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Abstract 

 

Electrospray of macro-molecules is of great interest in biomedical research for its 

finely controlled delivery of molecules. This thesis investigated mechanisms 

involved in electrospray of biological macromolecules. Hyaluronan, i.e. HA, for its 

biological significance, has been studied, and comparisons made to another 

macromolecule with similar molecular weight, dextran (DA). 

 

A mixture of ethylene glycol (EG) and deionized water with volume ratio of 1:1 is 

used to dissolve HA and DA molecules and reduce the surface tension of the 

aqueous solution. HA and DA solutions of different concentrations and molecular 

sizes are investigated in the study. A number of spray parameters are studied to 

characterise the electrospraying emission and to find the optimal control conditions. 

With sonication to reduce the molecular size of HA, stable cone-jet electrospray 

has been achieved relatively easily for HA solutions. Steady μm-sized jets are 

observed during spraying and the jet size has been found to increase with both the 

molecular size and the concentration.  

 

Experimental results demonstrate that the molecular size, rather than the molecular 

weight of macro-molecules is a critical factor affecting the spraying process. A 

hypothesis on HA partial reflection during electrospray is presented in the study. A 

theoretical model that describes the build up of a higher HA concentration layer 

near the Taylor-cone tip has been developed.  
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Based on experimental parameter values, the model predicts the concentration of 

HA molecules in the collected solution after the cone-jet electrospray. Good 

agreement between model predictions and experimental results indicates a possible 

mechanism in the electrospray process of biological macromolecules. 
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Nomenclature  
 

Ac – empirical constant 

A – area                                                                                               [m2]  

C – concentration of liquid bulk                                                         [mg/ml]  

Cin - concentration of solution inside the Taylor-cone                       [mg/ml] 

Cm - concentration of HA near the Taylor-cone tip                            [mg/ml] 

Cout - concentration of HA downstream after electrospray                 [mg/ml] 

d – capillary to electrode spacing                                                        [m]  

do– outlet diameter                                                                              [m]  

djet – jet diameter                                                                                [m]  

ddroplet – droplet diameter                                                                     [m]  

D– diffusion coefficient                                                                       [cm2/s]  

E– electrical field strength                                                                   [V/m]  

f– frequency                                                                                         [Hz]  

I – current through cone-jet system                                                     [A]  

k - constant 

L –length of pipe                                                                                  [m]  

m - average mass of the emitted particles                                            [kg]  

Mw-molecularweight                                                                           [Da] 

∆p  - pressure due to surface tension                                                   [N/m2]  

ΔP - pressure change along a length L of the pipe                              [N/m2] 

q - charge on the particle                                                                     [C]  

qR– Rayleigh charge limit                                                                    [C]  

Q – volumetric flow rate                                                                      [m3/s]  

Qmin –minimum volumetric flow rate for cone jet mode                     [m3/s]  

Q0 – characteristic volumetric flow rate                                               [m3/s]  

r – distance from cone apex to point on cone surface                          [m]  

rc– capillary /emitter radius                                                                  [m]  

rjet – jet radius                                                                                       [m]  

rd – droplet radius                                                                                  [m]  

Ri - internal radius of the pipe section                                                  [m] 

RM - molecular radius                                                                           [m] 
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t – Spraying time                                                                                  [s] 

T–temperature                                                                                      [K]  

v– fluid velocity                                                                                   [m/s]  

V– applied voltage                                                                               [V]  

Von – cone-jet mode onset voltage                                                      [V]  

 

Greek Symbols  
α -  semi cone angle                                                                             [deg]  

αT– Taylor’s angle                                                                               [deg] 

γ - surface tension                                                                                [N/m]  

δ- thickness of HA layer near the cone tip                                          [m] 

εr - relative electrical permittivity  

ε0 – electrical permittivity of a vacuum                                               [F/m]  

Κ − electrical conductivity                                                                   [S/m]  

μ- fluid viscosity                                                                                  [Pa s]  

ρ –mass density                                                                                    [kg/m3]  

σ - reflection coefficient 

 

Abbreviations  
ES – electrospray  

EG – ethylene glycol  

HVPS – high voltage power supply  

HA – hyaluronan 

DA – dextran 

 

Constants  
g – earth surface gravitational constant (9.8)                                       [m/s2]  

ε0 – permittivity of vacuum (8.854 x 10-12)                                          [F/m] 
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Chapter 1. 

Introduction  

 

1.1. Nanofabrication methods for bio-materials printing 

 

The printing of bio-materials has been of great demand in a number of applications, 

such as fabrication of enzyme electrodes and other types of biochemical sensors [1], 

micro-array analysis biochemical reactions of cells [2, 3], fabrication of thin 

polymer films [4] et al. Currently, techniques exist for micro-deposition and 

printing, including the use of a pulsed laser deposition method, micro-contact 

printing, nano-pipet delivery, inkjet printing, electrospray and electrospin [5-7].  

 

With the emergence of nanotechnology, researchers become more interested in 

electrospray technique in recent years due to its versatility and potential for 

applications in diverse fields [8-10]. Compared to other bio-materials printing 

techniques, electrospraying has the following advantages [5, 11]:  

1) High deposition efficiency (up to 80%) -- droplets are transported by electrical 

forces;  

2) No need for a carrier gas as in conventional sprays;  

3) The system is easy to setup;  
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4) Wide choice of precursors;  

5) Able to produce nano-scale droplets;  

6) Droplets produced by electrospraying are highly charged, prevent their 

coagulation.  

7) The size distribution of the droplets is usually narrow, with low standard 

deviation;  

8) Easy control of product morphology - the motion of the spraying jet and charged 

droplets can be easily controlled by electric fields. 

 

By applying a suitable voltage to a conducting liquid supplied in a capillary, the 

liquid meniscus will take a form of cone [12, 13]. Further increasing the electric 

field on the surface of the liquid to overcome the surface tension, a μm-sized jet 

will emerge from the tip of the liquid cone. Consequently, by manipulating the 

microscopic fluid jet and ejected charged droplets onto a desired place, and 

therefore achieving e-jet delivery or deposition. By using micro-sized fine nozzles, 

ES can operate at a low flow rate, which accordingly makes the delivery of tiny 

volumes possible [14, 15].  

 

During the electrospraying process, electrically driven liquid jets and the stability 

are mainly determined by solution properties (e.g. viscosity, conductivity and 

surface tension) and process parameters (e.g. electric field, spray distance and flow 

rate) [16-18].  
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1.2. Objectives of the project 

 

Electrospray (ES) of macromolecules has seen a tremendous increase in research 

and commercial attention over the past decade due to a number of applications such 

as in fabrication of enzyme electrodes [1], micro-cells for biochemical reactions [2, 

3] and thin polymer films [4].  

 

The aim of this research is to study electrospraying control methods for bio-

materials printing by spraying macro-molecules (hyaluronan and dextran) solutions 

and study mechanisms involved in the electrospraying process. The nature of such 

solutions may also permit the evaluation of fluid parameters on the ES process.  

 

In this study, the hyaluronan (HA) macro-molecule was chosen to be investigated 

due to its unique rheological properties and complete biocompatibility, and a 

comparison was carried out by using dextran (DA). HA has been widely used in the 

fields of drug delivery, cell encapsulation and tissue regeneration [19]. Molecules 

of HA can vary in size from 5 kDa to 2.1 MDa in vivo. Electrospray of HA 

solutions into types of microfiber or membranes nowadays has been received 

increasingly considerable attentions [20, 21]. However, how to achieve stable 

electrospray of HA solutions still remains problematic [22].  
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1.3. Structure of this thesis 

 

Chapter 2 consists of a literature review about the current bio-materials printing 

technologies; an introduction to the history of electrospray; current understanding 

of the basic electrospraying model; the phenomenon of cone-jet mode for ES and 

its biomedical applications; functions and applications of hyaluronan (HA) and 

dextran (DA); the work of electrospraying HA by other people and fluid motions 

during spraying within the Taylor-cone. 

 

Chapter 3 discusses the experimental apparatus used in the experiments: spraying 

setup; liquid supply system; flow rate meter details; current and the jet size 

measurement systems; materials used for the project and the liquid solution 

parameters measurements. The Chapter 3 also provides results of the physical 

properties of the HA and DA solutions used in the experiments. 

 

In chapter 4 spraying results from image analysis of cone-jet electrospraying under 

various conditions of different parameters are detailed. It reports characteristics of 

the cone-jet mode ES for HA and DA solutions with different molecular sizes. 

Electrospraying stability of hyaluronan solutions is investigated and steady micro-

sized jets are observed during the spraying process. Jet sizes during cone-jet 

spraying are measured and compared to other people’s modelling work. 

 

Chapter 5 discusses fluid motions and HA macro-molecules movements within the 

Taylor-cone during electrospray. A hypothesis about HA molecules partial 

reflection during ES process is presented, and a model based on work of other 
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people [23, 24] is developed as well in the chapter. The model is used to indicate 

the build-up of a HA higher concentration layer near the Taylor-cone tip during 

spraying and HA concentration changes development with spraying time. 

Calculated results by modeling work are compared with experimental data. This 

modeling work elucidates the mechanism responsible for instability of the spraying 

process when using HA macro-molecule solutions. 

 

Chapter 6 details conclusions from the analysis of the experimental data and 

provides some recommendations for future studies. 
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Chapter 2. 

Literature review 

 

The fabrication of biomedical devices (e.g. biosensors) requires the localised 

interaction of biomaterials contained in a sample fluid. This necessitates the print 

of bio-molecules in a defined location in devices [25]. A number of techniques now 

exist for the fabrication of bio-devices which allow the highly controlled deposition 

and patterning of bio-materials. 

 

In this chapter a short introduction to previous research is presented. The chapter is 

broadly divided into three major parts: the first refers to current technologies of 

bio-materials printing; the second part of the chapter emphasizes the general 

history of the electrospray; the last part introduces macro-molecules used 

(hyaluronan and dextran) in the study and their applications. This review is help to 

set the context for the thesis.  

 



 24

2.1. Bio-materials printing techniques 

 

2.1.1. Laser printing 

 

Biological laser printing (BioLP) uses a non-contact mechanism which utilizes a 

focused laser pulse to transfer protein solutions, this is a capillary-free printing 

technology that eliminates clogging issues and can fabricate protein micro arrays 

by the automated deposition of droplets onto all types of micro array substrates and 

micro fluidic networks [26, 27]. 

 

As shown in figure 2.1, a pulsed laser is directed onto a “target” coated with the 

protein solution to be transferred. Protein micro arrays are formed by timing laser 

pulses in conjunction with the movement of the target and receiving substrate on 

computer controlled stage. This technique requires less than 500 nL of starting 

material, requires no washing cycles, and deposits spots of protein in a non-contact 

manner, thus eliminating potential contamination issues.  

 

BioLP technique has been applied to a wide range of viscous and non-viscous 

biologicals including proteins and live prokaryotic and eukaryotic cells. The 

disadvantage of the technology is that it has difficulty in the relatively large size 

(30 μm and 500 fL) of the deposited feature [26, 27].  
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Figure 2.1. Schematic of the biological laser printing apparatus as it pertains to 

printing protein micro arrays [26] 

 

2.1.2. Microcontact printing 

 

Microcontact printing of biomolecules is a versatile method to prepare surfaces for 

diagnostic applications. It is a versatile technique because low-resolution stamps 

(stamps with features of a few micrometers) are simple to fabricate and can be used 

with a variety of inks and substrates [28].  

 

Figure 2.2 shows that stamps are patterned with a solution of the targeted or 

enzyme, rinsed with deionized water (or other chemicals), and dried under a stream 

of nitrogen. Then the stamp is positioned over the surface and brought into contact 

with the substrate under the forces of its weight and interfacial adhesion [29]. 
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Figure 2.2. Fabricating high-resolution patterns of proteins using micro-contact 

printing (Starts with (A) and (B) depositing proteins from solution onto the surface 

of a stamp during an inking step and (C) transferring the proteins to a substrate in 

the area of contact to (D) yield a patterned substrate once the stamp has been 

removed [30]). 

 

Renault used this technique to create patterns of proteins having a length scale 

lower than 100 nm. His work showed that the elastomeric stamps used have 

meshes composed of 100- and 40-nm-wide lines, arrays of 100 x 400 nm2 features, 

and arrays of 100-nm-wide posts [30].The disadvantage of the micro contact 

printing is that a print mould must be fabricated.  

 

2.1.3. Nano-pipet delivery 

 

Nano-pipets have been used for decades in neurobiological research for delivering 

ionic species into the cell. Nano-pipets have also been used in scanning ion 
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conductance microscopy. It is possible to deliver therapeutic DNA or proteins to a 

specific position on a living cell by manipulating the pipet with precise distance 

control [31, 32]. 

