they showed that it is possible to directly electrospin 

living cells and that they survived several months after the test without any visible damage or 

decreased viability.
20

 The same type of encapsulation but without the use of electricity called 

coaxial aerodynamically assisted bio-threading by Arumuganathar et al make use of 

pressurized air to power the coaxial set-up with threads of 50-350μm as a result.
21

 Another 

interesting example is the encapsulation of bacteria inside polyvinyl alcohol (PVA) made by 

López-Rubio et al (2009) that shows a glimpse of the possibilities of integrating living pro 

biotic cells inside an electrospun material to preserve the living cells longer than normal.
22
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Experimental 

Materials 

Poly(ε-caprolactone), PCL MW 80,000, PCL in the form of beads were provided from 

Aldrich. The PCL is dissolved at 10wt% in Chloroform and DMF at a 1:1 ratio. 

Poly(ethylene oxide), PEO MW 400,000, PEO in the form of powder were provided from 

Sigma-Aldrich. The PEO is dissolved in water at 3 and 5wt% concentrations depending on the 

method used.  

Particles were used to substitute living cells. The particles are made of glass in the shape of 

spherical beads with the diameter of 10-50 microns, which are similar in size to human cells. 

Glass particles provided from Kisker. The glass particles were solved in water to a 

concentration of 0.025g/ml.  

Methods  

Double electrospinning 

For double electrospinning two BD Plastipak syringes with BD Microlance 3 metal needles 

(Ø 0.6mm, inner diameter) were used as illustrated in figure 3. Spinnerets were put at 180 

degrees apart together with syringe pumps NE-1000 from New Era Pump Systems. Inc. One 

syringe was loaded with PCL solution. The other syringe was filled with PEO 5% + glass 

beads. Voltage was applied by a high voltage direct current power supply, obtained from 

Gamma, high voltage research, to both metal needles 17.5kV and 15kV for PCL and PEO 

respectively. The S-G distance was 14cm and the flow rate set to 1.0ml/h for both polymer 

solutions. 

Coaxial electrospinning 

For coaxial electrospinning a 2ml and a 5ml BD Plastipak syringes on a coaxial syringe 

mount with two BD Microlance 3 metal needles (Ø 0.6mm and Ø 1.2mm, inner diameter) 

were used as illustrated in figure 4. NE-1000 pumps from New Era Pump Systems. Inc. were 

put perpendicular at 90 degrees apart to each other. The inner/core syringe was loaded with 

PEO and glass bead solution. The other outer/sheath syringe was filled with PCL. Voltage 

was applied by a high voltage direct current power supply, obtained from Gamma, high 

voltage research, to the outer needle with 12kV. The S-G distance was 12cm and the flow rate 

set to 0.6ml/h for the PEO solution and 1.2ml/h for the PCL solution. 

Spray electrospinning 

The spray electrospinning uses a BD Plastipak syringe with a BD Microlance metal needle (Ø 

0.6mm, inner diameter). Syringe pump NE-1000 from New Era Pump Systems. Inc. and a 

airbrush with 9ml paint cup and Ø 0.3mm nozzle from Biltema Sweden were put at 180 

degrees apart, airbrush pointing diagonally down towards the collector as seen in figure 7. 

The syringe was loaded with PCL solution. The airbrush was filled with PEO 3% + glass 

beads. Voltage was applied by a high voltage direct current power supply, obtained from 

Gamma, high voltage research, to the metal needle with 17.5 kV. The S-G distance was 15cm 
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and the flow rate set to 1.0ml/h for the PCL solution and approximately 6ml/h for the PEO + 

glass beads. The distance between the tip of the airbrush and the collector was 31cm.  

Scanning electron microscope 

In order to study the morphology of the materials a scanning electron microscope (SEM) is 

used. The images were acquired from a scanning electron microscope JSM-5300 from JEOL 

using a voltage of 10 and 15 kV. Before viewing the samples were coated with gold using a 

JFC-1100 fine coat ion sputter from JEOL for 10 minutes to reach a thickness of about 200Å.  