 

Bruckbauer and Ying used pipets with inner diameters of 100-150 nm controlled at 

100-150 nm above a glass surface. They delivered small quantities of biotinylated 

and fluorophore-labeled DNA or protein G by the pipet to the surface where they 

are immobilized by biotin-streptavidin binding or electrostatic interaction (see 

figure 2.3 - A voltage is applied between two Ag/AgCl electrodes). They have got 

an array of 25 spots, each deposited for 10 s. The measured full width is 830 ± 80 

nm [33]. 

 

However, this delivery method has slow speed for large-scale coverage. 

 

 

Figure 2.3. Schematic of the nano–pipet writing apparatus [33] 
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2.1.4. Ink-jet printing 

 

Ink-jet printing was introduced by Sweet in 1965 as a modern printing technology. 

In his design, a vibrating nozzle produced a droplet chain that was electrostatically 

charged by a coaxial ring electrode, and then charged droplets were deflected by 

energizing electrodes with potential differences of several kilo-volts and deposited 

on the printing paper which was moved transversely to the jet [34-36].  

 

Nowadays inkjet printing provides a versatile, direct writing method capable of 

depositing materials within the 10–100 μm range, and inkjet printers have been 

used to deposit polymers for light emitter displays with drop sizes approaching 10 

μm. Ink-jet printing with biological applications include uses for biosensor, 

biochips, DNA arrays, DNA synthesis, and micro-deposition of active proteins on 

cellulose. For tissue engineering applications, inkjet printing processes have been 

used for the development of solid free-form fabrication processes to construct 

three-dimensional tissue scaffolds [37, 38]. 

 

 

Figure 2.4. An array of square films created by ink-jet printing [38]  
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The disadvantage of the technique is that the feature size is too large when 

compared with the spatial resolution of optical analysis. Also ink-jet printing 

becomes slow when numerous multi-component samples are manufactured for 

some applications. A further disadvantage is that the droplet size is directly related 

to the nozzles used for processing, with the droplet diameter being approximately 

double the size of the nozzle diameter. Also the substrate used influences the 

spreading of the droplet after deposition. Furthermore, using finer nozzles to 

generate fine droplets limits the powder volume in suspension and increases nozzle 

blockages [38, 39].  

 

It has been difficult for ink-jet printing to explore the processing of concentrated 

suspensions for producing droplets in the size range of tens of nanometers. This is 

due to the technology being predominantly driven by the size of the emitter, which 

leads to a droplet diameter approximately double that of the internal orifice 

diameter of the emitter [40]. 

 

2.1.5. Electrospray and electrospin 

 

Electrospray and electrospin share similar physical principles of electro-

hydrodynamic atomization (EHDA). Electrospinning is an extension of the 

electrospraying process that uses a high concentration of solution [41]. 

Electrospray technique allows mass-production of nanometer-sized patterns in a 

short time frame with high precision, which is very useful for micro-fabrication of 

biomedical devices. 
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Compared to inkjet printing, EHDA has two significant advantages. First, EHDA is 

capable of processing suspensions containing a higher volume fraction of powder. 

Second, needles used for EHDA are almost an order of magnitude larger in 

diameter than those used in inkjet printing, so it is able to produce finer droplets 

from concentrated suspensions with less risk of blockage. [41] The phenomenon 

will be discussed in the next section. 

 

The EHDA processing phenomenon is a versatile jet-based technology, which has 

recently been explored for processing a wide range of advanced structural, 

functional, and bio-related materials [42].  

 

Investigations show that the electro-hydrodynamic jet, driven by electric fields, can 

be used for processing living cells, which is not hampered by the disadvantages 

encountered with inkjets. Furthermore, no adverse effects observed on living cells 

when they are processed with this technique [40]. 
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2.2. Electrospray phenomenon 

 

Electrically driven liquid jets and the stability of electrically charged droplets have 

been studied for more than a hundred years. In 1745, Bose described aerosols 

generated by the application of high electric potentials to drops of fluids [43]. 

Zeleny was the first to give a scientific description of the spraying process; he 

investigated the disintegration of charged drops [44].  

 

In 1879 Rayleigh studied the break-up of capillary jets under the action of capillary 

waves. He found that the jet becomes unstable when the wave reaches maximum 

amplitude and breaks up into droplets. In 1882 Rayleigh determined the maximum 

surface charge of a fluid droplet by equating the pressure due to electric stress and 

the pressure due to surface tension. This maximum charge is known as the 

Rayleigh charge limit which is given by equation 2.1 [45, 46].  

( )2
1

3
08 dR rq γεπ=                                   (2.1) 

Where γ, ε0 and rd are surface tension, dielectric constant and radius of the droplet 

 

Taylor derived conditions for a meniscus in figure 2.5 to exist in equilibrium in 

conical form under competing actions of an electric field with surface tension. He 

described the hydrostatic structure of what is now called a Taylor cone. He 

concluded that the semi cone angle as, α ≈ 49.29º .  However, this solution is only 

valid in the case that there is no jet emitted at the cone apex and there are no 

tangential stresses [47]. 
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Figure 2.5. Semi cone angle α  

 

In his work, a balance in equation 2.2 between capillary and electrostatic stresses is 

satisfied exactly on the surface of an equipotential cone.  

( )2
0

1
2

n pγ ε φ∇ ⋅ − ∇ = Δ ;                     (2.2) 

Where γ is the interfacial tension between the conductor and the insulator, ∇·n is 

the curvature, ε0 is the electric permittivity of the insulator, and ∆p is the pressure 

in the conducting liquid above that in the insulator. 

 

In the absence of space charge in a medium, the electrical potential Φ is given by 

equation 2.3 in spherical coordinates (r, θ) in terms of the Legendre function of 

order 1/2 (regular at θ = 0): 

( )1/ 2
0 1/ 2 cosa r pφ θ= ;                          (2.3) 

Substituting equation 2.3 in equation 2.2 and computing ∇·n for a cone of angle αT 

fixes the constant a0 in equation 2.4, also yielding ∆p = 0.  

( )
1/ 2

2 1 2 0
0 0 1/ 2

1 cos tan 0.552
2 T Ta P εγ ε α α

γ
− − ⎛ ⎞
= = ⎜ ⎟

⎝ ⎠
;  (2.4) 

The cone angle αT (180◦ − 49.29◦) is fixed by equation 2.5 after demanding that the 

surface be equipotential. Then semi cone angle α is concluded. 
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( )1/ 2 cos 0TP α = ;                                 (2.5) 

 

2.2.1. Electrospray modes 

 

There are various spraying modes that can be distinguished in Electrospraying 

depending on the electric field, flow rate conditions and fluid properties. In recent 

years many papers have been published, summarizing the knowledge in this subject 

[48-50]. An understanding of the electrospray modes helps a customized test rig to 

be built to investigate the electrospray process, explore methods for scaling up 

electrospray emission, and use electrospray for micro-printing macro-molecules.  

 

2.2.1.1. Dripping and Spindle Mode 

 

When a liquid is pumped through a capillary at a constant flow rate, if the flow rate 

is low, and there is no electric field applied over the droplet hanging down from the 

capillary, then droplets will be produced by gravitational force at frequencies lower 

than 1 Hz as shown in figure 2.6.  

 

When a slowly increased electric field is applied, the frequency of droplet 

production will increase as shown in figure 2.7. These first two different spraying 

modes are called Dripping and Spindle mode [48, 49].                
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Figure 2.6. Dripping mode;                  

                    

Figure 2.7. Spindle Mode; 

 

2.2.1.2. Pulsed Cone-jet and Cone-jet Mode 

 

These two modes mode occur at a higher liquid flow rate and at higher electric 

fields than the Spindle mode. From the dripping mode an increase in the applied 

voltage results in the appearance of the cone-jet mode which is shown in figure 2.8, 

however before a stable cone-jet can be formed the flow sometimes pulses from 

spraying to non-spraying, this is called pulsed cone-jet mode [16]. The shape of the 

liquid cone is a balance of the liquid pressure, liquid surface tension, gravity and 

electrical stress at the liquid surface, and of the inertia and viscosity of the liquid as 

shown in figure 2.9 [51]. 

 

Cone-jet mode is one of the most interesting ES modes, because it is possible to 

control the various output parameters including the spray current and the droplet 
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size. Such control makes this mode useful for various applications such as paint 

spraying, colloid thrusters, ionising macromolecules for mass spectrometry and 

printing bio-molecules [6]. 

 

Smith studied the onset parameters of ES, and gave the equation 2.6 for the onset 

voltage for cone-jet mode which is dependent on the geometry of the spray system 

[52]. 

1/ 2

0

2 cos 4lnc
on c

c

r dV A
r

γ α
ε

⎡ ⎤ ⎛ ⎞
= ⎜ ⎟⎢ ⎥

⎣ ⎦ ⎝ ⎠
;        (2.6) 

Where rc is the capillary radius; d is the space between the capillary and electrode; 

Ac is an empirical constant.  

 

According to F. de la Mora’s work, to get a stable cone jet the flow rate must be 

above a minimum flow rate Qmin, at the minimum flow rate the jet breaks up due to 

axisymmetric instabilities. The minimum flow rate Qmin is as shown in equation 2.7 

[53]. 

K
Q r

ρ
γεε 0

min =                                      (2.7) 

Where γ, ρ, εr and K are surface tension, density, dielectric constant and electrical 

conductivity of liquid, respectively 

                    

Figure 2.8. Cone-Jet Mode 
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Figure 2.9. Forces acting in the liquid cone [51] 

                     

2.2.1.3. Multiple-jet Mode 

 

This mode appears when the electric field strength around the liquid cone increases 

until suddenly, the liquid cone does not keep a stable shape anymore, which means 

the spraying mode will go from the Cone-Jet mode into the Multiple-Jet mode. In 

figure 2.10, the single jet splits into several jets during multiple-Jet mode. These 

jets will break up into a spray of droplets which have smaller diameters than that of 

the single cone-jet [49]. 

 

                 

Figure 2.10. Multiple-Jet Mode 
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2.2.2. Characteristics of cone-jet mode  

 

In the cone-jet mode, a liquid flow is fed through a capillary needle, and a high 

voltage is applied between a needle and a facing electrode. At an adequate flow 

rate, a stable liquid meniscus (Taylor cone) with a slender jet issuing from its apex 

is formed which can be seen in figure 2.11. The shape of the liquid cone is a result 

of the balance of liquid pressure, liquid surface tension, gravity, electric stresses on 

the liquid surface, the liquid inertia, and the viscosity [47, 49].  

 

If the voltage keeps increasing, eventually, the jet becomes unstable and will break 

up; a spray of charged droplets will be generated as shown in figure 2.12. The 

droplets are generally mono-dispersed (in size). These mono-dispersed droplets are 

also charged and thus exert a repulsion force on each other which will result in a 

diverging spray [45, 46, 54]. 

 

Ganan-Calvo et al. found if the highly charged droplets evaporate, then the 

Rayleigh limit for droplet charge can be reached. Then, droplet fission can take 

place, which will change the produced droplets size distribution. This happens if 

the electric stress becomes larger than the surface tension stress due to the droplet 

charge density change [55]. 

 

The droplet becomes unstable, and will expel a number of smaller offspring 

droplets. These offspring radices of droplets are about one-tenth of the parent 

radius and carry off 2% of the mass and 15% of the charge of the parent droplets. 

The offspring process is shown in figure 2.13 [56].  
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Figure 2.11. Electrolysis cell analogy of electrospray process (modified from [57]) 

 

 

Figure 2.12. Electrospray process (modified from [58]) 
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Figure 2.13. Fissions of the droplets - Droplet evolution scheme due to solvent 

evaporation at constant charge and Coulomb fissions at the Rayleigh limit [56] 

 

2.2.3. Scaling Laws for cone-jet mode. 

 

Due to the stability and controllability of spray properties, the cone-jet mode has 

historically been the most useful of the ES regimes. It offers an opportunity in 

understanding the mechanics of the spraying. Various equations have been derived 

to estimate the jet, droplet size and the current for a sprayed liquid in the cone-jet 

mode. 

 

In 1989, Lefebvre presented an equation (2.8) for the diameter of droplets which 

are formed from liquid which is slowly flowing through a thin circular outlet [59]. 

1/3
06

droplet
dd

g
γ

ρ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

                         (2.8) 

Where d0 is the outlet diameter and g is the gravity constant. 
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During the 1990s, F. de la Mora and Gañán-Calvo investigated scaling laws with 

methods based on dimensional analysis of the key parameters involved in the 

electrospraying process.  They gave the following dimensionless number in 

equation 2.9 which shows the ratio of the surface tension stress in the jet over the 

kinetic energy of the jet.  

3
1

422 )
2/
/

(
jet

jet

rQ
r
πρ

γ

                             (2.9) 

Where rjet is the jet radius; 

 

Then by combining dimensional analysis with experimental result they presented 

the equations 2.10 and 2.11 for liquids with relatively high conductivity [12, 60, 

61]. 

The two equations are: 

2
1

))((
r

r
QKfI
ε

γε=
                         (2.10) 

3
1
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Qd r
jet

εε
≈

                           (2.11) 

Where djet is the jet diameter; 

 

In a later paper, Gañán-Calvo gave another dimensionless number in equation 2.12  

3
1

23

2
0

3

)(
QKμ

εγ                                               (2.12) 

Where μ is the viscosity [Pa s]; 
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Based on a linear asymptotic analysis, two scaling equations 2.13 and 2.14 were 

given by him. In his work, both the electric current and the droplet diameter are 

independent of the liquid polarity [61, 62]. The equations are as following: 

1/ 2

1/ 2

0

4.25

ln

QKI
Q
Q

γ

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⎢ ⎥⎛ ⎞⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

                           (2.13) 
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K
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⎝ ⎠
         (2.14) 

Where Q0 is a characteristic flow rate given by 

      0
0

rQ
K

γε ε
ρ

=                                         (2.15) 

 

Hartman investigated the jet break-up mechanism with a high-resolution camera. 

He found that the jet break-up mechanism depends on the ratio of the electric 

normal stress over the surface tension stress. His study showed, that viscosity, 

surface charge, and the acceleration of the jet, have to be taken into account in the 

jet break-up process.  

 

He gave the following equations 2.16 and 2.17 for the droplet diameter and current 

scaling [49] .  

3
1/ 60~droplet

Qd
K

ρε
γ

⎛ ⎞
⎜ ⎟
⎝ ⎠

                             (2.16) 

 I ~ (γ Q K) ½                                                  (2.17) 
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Gañán-Calvo gave a general, unified description of the complete parametrical 

space for the emitted current and droplet size of ES. He identified scaling laws in 

ES process, which are divided to six regimes, depending on the fluid properties. 

They are summarized in table 2.1 [63]. 

 

Table 2.1. Scaling laws by Gañán-Calvo;  

Scaling Equations 
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Marginal scaling  

(1): dominance of surface tension  

forces and electrostatic suction 
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Where εr is the relative permittivity. 

 

2.2.4. Effects of solution parameters on cone-jet spray 

 

During cone-jet mode electrospray, the spraying jet is governed by many 

parameters, classified broadly into solution parameters, process parameters, and 

ambient parameters. Solution parameters include viscosity, electrical conductivity, 

molecular weight, and surface tension. Process parameters include applied electric 

field, tip to collector distance and flow rate. The molecular weight of 

macromolecules has a significant effect on solution properties such as viscosity, 

surface tension, conductivity etc. Studies found the molecular weight is an 

important parameter that can affect spraying process and jet morphology [64, 65] . 

 

Experimental investigations of electrospray characteristics have been made using 

various kinds of liquids with different physical properties. It is well known that the 

size and charge of electrospraying droplets depend on liquid flow rate and physical 

properties such as electrical conductivity, surface tension, and viscosity [12, 52, 66]. 
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2.2.4.1. Electrical conductivity 

The electrical conductivity (K) of an electrolyte solution is a measure of its ability 

to conduct electricity. The unit of conductivity is Siemens per meter (S/m). The 

electrical conductivity is traditionally determined by measuring the AC resistance 

of the solution between two electrodes [67].  

 

High quality deionized water has a electrical conductivity of about 5.5 x 10-6 S/m, 

typical drinking water in the range of 5-50 x 10-3 S/m, while sea water about 5 S/m 

(electrical conductivity of sea water is one million times higher than deionized 

water) [67]. 

 

2.2.4.2. Surface tension 

 

Surface tension represented by the symbol γ is a property of the surface of a liquid 

that allows it to resist an external force. This property is caused by cohesion of like 

molecules, and is responsible for many of the behaviors of liquids. Since the 

molecules on the surface of the liquid are not surrounded by like molecules on all 

sides, they are more attracted to their neighbors on the surface. This is what causes 

the surface portion of liquid to be attracted to another surface, such as that of 

another portion of liquid (as in connecting bits of water or as in a drop of mercury 

that forms a cohesive ball).  
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In materials science, surface tension can also be used as either surface stress or 

surface free energy. It is measured in forces per unit length. Its SI unit is Newton 

per meter (N/m) [45, 68]. 

 

2.2.4.3. Viscosity 

Viscosity is a measure of the resistance of a fluid to deform under shear stress. The 

viscosity of a system is determined by how molecules constituting the system 

interact. It describes a fluid's internal resistance to flow and may be thought of as a 

measure of fluid friction [69, 70].  

 

Viscosity in gases arises principally from the molecular diffusion that transports 

momentum between layers of flow. Thus, for gases:  

• Viscosity is independent of pressure;  

• Viscosity increases as temperature increases.  

In liquids, the additional forces between molecules become important. This leads to 

an additional contribution to the shear stress though the exact mechanics of this are 

still controversial. Thus, in liquids:  

• Viscosity is independent of pressure (except at very high pressure);  

• Viscosity tends to fall as temperature increases.  

 

Viscosity of solution  

A) Electrolyte solutions  

In most electrolyte solutions, due to long-range electrostatic interaction of all 

electrolytes, with the exception of some salts (potassium, rubidium, cesium and 

ammonium), increase the viscosity of water (or other solvent) [71, 72].  
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B) Macromolecular solutions  

The presence of a macromolecular solute increases the viscosity of a solution. The 

effect is large even at low concentrations, because large molecules affect the fluid 

flow over an extensive region surrounding them -- being so large, they displace a 

large quantity of solvent instead of replacing individual solvent molecules with 

negligible disturbance [73].  

 

2.2.4.4. Effects of solution parameters 

Fernandez De La Mora and Gañán-Calvo (1994) found that for fluids in the low 

conductivity and low viscosity range, viscosity’s effect can not be ignored for the 

ES process.  They concluded that the viscosity and conductivity play an important 

role in the liquid jet acceleration. Fernandez De La Mora’ work also shows that 

viscosity aids jet elongation and the break up into droplets. The droplet size 

distribution will be broader with increasing viscosity [53]. 

 

Gañán-Calvo et al. (1997) considered in their analysis for highly conducting liquids 

the droplet size to be independent of the surface tension. However a small 

dependence came back due to fitting parameters, which were used to fit the 

theoretical relations to experimental results. 

 

Hartman showed that viscosity, surface charge, and the acceleration of the jet, have 

to be taken into account in the jet break-up process. Four liquids with different 

properties were used in his study, (namely, n-butanol, iso-butanol, 2-butanone and 

ethylene glycol) and the jet break-up mechanism was investigated with a high-
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resolution camera. He found that increasing viscosity yields decreasing wave 

numbers at jet break-up [49]. 

 

Ku and Kim studied size distributions of electrospray droplets from the Taylor 

cone in cone-jet mode by using a freezing method and a transmission electron 

microscope (TEM) image processing technique. They found that high viscosity of 

an electrically charged jet has the effect of damping the axisymmetric motion of the 

jet [74].  

 

Jayasinghe and Edirisinghe found that a higher viscosity helped to produce stable 

cone-jet mode electrostatic atomization with a smaller jet diameter. They sprayed 

water, glycerol and their mixtures with viscosity ranges from 1–1340 m Pa s, at a 

constant applied voltage and flow rate. The conductivity of the liquid was kept 

approximately equal and their density, relative permittivity and surface tension 

values were measured [75].  

 

Jaworek identified that the effect of viscosity on electrospraying of liquids is a 

more complex problem than predicted by any theoretical consideration. His 

experiments were carried out for a stainless steel needle placed 7 mm above a 

grounded ring electrode of inner diameter of 9 mm. Various concentrations of 

distilled water and ethylene glycol mixtures, which have similar surface tension 

and conductivity, were used as test fluids of different viscosity. The viscosity of the 

mixtures changed in the range of 1 m Pa s to about 22 m Pa s. He noticed that 

transition from the spindle mode to the cone-jet mode takes place for lower 

voltages as the liquid viscosity increases [76].  
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Gamero-Castano and Hruby sprayed tributyl phosphate solutions and used time-of-

flight and energy analysis techniques to measure in vacuum the charge, specific 

charge and stopping potential of both primary and satellite droplets. They found 

that viscosity is the main effect on the formation of droplets in electrospraying 

moderate and high electrical conductivity liquid (K > 10−3 S/m), and/or very 

viscous liquids [54].  

 

Jayasinghe and Edirisinghe reported results showing that increase in viscosity had a 

significant effect on the atomization, increasing the size and distribution of relics 

obtained on a silicone release paper [75]. 

 

Jaworek showed that an increase in the liquid viscosity resulted in the jet diameter 

to decrease and the jet length to increase. In the spindle mode, the size distribution 

is bi-modal, and the number of smaller droplets increased with increasing viscosity, 

especially for high flow rate situation [76-78]. 

 

Based on previous studies by other people, for electrospray of solutions, it is 

important to consider the properties of the fluid that is being sprayed and to choose 

fluids with properties that are conducive to electrospray. The principal fluid 

properties that influence the electrospray are the interfacial surface tension (γ), the 

electrical conductivity (K), electrical permittivity (ε) and the viscosity (μ). 
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2.2.5. Fluid motions within the Taylor-cone 

 

When the conductivity of solution is low, the tangential stress increases, the surface 

velocity increases then, allowing a recirculating motion in the meridional plane of 

the spray. The strength of this meridional flow increases when either the 

conductivity or the viscosity decreases. This was firstly reported by Hayati et al 

who investigated the mechanism of stable jet formation by observing the motion of 

the liquid in a spraying stable cone under the influence of an electric field [50, 79].  

 

Hayati observed the movement of liquid inside the cone during spraying. He used 

lycopodium powder as tracer particles (particle size is about 5 µm) which were 

added into the liquid for experiment, a stable jet formed under the application of 

10.5 kV and a flow rate of 30 ml/h, the spraying process was observed and 

simultaneously photographed by using a x30 microscope.  He observed a very clear 

axisymmetric circulation of particles in the cone when a stable jet was formed. The 

result indicates that there is a backflow at the centre whereas the velocity is greatest 

at the surface of the liquid. The direction of the circular motion within the liquid 

cone indicates that the jet is formed by the stripping of the liquid surface rather 

than by pulling from the bulk of the solution or the detachment of small droplets 

from the liquid apex [50, 80]. 

 

Hayati assumed that there would be a potential difference between the base of the 

capillary and the tip of the cone. This potential drop would ensure a tangential 

electric field in the direction of flow which results in an electric shear stress on the 

surface of the cone. The shear force was about 5 to 10 times smaller than the 
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normal force which was fairly constant and independent of applied voltage. 

However, in Hayati’s calculation the shear force decreased with an increase in 

applied voltage. As the voltage was increased, the length of the jet decreased. This 

means the reduction of tangential shear force with an increase in applied voltage, 

thus reducing jet stability [79]. 

 

Rohner used electric Marangoni effect as an explanation for this kind of liquid 

motion. The effect is due to a gradient of surface tension inducing some shear 

stresses at a surface. The gradient of surface tension is obtained by the gradient of 

electric charges along the cone generatrix [81]. 

 

Barrero et al studied liquid motions inside Taylor-cone in both experimental and 

theoretical modelling ways. He introduced polystyrene particles with diameter 5 

µm and density 1050 kg/m3 into the liquid to observe the flow. Results are shown 

in fugure 2.14. In addition to the flow rate injected through the electrified nozzle, 

the action of the tangential electrical stress on the cone surface induced a 

recirculating meridional motion, liquid moved towards the apex along the 

generatrix and away from it along the axis. Results show that only fluid particles 

lying close to the surface are ejected through the jet while the rest recirculates 

towards the apex along the generatrix and away from it along the axis [82, 83] 

 

In the model of Barrero, the flow consists in a motion towards the cone apex along 

the cone generatrix and away from it along the cone axis. Note that only fluid 

particles lying close to the surface are ejected through the jet while the rest 

recirculates towards the apex along the generatrix and away from it along the axis. 
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Therefore the two flows are separated by the dividing stream surface passing 

through the stagnation point located at the axis at a certain distance from the tip 

[83].  