Diameter, distance & thickness measurements  

To measure fibre diameters in the produced materials the SEM pictures were studied using the 

Semaphore software to conduct image analysis. 30 measurements were made in each image 

which led to a mean value of the fibre diameters. Measurements of the particle-to-particle 

distance and layer thickness were made in similar way with 5 and 3 measurements of each 

picture respectively. 

Scales measurements 

Information about of how much material (fibres and particles) the samples contained, 

produced with the different methods, were collected by scale measurements. Before scale 

measurements small punch samples (Ø=9mm; n=3) were made out of each produced material. 

The samples from the different methods were measured using a Mettler, AF200, laboratory 

scale with precision of 0.0001g.  

Intersection by freezing 

To make a cross section a thicker material was produced by spray electrospinning for 3 hours. 

The cross sections were made this way to get a sufficiently thick material that could be 

ruptured in to smaller pieces when subjected to cooling. The sample was cooled to -196°C in 

liquid nitrogen to get a smooth intersection by breaking the material in pieces.  

Epoxy embedding 

Cross sections were also made by embedding the produced samples in epoxy. After the casts 

in epoxy were done, the samples were cut and polished with a solution containing diamonds 

in order to get a flat and smooth surface to view with the SEM. 
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Results 

Morphology 

Structure and appearance of the produced materials seen in SEM-pictures of the surface.  

 

 

 

Figure 9. SEM-pictures of Double electrospinning with a) x100 magnification, b) x500, 

Coaxial electrospinning c) x100, d) x500, Spray electrospinning e) x100 and f) x500. 
  

a)

) 

b)

) 

c)

) 

d)

) 

e)

) 

f) 
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As can be seen in figure 9 fibrous structures were achieved with all electrospinning set-ups. 

Figure 9 also shows particles distributed in all materials.  

 

Method Fibre diameter (nm) 

Double electrospinning 400 ± 159 

Spray electrospinning 430 ± 200 

Coaxial electrospinning 1720 ± 1270 

Table 1. Fibre diameter measurement results with standard deviations from SEM-image 

analysis.  

The cross sections made from a thick spray electrospun material seen in figure 10 shows the 

distribution of particles inside the bulk. The higher ratio of PEO compared to PCL makes the 

material rather dense in this dried state that is required for the sample to be viewed with a 

SEM. A reduction of thickness in the material was seen after the material had been dried over 

night which was caused by the absence of water in the material when in a dry state.  

 

Figure 10. Cross section of a spray electrospun material in a) x200 magnification, b) x1000 

magnification. 

Fibre deposition 

The materials from each of the different methods where produced during 10, 20 and 40 

minutes to get a wider view of the fibre deposition. The small and round punched sample 

pieces where measured on a scale and the result of the mean values (n=3) from the different 

methods are shown in figure 11. Figure 12 shows a diagram of weight after the materials were 

hydrated by being put in water for approximate one minute and then dried over night. 

a)

) 

b)

) 
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Figure 11. Diagram of scale measurements of electrospun samples made with different 

methods and production times. 

As seen in figure 11 the deposited material increases with longer production times. The spray 

electrospinning method produces samples with slightly higher weight values but all three 

methods are similar in range. 

 

Figure 12. Diagram of scale measurements from hydrated materials made with different 

methods and production times. 
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Stabilizing the samples by making a cast surrounding them with epoxy makes it possible to 

view them vertically from above to study the thickness of the deposited material. The pictures 

in figure 13 shows produced materials embedded in epoxy. The samples were embedded 

along with the aluminium foil they were electrospun on showing in the pictures as a bright 

vertical line along the produced non-woven material.  

 

Figure 13. SEM-pictures of layer-thickness after epoxy treatment using x500 magnification   

a) Double e.spinning 40min, b) Coaxial e.spinning 10min and c) Spray e.spinning 20min. 

The pictures from the epoxy embedded samples were analysed and means of the layer-

thickness were measured and the acquired values with standard deviations are presented in 

table 2, a plot of the values can also be seen in figure 14. The thickness of the produced 

materials seen in the graph in figure 14 shows that the layer produced with double 

electrospinning were the thickest followed by spray and coaxial electrospinning who were 

about the same. These values corresponds to the thickness of the dried materials not 

necessarily the same as when in a moist, hydrated state. All methods seems to produce 

materials with layer thickness of about 10-20μm every 10 minutes. 

 

Minutes Double e.spinning Coaxial e.spinning Spray e.spinning 

10 16.4 ± 1.9 μm 12.2 ± 0.9 μm 19.9 ± 3.5 μm 

20 36.0 ± 4.9 μm 22.4 ± 5.8 μm 23.2 ± 2.2 μm 

40 49.6 ± 1.0 μm 34.5 ± 5.2 μm 31.6 ± 3.2 μm 

Table 2. Sample thickness measurements along with standard deviations from SEM-image 

analysis. 

a)

) 

b)

) 

c)

) 
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Figure 14. Diagram of sample thickness over time extracted with SEM image analysis.  

Particle distribution 

To get a hint of how the particles were distributed within the materials, how far apart and their 

numbers were measured or calculated by image analysis. 

By image analysis the particle distribution can be estimated. In a cross section image of a 

spray electrospinning the material was 300x500μm with a glass bead count of 53 which is 

equivalent with about 35 000 particles/cm
2
. 

 

Method Particle distance 

Spray electrospinning   69 ± 28 nm 

Double electrospinning 181 ± 70 nm 

Coaxial electrospinning   274 ± 201 nm 

Table 3. Particle-distance measurements from SEM-image analysis. 
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Discussion 

In using coaxial (9 c&d) and spray electrospinning (9 e&f) the polymer fibres seem to have 

somewhat fused, appearing as if they have not sufficiently dried before reaching the collector. 

The spray method appears to deposit more material over time compared to the others, seen in 

figure 11. After hydration, figure 12, most of the produced materials slightly looses in weight 

since some of the PEO are dissolved and washed away.  

When the PEO solution in the coaxial electrospinning comes in contact with PCL at the tip of 

the metal needles the two solutions may mix which could cause the joint solution to become 

less viscous. The change in viscosity may result in a blend of polymer solutions which was 

causing an unstable jet at the tip of the needle. The destabilisation of the jet in the coaxial 

electrospinning presumably resulted in larger fibres as well as the spread of diameter sizes. If 

the morphology of the materials made with the coaxial method is favourable or not for the use 

in cell seeding is left unsaid until tests with living cells have been made to investigate this. 

The fibre diameter in the spray and double electrospinning methods are similar to each other 

with a fibre diameter size of about 400nm which is logical due to the similar processing 

conditions. The increased fibre size in the coaxial electrospinning together with the images 

implies that this process is much less uniform in its fibre fabrication and do not only produce 

thin fibres but fibres with a range of different sizes which also is seen by a greater standard 

deviation. The spray method gave the shortest mean particle-distance followed by the double 

electrospinning and coaxial electrospinning had the longest of the three. The coaxial mean 

came with a larger standard deviation that makes it hard to interpret as if the mean value 

actually implies that the coaxial method gives a material with particles that are spread wider 

than the others. 

The use of PEO as a medium for spraying particles in spray electrospinning made the dry 

version of the produced material, used for image study with SEM, rather dense as seen in 

figure 10. This may not be of concern in a moist state where the PEO forms a hydro-gel that 

may in fact help the cells more around more in the material.
15

 

The overall results showed that it’s possible to distribute particles in to an electrospun 

material by all three tested electrospinning methods. The fibres in the dry material from spray 

electrospinning were a bit too close to each other to be sufficiently porous. The number of 

particles within the material can be altered fairly easy by changing the particle concentration 

in the solution to be ideal for cell seeding when growing tissues. The porosity and number of 

particles have to be further optimized to make a material that is ready to be put in production 

and presented on the market. However these results clearly shows that you can use simple 

techniques such as aerosol spraying along with electrospinning or simply modify existing 

methods such as double electrospinning and coaxial electrospinning to simultaneous integrate 

particles under production of a material. 
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Conclusions 

The work in this thesis shows that there are ways to simultaneously integrate particles in 

production of scaffold materials, one of these composed of spraying particles while 

electrospinning on a rotating collector. The experiments compare different methods; Double, 

Coaxial and Spray electrospinning pointing out similarities and differences between the three. 