 

Figure 2.14. Streamlines inside the Taylor-cone during electrospray: Meridional 

circulation of liquid towards the apex along the generatrix and away from the apex 

along the axis [84] 

 

2.2.6. Electrospray Deposition (ESD) 

 

ESD has been used for the atomization and deposition of a wide range of materials 

including DNA, biocompatible polymers, polysaccharides and a range of proteins, 

and nano-particle. In the aspects of micro fabrication on a surface, ESD technique 

is used for processing thin layer of precursor suspension or high viscosity liquid of 

functional materials to make electronic devices [1, 6, 85-88].  
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The important parameters for the ESD process influencing the product quality are: 

spray production, aerosol transport, solvent evaporation and droplet disruption, 

preferential landing of droplets on the substrate, discharge and spreading of 

droplets on the surface, decomposition and reaction of the solute [89]. 

 

In summary, the electrospray technique (ES) has significant advantages compared 

to other techniques. Es is a non-destructive method for producing gas phase ions of 

biological macromolecules. ES can preserve not only the primary structure of 

polymer molecules but also structures formed due to non-covalent interactions. 

Electrospray of macromolecules has seen a tremendous increase in research and 

commercial attention over the past decade due to a number of applications such as 

in fabrication of enzyme electrodes, bio-sensors and thin polymer films. This study 

is going spray macro-molecules in solutions (such as hyaluronan and dextran) and 

study their effects on ES process. 
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2.3. Macromolecules  

 

2.3.1. Electrospray of macromolecules 

 

Electrospray is a versatile tool for various material processing technologies. A 

number of macro-molecules have been used for electrospray applications. The 

electrospray of macro-molecules is of great interest in biomedical research, it has 

advantages of applications, particularly in nanotechnology and biotechnology, and 

new achievements in this field can be expected. 

 

Thundat et al. applied electrospray to the DNA molecules deposition onto a gold 

substrate for studies under a scanning tunnelling microscope [90]. Hoyer et al. used 

electrospray of cellulose acetate to prepare membranes for electro-analytical 

chemistry. The cellulose acetate phase inversion membranes on glassy carbon 

electrodes can be used for electrodes protection in electro-analytical chemistry 

from fouling by macromolecular particles [91]. Moerman et al. produced arrays of 

identical spots consisting of enzymes or antibodies, for the purpose of use in 

medical diagnosis, environmental research, or combinatorial chemistry [92]. 

Uematsu et al. produced biologically active protein thin films for protein-based 

biomaterials, biosensors and biochips [93].  

 

Other materials, such as polystyrene latex, poly(ethylene oxide), poly-vinylidene 

fluoride (PVDF), PLA and PLC are used for electrospray applications as well [5, 
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94]. However, there are still a number of challenges to be faced. One of such 

problems is the specific cone-jet electrospray mode control.  

 

As typical macro-molecules, for their biological significance, hyaluronan (HA) and 

dextran (DA) are chosen for study of electrospray here in order to characterise 

optimal control conditions and to investigate possible new mechanisms involved in 

the electrospray of macromolecules. 

 

2.3.2. Hyaluronan (HA) 

 

Hyaluronan (also called hyaluronic acid or hyaluronate) is a glycosaminoglycan 

distributed widely throughout connective, epithelial, and neural tissues. It is one of 

the chief components of the extracellular matrix, contributes significantly to cell 

proliferation and migration, and may also be involved in the progression of some 

malignant tumors [20, 95, 96]. 

 

Hyaluronan is an important component of articular cartilage, where it is present as 

a coat around each chondrocyte cell. Hyaluronan is also a major component of skin, 

where it is involved in tissue repair.  The average 70-kg man has roughly 15 grams 

of HA in his body, one-third of which is turned over (degraded and synthesised) 

every day [95, 97]. 
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2.3.2.1. Structure of HA 

 

Polymers of HA can range in size from 5 to 20,000 (kDa) in vivo. The structure of 

HA is a single unbranched chain, and the chain will be an expanded, random coil in 

solution as shown in figure 2.15 and 2.16 [96, 98]. 

 

 

Figure 2.15. The repeating disaccharide unit of hyaluronan [99] 

 

 

Figure 2.16. Conformation of hyaluronan [100] 

 

2.3.2.2. Sonicated HA solution with different molecular weight 

 

Coleman et al (2000) used the sonication method to reduce HA molecular chain 

length. In figure 2.17, their results show that the HA molecular weight ranged as a 

function of the sonication time. After sonication, HA’s molecular weights were 
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measured by size-exclusion high performance liquid chromatography (HPLC) 

[101].  

 

Sabaratman (2005) found that as the molecular weight of HA reduced, the 

solution’s viscosity will decrease as well which is shown in figure 2.18. HA 

molecular radius (R M) can be got by the following equation: 

0.6 0.080.025MR M S −=  (nm) 

M is the molecular weight of HA; S is the molar salinity of the solvent. [102]  

 

 

 

Figure 2.17. Relation between sonication time and HA molecular size [101] 
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Figure 2.18. Reduced viscosity (viscosity/concentration) of three hyaluronan (HA) 

samples of differing chain length as a function of concentration [98] 

 

2.3.2.3. Medical applications of HA 

 

The physiological activity of HA polymers makes it a promising material for a 

variety of applications. Hyaluronan is naturally found in many tissues of the body, 

such as skin, cartilage, and the vitreous humor. It is therefore well suited to 

biomedical applications targeting these tissues [19, 20, 96]. 

 

The first hyaluronan biomedical product, Healon, was developed in the 1970s and 

1980s by Pharmacia, and is approved for use in eye surgery (i.e., corneal 

transplantation, cataract surgery, glaucoma surgery and surgery to repair retinal 
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detachment). Other biomedical companies also produce brands of hyaluronan for 

ophthalmic surgery [21, 22]. 

 

Hyaluronan is also used to treat osteoarthritis of the knee. Such treatments, called 

visco-supplementation, are administered as a course of injections into the knee 

joint and are believed to supplement the viscosity of the joint fluid, thereby 

lubricating the joint, cushioning the joint, and producing an analgesic effect. It has 

also been suggested that hyaluronan has positive biochemical effects on cartilage 

cells [75]. 

  

However, some placebo controlled studies have cast doubt on the efficacy of 

hyaluronan injections, and hyaluronan is recommended primarily as a last 

alternative to surgery. Oral use of hyaluronan has been lately suggested, although 

its effectiveness needs to be demonstrated. At present, there are some preliminary 

clinical studies that suggest that oral administration of Hyaluronan has a positive 

effect on osteoarthritis [101, 103, 104].  

 

In some cancers, hyaluronan levels correlate well with malignancy and poor 

prognosis. Hyaluronan is thus often used as a tumor marker for prostate and breast 

cancer. It may also be used to monitor the progression of the disease [103]. 

 

Hyaluronan may also be used postoperatively to induce tissue healing, notably after 

cataract surgery. Current models of wound healing propose that larger polymers of 

hyaluronic acid appear in the early stages of healing to physically make room for 

white blood cells, which mediate the immune response. [105]. 
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Hyaluronan has also been used in the synthesis of biological scaffolds for wound 

healing applications. These scaffolds typically have proteins such as fibronectin 

attached to the hyaluronan to facilitate cell migration into the wound. This is 

particularly important for individuals with diabetes who suffer from chronic 

wounds [106]. 

 

2.3.2.4. Application of HA in tissue engineering 

 

Polymer scaffolds serve a central role in the field of tissue engineering by directing 

cellular processes based on the structural and biochemical properties of the scaffold. 

The fabrication of scaffolds from natural materials, such as hyaluronic acid (HA) 

and collagen, can impart intrinsic signals within the structure that can enhance 

tissue formation [107]. 

 

Soluble HA has been used in clinical applications including ocular surgery, visco-

supplementation for arthritis and wound healing. However, the poor mechanical 

properties, rapid degradation and clearance in vivo of uncross linked soluble HA 

limit many direct clinical applications [106]. 

 

Segure and Anderson developed an HA–hydrogel scaffold with improved 

mechanical stability against degradation and biochemical functionality, thus the 

new method enhanced the HA application to tissue engineering [107]. 

 



 60

Electrospraying has advantages compared to other techniques, so it is very 

interesting to spray the HA solutions and find out the effects on ES process such as 

viscosity, by doing which to improve the applications of HA. 

 

2.3.2.5. Liquid outflow buffering due to HA ultra-filtration 

 

Animal experiments found that HA greatly reduces the trans-synovial escape of 

fluid from the joint cavity in knees, and alters the fundamental shape of the 

pressure-flow relation [108]. This indicates that hyaluronan creates an opposition to 

fluid outflow that increases each time pressure is raised. Johnson suggested that the 

synovial lining partially sieves out hyaluronan molecules from the solution filtering 

across it. The local accumulation of hyaluronan chains would then increase outflow 

‘resistance’ [102].  

 

Findings by other people support Johnson’s hypothesis that the synovial surface 

can partially reflect hyaluronan molecules. (1) In rabbit shoulder, elbow and knee 

joints, the intra-articular residence time for native hyaluronan is an order of 

magnitude longer than that for albumin [109]. (2) When a hyaluronan solution is 

filtered across the synovial lining in vivo, 48-95% of the hyaluronan molecules in 

the filtrand are retained within the joint cavity which is called HA ultra-filtration 

[108].  

 

Coleman et al (1999) studied the effect of a rooster comb hyaluronan (3.6 - 4.0 

mg/ml) of similar chain length to rabbit synovial fluid hyaluronan, on the trans-

synovial escape of fluid from the joint cavity in the steady flow rate in rabbit knees 



 61

at controlled intra-articular pressures [23]. Their results show that hyaluronan of 

physiological chain length greatly attenuates the loss of fluid from a joint cavity 

when pressure is raised, thereby conserving intra-articular lubricant. Normal bovine 

synovial fluid, though more complex in composition, had a very similar effect to 

plain hyaluronan solution, indicating that hyaluronan is the chief component 

buffering the outflow of native synovial fluid. He indicated that chain length may 

influence trans-synovial flow: the larger molecules buffered outflow to a greater 

extent than the smaller molecules [23]. It is argued in detail later that partial 

reflection of hyaluronan at the synovial surface creates a concentration polarization 

layer that buffers outflow osmotically.  

 

Coleman developed a concentration polarization theory for a partially reflected 

solute. Numerical solutions supported the feasibility of this osmotic explanation of 

the quasi-plateau. Additional mechanisms may also be involved. This indicates that 

umbilical hyaluronan creates an opposition to fluid outflow that increases each time 

pressure is raised [23, 101]. 

 

2.3.2.6. Electrospray of HA 

 

Zhao used ES technique for the first demonstration to give evidence for the 

covalent binding of proteins to HA. Major peaks were analyzed by protein 

sequencing and mass spectrometry (electrospray ionization mass spectrometry and 

collision induced dissociation). The study analyzed the binding region by protein 

sequencing and electrospray ionization mass spectrometry (ESI-MS) [110]. 
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Price demonstrated the usefulness of ESI-MS and HPAEC-PAD in the analysis and 

characterization of anionic glycosaminoglycan-type oligosaccharides. In his study, 

hyaluronic acid was degraded with hyaluronate lyase, and the resulting 

oligosaccharides were characterized by electrospray-ionization mass spectrometry 

and high-performance anion-exchange chromatography (HPAEC) with pulsed 

amperometric detection [111]. 

 

Chai did some work on the separation and purification of HA oligosaccharides; the 

major fractions were pooled and analyzed by electrospray mass spectrometry [112]. 

 

Mahoney presented methods for the purification of hyaluronan oligomers of 

defined size using size exclusion and anion-exchange chromatography following 

digestion of hyaluronan with testicular hyaluronidase. He used a combination of 

electrospray ionization mass spectrometry, matrix-assisted laser 

desorption/ionization mass spectrometry with time-of-flight analysis, and 

fluorophore-assisted carbohydrate electrophoresis [113]. 

 

Kitching developed an electrospray approach to deposit complex molecules on 

plasma modified surfaces.  In his work, two established techniques have been 

coupled to allow surfaces to be precision engineered: (1) Electrospray ionization 

can bring large, complex, intact molecular ions into the gas phase. (2) Plasma 

reactor can treat surfaces making them receptive to the deposition of active 

biomolecules. 
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The instrument used for his research has been designed and used successfully to 

deposit a number of high molecular weight molecules including the polysaccharide, 

sodium hyaluronan (HA). The entire instrument consists of five major subsystems: 

the electrospray ionizer, an ion funnel, a multipole ion guide, a plasma reactor, and 

the sample holder/transfer system [87]. 

  

Volný developed a process for immobilization of hyaluronan on stainless steel 

surfaces. This process is based on an interaction of hyperthermal gas-phase 

hyaluronan ions with plasma-cleaned and activated stainless steel surfaces. 

Reactive landing is performed on a unique instrument that combines an in-situ 

plasma reactor with electrospray ion source and ion transfer optics. Gas-phase 

hyaluronan anions are obtained by electrospray ionization of sodium hyaluronan 

solutions and immobilized by reactive landing on large-area stainless steel surfaces 

[114]. 

 

Previous research which mentioned above proves that as a non-destructive method, 

electrospray can produce gas phase ions of HA macromolecules and preserve the 

structure of HA molecules. Electrospray of hyaluronan has seen a tremendous 

increase in research and commercial attention over the past decade due to a number 

of applications. However, how to achieve stable electrospray of HA solutions still 

remains problematic due to uncertain reasons. This study is going to spray HA 

macro-molecules in solutions and study mechanisms involved.  
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2.3.3. Dextran (DA) 

 

Dextran is a complex, branched glucan (polysaccharide) made of many glucose 

molecules joined into chains of varying lengths. The straight chain consists of α-1, 

6 glycosidic linkages between glucose molecules, while branches begin from α-1, 3 

linkages as shown in figure 2.19. Table 2.2 lists DA diameter changes with 

molecular weight [115]. 

 

Due to DA’s biodegradability and biocompatibility, it has been used for various 

biomedical applications, such as plasma volume expander, drug delivery, etc. 

Compared with other water-soluble biodegradable polymers, dextran is inexpensive 

and readily available; in addition, the pendant hydroxyl groups can be modified. 

Most importantly, dextran is soluble in both water and organic solvents [116, 117]. 

 

The unique solubility characteristic of dextran ventures forth the possibility of 

directly blending it with biodegradable hydrophobic polymers to prepare composite 

nanofibrous membranes by electrospinning the mixed solution in organic solvents. 

The mechanical strength of dextran, its swelling properties in water, and the 

biological activity could thereby be modulated.  
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Figure 2.19. The repeating unit of Dextran [116] 

 

 

Table 2.2. Dimensions of Dextran (DA) molecules. [115] 

DA Molecular weight   

(k DA)

DA Molecular 

Diameter      (nm)

2000 54

1000 40

500 29

200 19  
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Chapter 3. 

Experimental methods 

 

An electrospraying system for spraying bio-materials is described in this chapter. 

By spraying macro-molecule (HA and DA) solutions, various spray parameters are 

studied here to characterise the electrospraying emission and find the optimal 

control conditions. 

 

Flow rate, spraying current and frequency of collected current are important 

experimental data that can indicate electrospraying process and jet stability at cone-

jet mode spraying, they are used to monitor the onset of the stable cone-jet mode. 

different measurement methods and data analysis are studied, and some basic 

results are listed for calibration. 

 

Finally preparations of solutions are introduced in the materials part, sonication and 

molecular weight determination methods are used to prepare for a series of HA 

solutions with varied molecular sizes. Parameters of HA and DA solutions are 

compared to investigate the effect of molecular size.  
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3.1. Electrospray apparatus  

 
Figure 3.1 and figure 3.2 show the experimental schematic for the electrospraying 

(ES) apparatus in this study. The main components consist of fluid supply system, 

spraying nozzle, high voltage power supply, current measuring unit and an imaging 

system (a CCD camera with zoom lens) to monitor the spraying process and jet sizes. 

 

 

Figure 3.1. Experimental set up 
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Figure 3.2. Photograph of the electrospray system and associated electronics for 

the experiment  

 

3.1.1. Fluid supply system 

 

Spraying liquid was contained in a small sealed reservoir as shown in figure 3.1, 

the container can support a pressure up to two standard atmospheric pressures. A 

narrow silica tube whose length ranges from 30 centimeters to 2 meters was 

connected to the reservoir to let the spraying liquid go through and ended up at a 

charged capillary emitter which was connected to an electric potential of several 

kilovolts relative to a perpendicular flat ground electrode located to a distance of a 

few millimeters from the end of the needle. 

 

The liquid reservoir was hanged at a higher level than the spraying nozzle, so an 

initial flow rate was created by the liquid gravity. However, by applying nitrogen 

(N2) gas into the liquid container to increased the inside pressure, the liquid flow 

rate can be controlled by varying the gas pressure.  
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3.1.2. Spraying Emitter 

 
Two types of emitters were used so far for spraying experiments. One was a 

stainless steel capillary supplied by Coopers needle works which had a circular 

cross section with an inside diameter of 0.152 mm and an outside diameter of 0.254 

mm. The other type needles were made from glass tubes. A micropipette puller P-

97 from Sutter Instrument Co. was used to produce the tip of glass nozzles down to 

30 μm. 

 

The emitter was mounted in a stainless steel union and sealed using an aluminium 

ferrule as shown in figure 3.3. The union was then mounted in an insulating plastic 

holder. A 20 mm diameter stainless steel disk was used for another electrode. The 

distance between the front face of the plate and the needle was set between 3 to 5 

mm.  

 

Figure 3.3. Image of the spraying emitter  
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3.1.3. High voltage power supply  

 
The equipment used for the high voltage power supply (HVPS) is from F.u.G. 

Electronik (HCL 14 – 20000), its working voltage range is +/- 20kV. The power 

supply was connected to the stainless steel disk where a high voltage is applied. 

The spray distance between the nozzle tip and the substrate was set between 3~5 

mm. By varying the voltage between the needle and the plate, the electric field is 

controlled to produce electrospray. Air break down was found more easily to 

happen when a positive voltage was applied to the plate electrode during 

experiments. Therefore, a high negative voltage was applied to the electrode to 

produce electrospray.   

 

When spraying reached stable cone-jet mode, the voltage was increased slowly step 

by step to study its effects on other parameters such as flow rate and spraying 

current. The voltage increasing steps varied between 50 – 200V depending on the 

voltage range for the stable cone-jet. Each voltage was applied for about 2 minutes 

to allow enough time to collect reliable data. 

 

3.1.4. Flow rate measurement  

 

The volumetric flow rate of the electrospray fluid through the system is an 

important parameter in electrospraying. Spraying current and droplet size are both 

a function of flow rate [12]. In figure 3.4 a nano-flow sensor from Upchurch 

Scientific (N-565) was used for the flow rate measurement.    
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The nano flow sensor can monitor and report the flow rate of a wide variety of 

solutions in a 1/32” OD or other capillary tubing (70 – 495 μm with sleeves). This 

non-invasive sensor uses thermal anemometry technology to display flow rate data 

in the range of 1.5 nl/min to 8 μl/min.  

 

The nano flow sensor can log in real time the flow rate with a 2Hz readout rate.  

The flow rate is displayed on the LCD on the front of the unit and can also be 

reported and logged to a computer. 

 

 

Figure 3.4. The nano flow sensor 

 

Another flow meter with an accuracy of greater than 0.5 nl/s and reading frequency 

of 1 Hz which is designed by Smith [118] was used in the study as well. The high 

accuracy flow meter consists of two pressure transducers positioned at two sections 

within the flow line, as shown in figure 3.5.  
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Two Paroscientific Digiquartz pressure transducers measure the pressure drop, ΔP 

along a section of capillary pipe between the transducers as shown in figure 3.6. 

This pressure drop is given by the Poiseuille equation: 

L
RPQm i

μ
π

ρ 8

4Δ
==                                  (3.1) 

Where m is the mass flow rate, ρ is the fluid mass density, μ is the fluid viscosity,
 

Ri is the internal radius of the pipe section and ΔP is the pressure change along a 

length L of the pipe.  

 

From equation 3.1, pressure drop ΔP can be given by:  

QkQ
R

LP
i

•=•=Δ 4
8
π
μ                           (3.2) 

Where k is a constant and equal to 8μL / πRi
4; 

 

Equation 3.2 indicates that the pressure drop along a fixed length of pipe is directly 

proportional to the volumetric flow rate through the system when flow rate Q is 

constant. By measuring the pressure drop, the flow rate measurement system can 

give high accuracy flow rate reading. 
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Figure 3.5. Flow rate measurement system designed by Smith [118] 

 

 

Figure 3.6. Pressure measurement method 

 

3.1.5. Current measurement  

 
The measured current was collected from the plate electrode in the spray path 

which is shown in figure 3.1. In this study, the electric spraying current was 
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measured via the voltage drop over a 100 kΩ  resistance between the plate 

electrode and ground.  

 

A multi-meter (ISO-TECH IDM 207) was used for voltage drop measurement, 

which has an optical to rs-232 output allowing for data logging to a PC. The data 

logging frequency was 2 Hz, and current results were average value of all data for 

about 2 minutes during every applied voltage step. 

 

3.1.6. Frequency measurement  

 
The frequency of collected current from the plate electrode is important during 

electrospray which can indicate the spray stability status. To measure the frequency 

(f), the spraying current was collected through a wide-band high gain amplifier 

(UK-model DHCPA-100, Laser Instruments) into a digital storage oscilloscope 

(Wavesurfer 422, Wavetek).  

 

Figure 3.7.a is the result of real time measured frequency which is displayed on 

screen of the oscilloscope. The figure shows a mixture result of several frequencies. 

After Fourier transform math calculation, results are as shown in figure 3.7.b, 

which can get rid of background noises, highlight useful signal and give an 

immediate readout of the primary pulsation frequencies. 
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Figure 3.7. Frequency measurement (EG & H2O) 

a) Collected pulsating current observed at a voltage of 2400 V in spray;  

b) Display result on the oscilloscope after a Fourier transform math calculation. 

The first peak shows the back ground noise which is 50 Hz, the next biggest peak is 

pulsation frequency which is about 950 Hz. 
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3.1.7. Jet size measurement  

 
In this study the effective jet is defined as the length between the intersection of the 

spray boundary and cone boundary, along the system centre line. This is illustrated 

in Figure 3.8.  

 

The jet during the spray was monitored by an optical system based on a microscope. 

Images can be recorded and captured by a computer. The system consists of a 

combined zoom lens and a CCD camera from UEYE. An infinity corrected 

objective lens supplied from Mitatoyo and a variable zoom from Thales Optem 

were used. Additionally, for illumination a cold light source was used. Pictures are 

shown in following figure 3.9. 

 

 

Figure 3.8. Jet definition during cone-jet mode electrospray 
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Figure 3.9. Optical system used in the study 

 

Stage micrometers in figure 3.10 (L4202 and L4078) are bought from Agar 

Scientific, they were used for the optical system calibration, figure 3.11 are 

calibration pictures. In figure 3.11.a, only smeared image can be obtained for the 1 

µm line width. However in figure 3.11.b, the 2 µm line width can be clearly seen. 

Calibration pictures result in the system optical resolution can reach up to 1μm. 
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Figure 3.10. Stage Micrometers from Agar Scientific 

 

a) 
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b) 

Figure 3.11. Imaging system calibration  

a) L4202 Stage micrometer, 0.1mm scale, 0.002mm sub- divisions, line width 1µm, 

accuracy ± 1µm overall;  

b) L4078 Stage micrometer, 1mm scale, 0.01mm sub-divisions, line width 2µm, 

accuracy ± 2µm overall; 

 

The software Aequitas was used for image analysis in this study. The basic analysis 

operation ‘measure lines’ command allows the user to define a line one pixel in 

width and a user specified length.  

 

Various properties of this line are recorded by the program and can be output as a 

result. Figure 3.12 and 3.13 show examples of measurements. Measured jet size 

can be read directly from the software. 
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Figure 3.12. Measurement of an emitter 

 

Figure 3.13. Measurement of a jet when spraying EG & H2O solution 
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3.2. Materials 

3.2.1. Preparation of solutions 

 
Hyaluronan (sodium salt, molecular weight: 2.1 MDa) was purchased from 

Genzemy Co. (USA) with protein content less than 0.1%. The molecular weight is 

similar to the natural rabbit synovial HA. The chemical structure of HA is a single 

unbranched chain, as illustrated in figure 2.16.  The chain can be an expanded, 

random coil in solvent. Dextran (DA) (sodium salt, protein content less than 0.1%) 

was obtained from Sigma Chemical Co. (Poole, UK) whose molecular weight 

(MW) is about 2.0 MDa which is similar to HA. 

 

DA and HA powders were diluted in ethylene glycol / water (volume ratio=1) at 

different concentrations, then the conductivity, viscosity and surface tension were 

measured. Ethylene glycol was used to reduce the surface tension of the aqueous 

solution and maintain molecule function [41, 119].  