Glass particles were used as substitutes for living cells for the sake of proof of concept which 

showed that these can successfully be integrated simultaneously in an electrospun material. 

However porosity and the number of particles have to be further optimized for the material to 

be ready for use in tissue engineering.  

 

Recommendations  

Particle medium 

The use of PEO as a medium for the glass particles can be altered or even avoided when 

living cells are used. The main reason for the PEO was to solve the heavy glass particles and 

make sure they did not sediment at the bottom during the time of production. When using 

normal cells you can make the choice of changing PEO to collagen making the scaffold even 

more similar to the native ECM. One of the ideas with spraying living cells was the possibility 

for them to stay in their natural solution during spraying as well as after their incorporation 

with the scaffold material. This can be done by not mixing the cells with PEO but to spray 

them in the solution they already are in and to have a bath with similar physiological solution 

soaking the rotating mandrel from beneath. 

Hydro gel 

Is increased porosity the only way to make the scaffold better? The fact that the SEM pictures 

of the 3 hour production with spray electrospinning shows a dense structure with minor 

porosity in a dried state is not the same as to say that the material is useless as a scaffold for 

cell growth in a moist state. The PEO within the PCL non-woven material may in fact become 

a valuable resource in a moist state with the PEO as a hydro-gel making the cells migrate 

inside the material.
23

 The PCL nano-fibres as the support structure and PEO-hydro-gel as a 

transportation medium for the cells might actually turn out be a successful way of making a 

good scaffold for tissue engineering.  

Scaling up 

To get to the stage in development that we can produce whole organs other than mere top 

layer of skin and cartilage we need multiple new materials tailored so that different cells can 

differentiate to a become a specific type of tissue. As we get to where we can successfully 

grow cells in to different types of tissues the demand on the materials will increase further. 

The point in time when the materials has to be able to support cells in not just two directions 

but rather in a 3-dimensional matter as in the native ECM has come which will push the 

research to new levels. To meet these demands the industry will need to scale up using 

techniques that will be able to effectively produce a 3D material in a reasonable period of 
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time. This can be done by further development of the methods used in this thesis and making 

them work on a larger scale in the industry.  

Micro-fibres & multiple layers 

The methods described in this thesis could favourably be combined with other techniques 

such as electrospinning on a supporting micro-fibrous material to obtain a more porous 

material. By building nano structures on a micro-fibrous template the process of building 

thicker 3-D constructs will be much faster than with ordinary electrospinning alone. To stack 

these micro/nano fabrics layer by layer you get a multilayer which in turn can be fused 

together to add further thickness to the material. With this type of multilayer technique you 

can produce large bulk materials in no time along with built in nano structure to be used for 

tissue growth. 

Experiments with cells 

In the double electrospinning set-up there are electrical charges and an electric field affecting 

the solution that in the long run may have a negative effect on the cells that has to be 

explored. The effects on cells from the process of electrospinning have been studied by 

Townsend-Nicholson et al in 2006 and have shown to be possible without any immediate 

damages or noticeable changes to the cells.
20

 A qualified study on how living cells react to the 

new material is required to iron out questions about the suitability of scaffolds made by this 

method for use in tissue engineering. 

Simultaneous integration 

The method of simultaneous integration of particles could also be used for a variety of other 

purposes than integrating cells in to a produced material. For example the spray 

electrospinning could be used to incorporate salt crystals or various macromolecules to 

improve the porosity or in some other constructive way further enhance the material. The 

ideas tested in this thesis have shown overall promising results for simultaneous integration 

which hopefully will motivate others to try out similar approaches or possibly pick up where 

this thesis concludes. 
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