 

Coleman et al used the sonication method to reduce HA molecular chain length. In 

their results, the HA molecular weight ranged as a function of the sonication time 

[101]. In this study, HA solutions (0.5 mg/ml) were sonicated under different time 

by using the ultra-sonic method. Samples were sonicated at amplitudes of 14 to 22 

μm for up to 40 minutes in a Soniprep (MSE Scientific Instruments, Crawley, UK).  

 

Hyaluronan molecular weights were measured by size exclusion high pressure 

liquid chromatography (HPLC) with help of professor Levick from St. George’s 

Hospital Medical School, London. The system comprised a Waters 626 pump, 
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600S controller, and 717 plus autosampler (Waters Ltd, Watford, UK) with a 

TosoHaas TSK G6000 PWXL column (Anachem Ltd, Luton, UK) [120]. The error 

of measured mean weight-average molecular weight (Mw) by HPLC was about ± 

50 kDa. 

 

After sonication, measured HA molecular weights ranged as a function of the 

sonication time as shown in figure 3.14. HA molecular radius (R M) can be got by 

the following equation: 

08.06.0025.0 −= SMR wM (nm)                  (3.3) 

Where Mw is the molecular weight of HA; S is the molar salinity of the solvent 

[102]. Figure 3.14 lists size changes as a function of sonication time as well. 
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Figure 3.14. HA molecular weight and domain size changes with sonication time 

in solutions 
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3.2.2. Measurements of parameters 

 

3.2.2.1. Electrical conductivity of solutions 

Electrical conductivities (K) of solutions were measured by using a conductivity 

meter (B-173), from Horiba Ltd. (Japan). The conductivity meter can measure 

conductivity in the range of 1 μS/cm to 19k.9 mS/cm, the accuracy is ± 1 μS/cm, 

and is auto scaling. Solution of potassium chloride from the manufacturer was used 

to calibrate the device, which has a known conductivity of 1.41 mS/cm at 25 

centigrade. A small volume of the solution was needed to place on the meter for 

calibration. Once calibrated, the conductivity meter was cleaned with deionised 

water, dried and used for every measurement.  

Figure 3.15 is the conductivity measurement result as a function of concentration 

for both HA and DA in EG and water mixture solutions. In the figure, the electrical 

conductivity increases with higher concentrations of molecules. 
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Figure 3.15. Concentration effect on conductivities of solutions 
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3.2.2.2. Viscosity of solutions  
 

In the study, viscosities of solutions were measured over a range of concentrations 

(C) by using a Haaske RS150 cone-on-plate rheometer at 24°C and a constant shear 

rate of 90 s-1. Scott (2000) found that viscosities of DA solution won’t have 

significant changes compared to HA solutions when concentration of DA increased 

as can be seen in figure 3.16. 

 

Figure 3.17 is viscosity measurement results as a function of concentration for both 

HA and DA in EG and water mixture solutions. In the figure 3.17.a, under same 

experimental conditions (temperature, shear rate), HA molecules (2100 kDa) will 

significantly increase viscosity of solution while effects of DA (2000 kDa) 

molecules on viscosity can be ignored.   

 

Figure 3.17.b indicated that different HA molecular sizes would result in varied 

viscosity increases to solution. The viscosity of solution increases with the 

increasing HA concentration, however larger HA molecular size caused more 

significant effects to solution under the same concentration. Molecular size does 

affect viscosities of solutions.  
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Figure 3.16. Reduced viscosities (viscosity/concentration) as a function of 

concentration for dextran 2000 compared to HA  [121] 
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Figure 3.17. Viscosity as a function of HA (or DA) concentration in EG / water 

solution with different molecular sizes 

 

3.2.2.2. Surface tension of solutions 

 

This study used the DSA 100 Drop Shape Analysis System (from Kruss) which 

based on the pendent drop method to measure the surface tension, picture in figure 

3.18 shows the system. 

The whole process consisted of four steps: 1) capture and digitalization of the 

image of a pendant liquid drop; 2) extraction of the drop contour, determination of 

the radius of curvature at the apex necessary for the calculation of interfacial 

tension; 3) smoothing of the extracted contour of the drop by using polynomial 

regression; 4) shape comparison between the theoretical and experimental drop, 

inferring the interfacial tension value [122].  
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Figure 3.18. Picture of liquid analysis system used for surface tension 

measurement from Kruss  

Results in figure 3.19 and figure 3.20 show no significant changes in surface 

tension values of HA or DA solutions as the concentration or molecular size 

increase. As a result of increasing concentration or molecular size, viscosity can be 

changed with no significant effect on the other key fluid parameter – surface 

tension.  

 

Parameters of HA and DA solutions under the same concentration (0.5 mg/ml) are 

listed in table 3.1. DA has a much smaller molecular size compare to HA (2.1M) 

which results in a much lower viscosity value even though they have similar 

molecular weight. 
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Figure 3.19. Surface tension as a function of HA (or DA) concentration in EG / 

H2O solution 
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Figure 3.20. Surface tension as a function of HA molecular size in EG / water 

solution (0.5 mg/ml) 
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Table 3.1. Parameters of HA and DA solutions (0.5 mg/ml in EG / H2O) [102, 115] 

Solution 

Molecular 

weight 

(kDa) 

Molecular 

diameter 

(nm) 

Surface 

tension 

(mN/m) 

Viscosity 

(mPa s) 

Conductivity 

(μS/cm) 

DA (2000) 2000 ± 50   54 ± 20 58.3 ± 1   3.2 ± 1 28 ± 2 

HA (2100) 2100 ± 50 362 ± 20 58.2 ± 1 30.9 ± 0.5 29 ± 1 

HA (1000) 1000 ± 50 232 ± 20 58.6 ± 1 23.8 ± 0.5 29 ± 1 

HA (  390)   390 ± 50 132 ± 20 59.6 ± 2 15.5 ± 0.5 29 ± 1 

HA (  200)   200 ± 50   88 ± 20 58.3 ± 1   5.7 ± 1 29 ± 1 

HA (  180)   180 ± 50   83 ± 20 58.8 ± 2   4.7 ± 1 29 ± 1 

 

 

HA solution at given concentration was sonicated to reduce the HA molecular 

chain length (& hence the domain size). Results indicated that the molecular size of 

the polymer has a significant effect on rheological properties such as viscosity 

rather than molecular weight. This effect is proportional to the molecular size, 

because larger molecules affect the fluid flow over a more extensive region 

surrounding them. Also as concentration of solution increased to a certain value, 

molecular chains are going to overlap to each other which will change parameters 

of solutions. Larger molecular size will result in a lower limit concentration value 

of chain entanglements [123]. 
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Chapter 4.  

Electrospray of hyaluronan and 

dextran solutions  

 

Electrospray of hyaluronan (HA) and dextran (DA) solutions and produce 

microfiber or membranes nowadays has been received increasingly considerable 

attentions [20, 21]. However, how to achieve stable electrospray of HA (or DA) 

solutions still remains problematic due to uncertain reasons [22]. A mixture of 

ethylene glycol (EG)/deionized water (volume ratio=1), which was demonstrated to 

be electrosprayed in a continuous and stable way [124], is used in this study to 

dissolve HA and DA molecules and reduce the surface tension of the aqueous 

solution.  

 

By using the electrospraying system described in chapter 3, various spray 

parameters are studied in this chapter for spraying macro-molecule solutions to 

characterise the electrospray emission and find optimal control conditions. The 

instability of spraying process and jet sizes were analyzed by the optical system to 

study effects of macro-molecules on electrospray. Experimental data was compared 

with modelling work by other people based on simple solutions without macro-

molecules. 
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4.1 Experimental characterization  

 

The principle of the electrospray at stable cone-jet mode is as following: when an 

electric field is applied to the fluid at the end of an emitter, charges (positive and 

negative) separate inside the liquid, and charges of the same polarity as the nozzle 

move towards the meniscus surface, which will induce a surface charge density. 

Thus, the induced electrostatic pressure at the liquid surface, increases against the 

capillarity pressure, and the shape of the meniscus surface will change into a cone 

[13].  

 

The tangential electric field on the cone accelerates charges at the liquid surface 

toward the cone apex, from which a jet emerges, breaking up into droplets due to 

hydrodynamic instabilities propagation. Two types of processes are involved in the 

process: an electro-hydrodynamic equilibrium process for the liquid cone and jet 

formation, and a hydrodynamic process for the jet break-up [125].  

 

The starting point of this investigation was, following the initial identification that 

there was a spray stability problem with the HA in solution, to identify whether this 

was sensitive to the amount of HA in solution. To this end a number of different 

concentrations of the HA solutions were prepared and a similarly sized molecule 

dextran (DA) also tested. In these investigations stability was determined by using 

the optical system as described in chapter 3. 
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To characterise the electrospraying system, a mixture of EG/H2O (volume ratio=1) 

was used here as the solvent [124]. The surface tension of the mixture is 59.2 

mN/m, which is less than the value of 71 mN/m of deionized water. The viscosity 

of the mixture is determined to be 3.13 mPa s.  

 

A high voltage was applied between the needle and the plate electrode, by varying 

the potential the electric field was controlled to produce electrospraying. When 

spraying reached stable cone-jet mode, voltage was increased slowly step by step 

(200 V) to study its effects on other parameters such as flow rate and spraying 

current until the stable Taylor-cone disappeared.  

 

Images in figure 4.1 show the spraying difference of EG/H2O solution observed 

with changes to the applied voltage to emitter when spraying in the cone-jet mode 

by using a stainless steel needle. A constant pressure was applied to liquid reservoir 

as mentioned in chapter 3. As the voltage increased, the meniscus retreated towards 

the emitter and the jet emerged closer to end of the nozzle. 

 

If the applied voltage increased further, the steady Taylor-cone will transited into 

an unstable shaking cone. The change in the shape of the meniscus may be 

attributed to the changing electric field acting on the emission which will change 

the tangential electric force as the voltage applied to the emitter is varied. 
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Figure 4.1. Voltage effects on the spraying cone when electrospray EG/H2O 

solutions (a stainless steel capillary supplied by Coopers needle works which had a 

circular cross section with an inside diameter of 0.152 mm and an outside diameter 

of 0.254 mm is used);   

a) 2.8 kV; b) 3.0 kV; c) 3.2 kV; d) 3.4 kV 

 

Forces acting on the meniscus in cone-jet mode are a balance of the surface tension, 

electric stress and hydrodynamic pressure. The surface tension acts to pull the 

meniscus inwards towards the nozzle while the electric stress acts by pinching the 

meniscus such outwards to form the jet and produce a cusp. When the applied 

voltage increased, with constant applied hydrodynamic pressure and surface 

tension, an increase in the electric stress applied to the surface of the meniscus will 

cause the retreating meniscus. 

 

HA powder with a molecular weight of 2.1 MDa and DA powder with a molecular 

weight of 2 MDa were dissolved in the EG / H2O mixture at different 

concentrations. Table 4.1 lists physical properties of macro-molecules solutions.  

Results show that viscosity of HA solutions significantly increases with the 
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concentration; however, DA solutions do not. At the concentration of 0.5 mg/ml, a 

high viscosity of 30.9 mPa s was measured in the HA solution while the viscosity 

of DA solution is still similar to pure solvent (3.17 mPa s). Both HA and DA won’t 

change surface tension of solutions significantly.  

 

Table 4.1. Physical properties of HA powder of 2.1 MDa and DA powder of 2 

MDa dissolved in EG/H2O at different concentrations 

Powder 

dissolved in 

EG/H2O 

Concentration 

(mg/ml) 

 

Surface  

tension 

(mN/m) 

Conductivity 

(μS/cm) 

Viscosity 

(mPa s) 

0 59.2 ± 2 2   ± 1 3.13 ± 1 

0.1 58.6 ± 1 11 ± 1 8.71 ± 1 

0.2 59.8 ± 2 16 ± 1 14.3 ± 1.5 

0.3 58.3 ± 1 20 ± 1 19.8 ± 1 

0.4 57.8 ± 1 26 ± 1 25.3 ± 0.5 

 

 

 

HA (2.1 MDa) 

 

0.5 58.2 ± 2 29 ± 1 30.9 ± 0.5 

0.1 58.6 ± 1 11 ± 1 3.16 ± 1 

0.2 58.2 ± 1 15 ± 1 3.13 ± 1 

0.3 57.8 ± 2 21 ± 1 3.15 ± 1.5 

0.4 57.3 ± 2 25 ± 1 3.19 ± 1 

 

 

DA (2.0 MDa) 

0.5 58.3 ± 1 28 ± 1 3.17 ± 1 
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Fig. 4.2.a is an optical photography image showing a steady cone-jet obtained in 

the pure solvent of EG/H2O (volume ratio=1). Our study aim is to spray macro-

molecules solutions under steady cone-jet mode as shown in the figure for potential 

biomedical applications, which we call a stable spray, as this mode is used mostly 

and easy to control. Other ‘unstable’ spraying model maybe interesting for future 

work. 

 

Fig. 4.2.b shows a stable jet image taken during the spraying of the HA solution at 

the concentration of 0.1 mg/ml. However, this controllable jet can only be observed 

at this lowest concentration. Further increasing the concentration of the solution the 

stable jet cannot be maintained in the HA solution. Fig. 4.2.c and Fig. 4.2.d are 

images showing instable spraying occurring in the HA solution at a concentration 

of 0.2 mg/ml and 0.5 mg/ml, respectively. It clearly shows that the stable 

electrospray process can be hampered by HA macromolecules. 

 

As a comparison, dextran (DA) powder was also diluted in the EG/H2O (volume 

ratio=1) solvent, the solution can be sprayed in stable cone-jet mode in figure 4.1.e 

under the same conditions in the rig compared to the HA solution. Table 4.2 lists 

more spraying results of HA and DA. The difference of spraying HA and DA 

solutions is very apparent. To investigate mechanisms which caused the spraying 

difference of HA and DA solutions, effects of parameters were studied in next 

section. 
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a) 

b)  

c) 
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d)  

e) 

Figure 4.2. Microphotography images showing electrospray of HA powder with a 

molecular weight of 2.1 MDa and DA powder with a molecular weight of 2 MDa.  

a) electrospraying of pure EG/H2O (volume ratio=1) solvent.  

b)-d) electrospraying of HA solutions at a concentration of 0.1 mg/ml, 0.2 mg/ml 

and 0.5 mg/ml, respectively.  

e) electrospraying of DA solutions at a concentration of 0.5 mg/ml. 
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Table 4.2. Electrospray results for HA and DA solutions with various 

concentrations 

Concentration  
(mg/ml) 

HA DA 

0.1 Stable cone-jet Stable cone-jet 

0.2 Not stable Stable cone-jet 

0.3 Not stable Stable cone-jet 

0.4 Not stable Stable cone-jet 

0.5 Not stable  Stable cone-jet 
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4.2. Parameters on electrospray of macro-molecules 

solutions 

 

From the literature review, previous studies demonstrated that the character of the 

electrospray in cone-jet mode depends on experimental parameters, such as the 

liquid flow rate, the conductivity, the density, the viscosity, the surface tension and 

the relative permittivity for simple solutions without biological molecules [12, 61] .  

 

In this section, when macro-molecules (HA and DA) solutions were sprayed, a 

series of studies were performed to confirm the behaviour of the electrospraying 

process with varied solution parameters, and investigate effects of macro-

molecules on spraying stability and jet sizes.  

 

4.2.1. Surface tension 

 

From table 4.1, when HA and DA powders were diluted in EG/H2O (volume 

ratio=1) solvent, surface tension values of solutions varied in a small range (less 

than 2 mN/m change) which is unapparent. Results in figure 3.18 show that the 

surface tension is independent of HA (or DA) concentration in EG / H2O solutions, 

it’s not the key factor which stop stable cone-jet spray of HA solutions with high 

concentration. 
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4.2.2. Conductivity 

 
The electrical conductivity of a solution is a function of the mobility of charge 

carrying species. Increased conductivity is a result of greater number of charge 

carriers (e.g. ions) available for charge transport. The electrical conductivity plays 

an important role during electrospray for simple solutions [12]. 

 

If some sodium iodide (NaI) was added into the HA solution, the conductivity of 

solution increased with NaI concentration as shown in figure 4.3. The influence of 

conductivity can be seen from figure 4.4, cone-jet mode can be obtained when HA 

(2.1 MDa, 0.1 mg/ml) solution with low conductivity is sprayed. However, at the 

same condition, increasing conductivity caused a reduction of jet sizes.  
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Figure 4.3. Conductivity increases with varied NaI concentration 
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Differences of electrospray are listed in table 4.3, results illustrate that as the 

electrical conductivity of solution increased further, the spraying jet disappeared, 

and spraying status changed from stable cone-jet spray to unstable spray.  
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Figure 4.4. Spraying HA (2.1 MDa) solutions (diluted in EG/H2O at 0.1 mg/ml) 

with different concentrated NaI solutions which have varied conductivities at 2.8 

kV. a) K = 11 μs/cm; b) K = 17 μs/cm; c) K = 29 μs/cm; d) K = 33 μs/cm; 

 

Table 4.3. Spraying HA (2.1 MDa) solutions (diluted in EG/H2O at 0.1 mg/ml) 

with different concentrated NaI which have varied conductivities at 2.8 kV 

Conductivity (μs/cm) HA (2.1 MDa) + NaI
11 Stable cone-jet

17 Stable cone-jet

29 Stable cone-jet

33 Unstable spray  
 
 

As the voltage increased, the collected current was measured. The current response 

to voltage for the electrospray during cone-jet mode is plotted in the figure 4.5 

below. The result shows that there was a generally linear increase in current with 

applied voltage in the region of stable cone-jet mode [18, 118].  The current 

voltage trend was repeated for several different conductivities, within the stability 

range of the cone-jet mode under the same condition.  The data in figure 4.5 
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demonstrates clearly that with increasing solution conductivity there is an increase 

in ES current. 
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Figure 4.5. Emitter current response to applied voltage for HA (2.1 MDa) solutions 

(diluted in EG/H2O at 0.1 mg/ml) with different conductivities at cone-jet mode. 

 

Experiment results indicated that for HA solutions at a certain concentration, the 

electrical conductivity which increased by adding salt (NaI) did affect the spraying 

process, collected current and jet size. At 0.1 mg/ml, HA solution can get stable 

cone-jet spray with a conductivity up to 29 µS/cm.  

 

The conductivity of HA and DA solutions increases as a function of concentration 

as listed in table 4.1, and HA solutions could not reach a stable cone-jet spray if 

concentration of solution was above 0.2 mg/ml (with a conductivity of 16 µS/cm), 

which can be seen from fig. 4.2. However, DA solutions were sprayed at cone-jet 
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mode with a conductivity of 28 µS/cm at the highest concentration (0.5 mg/ml). 

Differences of spray results demonstrate that the conductivity of HA solutions is 

not the reason which hampered the stable cone-jet electrospray process of HA 

macro-molecules solutions. 

 

4.2.3. Viscosity 

 

Until now, most experiments dealing with electrospray have concentrated on 

inviscid or moderately viscous liquids, perhaps because a stable cone jet mode is 

relatively difficult to obtain for highly viscous liquids and their anomalous 

behaviour cannot be generalized along with the results from inviscid liquids.  

 

However, for biomaterials printing, most liquids will be very viscous, with 

consequent effects on electrospraying. In deposition, the main factor controlling 

polymer film morphology will be droplet size in the spray which is dependent upon 

the viscosity of the solution [4, 17]. 

 

In electrospraying HA solutions with a high molecular weight of 2.1 MDa 

controllable cone jets can only be achieved at the lowest concentration with a low 

viscosity. Is it possible that suitable viscosity is of critical importance in stabilising 

electrospraying of macromolecular? How does viscosity determine the spray 

stability and effect jet sizes?    

 

To study the effect of viscosity on electrospraying macro-molecules, a series of HA 

solutions with different molecular sizes and viscosities were prepared. Sonication 
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method was used to reduce HA average molecular weight and its chain length as 

described in chapter 3 [101, 120]. The average molecular weight of HA was 

measured to fall rapidly with the sonication time.  

 

Table 4.4 lists the physical parameters of HA solutions at a concentration of 0.2 

mg/ml in EG/H2O after sonication with different sonication times. No obvious 

changes in surface tension and conductivity of HA solutions were observed after 

sonication as the molecular size decreased. However, the viscosity of the HA 

solution was measured to be reduced significantly with sonication time.   

 

Table 4.4. Physical parameters of HA solutions at a concentration of 0.2 mg/ml 

after sonication with different times  

Sonication 

time 

(min) 

Average 

molecular  

weight(kDa) 

Surface  

tension  

(mN/m) 

Conductivity 

(μS/cm) 

Viscosity 

(mPa s) 

5 1000 ± 50 58.6 ± 1 16 ± 1 9.8 ± 0.5 

10 390   ± 50 59.6 ± 2 16 ± 1 7.8 ± 1 

20 200   ± 50 58.3 ± 1 16 ± 1 4.2 ± 0.5 

 

 

 

HA solution 

(0.2 mg/ml) 

30 180   ± 50 58.8 ± 2 16 ± 1 3.3 ± 0.5 

 

In order to investigate the effect of viscosity, HA and DA solutions (0.2 mg/ml) 

were electrosprayed. To achieve stable cone-jet spray, DA (2000 kDa) solution was 

sprayed at atmosphere; however, HA (390 kDa and 1000 kDa) solutions could only 

be sprayed under different applied constant pressure as the viscosity increased. 
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Varied flow rates of solutions were collected when solutions get stable cone-jet 

electrospray, and results are listed in figure 4.6. 

 

Measured data in figure 4.6 shows that for HA and DA solutions with various 

viscosities (table 4.1 and 4.4), varied applied pressures were needed to start the 

spray (from pulsed cone-jet mode to multi-jet mode). Stable cone-jet spraying 

range was between 2.8 to 3.2 kV, different flow rate values were measured under 

the same condition. Flow rates of 43, 57 and 83 nl/s were measured for DA (2000 

kDa), HA (390 kDa and 1000 kDa) solutions under applied voltage of 2.3 kV. 

There was a slightly increase of measured volumetric flow rate on applied 

increasing voltage during spraying. 
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Figure 4.6. Flow rate response to applied voltage for different solutions with 

varied initial pressure during spraying (0.2 mg/ml) 
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As the voltage increased, the current pulsing frequency (f) was collected, which is 

plotted in the figure 4.7. A Fourier transform was applied to the experimental data 

to get rid of back ground noise and highlight the spraying frequency as described in 

chapter 3.  

 

Results listed in figure 4.8 show frequency changes with increasing applied voltage 

before a stable cone-jet spray detected (about 2.8 kV) for HA 1000 kDa and DA 

2000 kDa solutions. In general, increasing voltages lead to higher pulsation 

frequencies, and the HA solution spraying frequency is slightly lower than the DA 

solution under the same voltage which maybe due to a higher viscosity caused by 

HA macromolecules [124]. 

 

At a voltage below the threshold at which cone-jet emission commenced, the fluid 

emerged from the nozzles in dripping mode with an increase in the dripping 

frequency as the voltage was increased. When the voltage increased close to the 

certain value, individual drips formed too fast for the eye to discriminate. At the 

threshold voltage, the emission changed from the region in which drips were 

forming to one with a well defined and steady meniscus from which a jet of fluid 

emerged [126]. 
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Figure 4.7. Spraying frequency response to applied voltage for HA 1000 kDa 

solutions (0.2 mg/ml) during spraying 
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Figure 4.8. Spraying frequency (after Fourier transform) response to applied 

voltage for different solutions with varied viscosities during electrospray (0.2 

mg/ml) 

 

Further studies were carried out by diluting DA (2000 kDa) powder in the 

glycerol/water solvent at 0.2 mg/ml, and solutions with different mixture ratios 

were prepared in order to study the effect of viscosity. The viscosity ranged widely 

from 6 to 219 mPa s. Table 4.5 lists the physical parameters of these solutions. 

 

HA solutions and DA solutions with different viscosities were used for electrospray, 

and results of spray stabilities and jet sizes were recorded by the imaging system 

described in chapter 3. Spraying differences are listed in figure 4.9. The resolution 

of the optical system is up to 1 μm as described in chapter 3.  
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Table 4.5. Physical parameters of DA solutions (diluted in glycerol/water)  

Glycerol 

concentration 

Ratio (%) 

Surface  

tension  

(mN/m) 

Conductivity 

(μS/cm) 

Viscosity 

(mPa s) 

0.5 52.6 ± 1 13 ± 1    6.1 ± 0.5 

0.6 52.9 ± 2 14 ± 1  10.8 ± 0.5 

0.8 53.2 ± 2 13 ± 1  60.2 ± 1 

 

 

DA 2000 kDa  

in  

glycerol/water  

 
0.9 52.7 ± 1 13 ± 1 219.1 ± 1 

 

Figure 4.9 shows optical micrographs of electrospraying HA solutions at the 

concentration of 0.2 mg/ml and DA (glycerol/water) solution with highest viscosity 

respectively. Figure 4.10 list measured jet diameters as a function of increasing 

viscosities. 

 

a) 



 112

b) 

c) 

d) 
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e) 

Figure 4.9.  Optical micrographs of electrified jets during spraying; 

 HA (EG/water) solutions at the concentration of 0.2 g/L with different molecular 

weights. a) 1000 kDa, b) 390 kDa, c) 200 kDa and d) 180 kDa.   

e) DA (glycerol/water) solution with highest viscosity of 219 mPa s. 
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Figure 4.10.  Variation of steady jet size with different viscosity (0.2 mg/ml) 
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DA (in glycerol/water) solutions were all could be electrosprayed under stable 

cone-jet mode for the whole range of viscosities up to 219 mPa s. However, 

experimental results from figure 4.1 and table 4.1 show that HA (2.1 MDa) 

solutions could not reach stable spray status even with a much lower viscosity 

value (14.3 mPa s) at concentration of 0.2 mg/ml, there were significant spraying 

differences.  

 

As shown in figure 4.10, jet sizes of HA solutions during stable cone-jet spray 

increase with greater viscosity. Jet diameters of HA solutions with different 

molecular size have a significant increase up to 50% in a small ranged viscosity 

values. However, measured jet sizes of DA (glycerol/water) solutions for viscosity 

value up to 219 m Pa s show no significant changes. Increasing viscosity of DA (in 

glycerol/water) solutions did not increase the jet size strikingly. There are must be 

other mechanisms involved which will affect jet sizes when electrospraying HA 

macro-molecules solutions. 

  

Above electrospray results of HA and DA solutions demonstrate that the electrical 

conductivity and the viscosity of spraying solutions do affect the electrospray 

process, however, the mechanism during electrospray of macro-molecules is more 

complex than using simple solutes, there are some uncertain factors which would 

significant affect HA solutions spraying stability and jet sizes.  
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4.3. Effects of molecular size on the electrospray of macro-

molecules  

 

Hyaluronan (HA) and dextran (DA) are two types of macromolecules which have 

similar molecular weight (2.1 MDa and 2 MDa); however, their molecular domain 

size difference is obvious from results listed in table 3.1. Results in figure 4.2 show 

that there was significant spraying difference when they were dissolved in a co-

solvent of EG/H2O (volume ratio=1) at different concentrations. Parameters listed 

in table 4.1 show that under the same concentration, HA solutions are much more 

viscous than DA solutions when other parameters are similar. However, other 

experimental results from figure 4.9 and 4.10 indicated that viscosity is not the key 

factor which causes instabilities of spraying macro-molecules solutions.   

 

Molecular size is an important parameter when comparing different macro-

molecules [127]. Indeed the size will have a more significant effect on rheological 

properties such as viscosity than the molecular weight. The change in viscosity is 

dependent upon the molecular size, because larger molecules affect the fluid flow 

over a more extensive region surrounding them. The following section discusses 

the molecular size effect on electrospraying by using HA and DA solutions [127]. 
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4.3.1. Effects of molecular size on spraying stability 

 

HA solutions with different molecular weight (180, 200, 390 and 1000 kDa) were 

sprayed at concentration of 0.5 mg/ml as shown in figure 4.11. The spraying results 

help to study the reason which may cause spraying difference for HA and DA 

solutions. 

 

As mentioned in the literature review, based on studies of Granath (1958) and 

Johnson (1987), molecular sizes of HA and DA can be obtained from different 

molecular weights [102, 115], table 4.6 lists electrospray results of HA and DA 

solutions with varied molecular diameters at the same concentration of 0.5 mg/ml. 

And more results for a series of concentrations are listed in table 4.7.  

 

a) 
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b) 

c) 

d) 

Figure 4.11. Optical micrographs of electrified jets in spraying HA solutions at the 

concentration of 0.5 mg/ml with different molecular sizes; a) 1000 kDa, b) 390 kDa, 

c) 200 kDa and d) 180 kDa.   
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Results in table 4.6 and 4.7 indicate that HA solutions become more stable in 

electrospraying. The spraying status changed from unstable to stable cone-jet mode 

as molecular domain size decreasing at the same concentration. The improvement 

of spraying stability shows that the molecular size of HA does affect the spraying 

process. Molecular size is an important parameter for spraying HA macromolecular 

solutions. 

 

 Table 4.6. Spray HA and DA (0.5 mg/ml) solutions with different molecular sizes  

Average 

molecular  

weight (kDa)  

Molecular 

diameter 

(nm) 

Electrospray  

results 

2100 (HA) 362  Unstable 

1000 (HA) 232  Unstable 

390   (HA) 132  Paused spray  

200   (HA) 88  Stable cone-jet 

180   (HA) 83  Stable cone-jet 

2000 (DA) 54  Stable cone-jet 

 

 

 

 

 

 

 



 119

Table 4.7. Electrospray results for HA and DA solutions with various molecular 

sizes and concentrations 

Concentration  
(mg/ml) 

DA 
2000 
kDa 
(54 nm) 

HA 
180 
kDa 
(83 nm) 

HA 
200 
kDa 
(88 nm) 

HA 
390 
 kDa 
(132nm) 

HA 
1000 
kDa 
(232 nm) 

HA 
2100 
kDa 
(362 nm)

0.1 Stable 
cone-jet 
 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

0.2 Stable 
cone-jet 
 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Not 
stable 

0.3 Stable 
cone-jet 
 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Not 
stable 

0.4 Stable 
cone-jet 
 

Stable 
cone-jet 

Stable 
cone-jet 

Stable 
cone-jet 

Not 
stable 

Not 
stable 

0.5 Stable 
cone-jet 
 

Stable 
cone-jet 

Stable 
cone-jet 

Not 
stable 

Not 
stable 

Not 
stable 

 

Experimental results proved that the molecular size of the polymer has a significant 

effect on spraying results. The effect is proportional to the molecular size, because 

larger molecules affect the fluid flow over a more extensive region surrounding 

them. Also as concentration of solution increased to a certain value, molecule 

chains are going to overlap to each other which will change parameters of solutions. 

The larger molecular size is, the lower limit concentration value of chain 

entanglements will be [127]. 

 

The improvement in spray stability demonstrates that the molecular domain size, 

rather than the molecular weight, of macro-molecules affects the spraying process. 

As mentioned in the literature review, even if the concentration of the solution is 

low, large HA macromolecules can still cause entanglements of the polymer chains, 

thus might stop producing a uniform jet stream during electrospray [65, 127].  
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4.3.2. Measured jet diameters comparing to previous modelling 

work 

 

From the literature review, various equations have been derived to estimate the jet 

size for a sprayed liquid in the cone-jet mode from previous studies. A rough 

estimation of the jet diameter d for electrospraying solution was made by using an 

equation (4.1) proposed by Gavan-Calvo et al [63], 

1
3 6

0
jet

Qd
K

ρε
γ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

                     (4.1) 

Where the density of ρ, surface tension γ and conductivity K are 1.002 x 10-3 kg/m3, 

58.3 mN/m and 16 μS/cm, respectively. The vacuum permittivity ε0 is equal to 8.85 

x 10-12 F/m.  

 

By using a flow rate of Q 60 nL/s for 390 k Da HA solution from figure 4.6, this 

equation gives d jet = 1.6 μm for HA solution at a concentration of 0.2 mg/ml, 

which is in the same order of the measured value of 2~3 μm. However this 

equation does not take into account effects of macro-molecules on jet diameters.  

 

When HA and DA solutions were sprayed in steady cone-jet mode, more jet 

diameters were measured by the optical micro-imaging system which described in 

chapter 3. Figure 4.12 and 4.13 show variation of steady jet size changes as a 

function of both concentration and molecular size of those macro-molecules 

solutions.  
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In those experiments jet sizes varied in 1.8~3.3 μm in diameter. A trend of slight 

increase of jet size with both molecular size and concentration can be seen during 

the spraying. 
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Figure 4.12. Variation of steady jet sizes with the molecular diameters of HA and 

DA used for solutions 
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Figure 4.13. Variation of steady jet sizes with the concentration and molecular 

weight of HA and DA solutions  
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Results listed in table 4.1 and 4.4 show that conductivity of HA and DA solutions 

increases with molecular concentration. However, using the data, calculated jet 

diameters by equation (4.1) proposed by Ganan-Calvo and equation (4.2) proposed 

by Fernandez de la Mora [12] which are widely used, should decrease with 

increasing conductivity as shown in figure 4.14. 
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Qd r
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         (4.2) 

 

Figure 4.15 and 4.16 show variation of steady jet size with the molecular diameters 

and concentration of HA solutions for both experimental data and calculated results 

from modelling work. 
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Figure 4.14. Variation of steady jet sizes with the conductivities of HA solutions at 

different concentrations for both experimental data and calculated results from 

modelling work.  
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Figure 4.15. Variation of steady jet sizes with the molecular diameters of HA at 

concentration of 0.2 mg/ml for both experimental data and calculated results from 

modelling work.  

0.5

1

1.5

2

2.5

3

3.5

0 0.1 0.2 0.3 0.4 0.5 0.6

Concentration (mg/ml)

Je
t d

ia
m

et
er

 (μ
m

)

HA (200 kDa)
De La Mora model
Ganan-Calvo model

 

a) HA 200 k Da 



 125

0.5

1

1.5

2

2.5

3

3.5

4

0 0.1 0.2 0.3 0.4 0.5

Concentration (mg/ml)

Je
t d

ia
m

et
er

 (μ
m

) HA (390 kDa)
De La Mora model
Ganan-Calvo model

 

b) HA 390 k Da 

0.5

1

1.5

2

2.5

3

3.5

4

0 0.1 0.2 0.3 0.4

Concentration (mg/ml)

Je
t d

ia
m

et
er

 (μ
m

)

HA (1000 kDa)
De La Mora model
Ganan-Calvo model

c) HA 1000 k Da 

Figure 4.16. Variation of steady jet sizes with the concentration of HA 200 kDa 

solutions for both experimental data and calculated results from modelling work 
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Modelling results in figures 4.14 to 4.16 are in the same order of the measured 

value of jet diameters. However, the models by Fernandez de la Mora and Ganan-

Calvo could not give a right trend of jet size changes comparing to the experiment 

data. Electrospraying of macro-molecular solution is a more complex process, 

which needs more study on the mechanism. 

 

4.4. Summary 

 
This chapter studied mechanisms involved for electrospray instabilities of HA 

solutions. HA and DA, which have similar molecular weights, were used for 

electrospray of macro-molecules investigations. A mixture of ethylene glycol (EG) 

and deionized water (volume ratio=1), was used to dissolve HA and DA molecules 

and reduce the surface tension of the aqueous solution. Solutions with 

concentrations ranged from 0.1-0.5 mg/ml were prepared in the co-solvent. Results 

show that solutions of DA can reach stable cone-jet electrospray, which are much 

more easily than HA solutions. The difference was found to come from the 

pronouncedly different domain sizes of HA and DA macro-molecules.  

 

More experiments were carried out by using HA solutions after sonication which 

have different molecular domain sizes. Results show that after sonication, HA 

solutions became much more easily to achieve stable cone-jet electrospray. The 

improvement in spray stability demonstrates that the molecular domain size of 

macro-molecules does affect the spraying process, which is more important than 

other parameters. Steady micro-sized jets were measured, and jet sizes were found 
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to increase with both molecular sizes and concentrations. The HA molecular size 

plays a critical role in stabilizing electrospray of this macro-molecule.  

 

The improvement in electrospray stability indicates that the molecular domain size, 

rather than the molecular weight, of HA macro-molecules affects the spraying 

process. However, previous modelling work by other people did not give a clear 

explain for the mechanism or good match for experimental data, more 

investigations are needed in future to quantify the effect of macro-molecules. 
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Chapter 5.  

HA partial reflection during 

electrospray? 

 

5.1. Fluid motion and HA macro-molecules movement 

within the Taylor cone  

 

The fluid motion within the Taylor cone and the way this carries HA macro-

molecules are of some relevance in understanding of HA spraying jet stability 

controlling difficulties mentioned in chapter 4. These motions during electrospray 

are driven by the tangential electrical stress acting on the liquid-gas interface and 

the flow rate injected through the electrified emitter [83].  

 

Based on work of Hayati, Barrero and Sheldon for liquid motions inside Taylor-

cone containing both experimental results and theoretical modelling, there is a 

recirculating meridional motion in the Taylor-cone during spraying, liquid moved 

towards the apex along the generatrix and away from it along the axis as shown in 

figure 5.1 [50, 80, 83, 128]. Their results show that only fluid particles lying close 

to the surface are ejected through the jet while the rest recirculates towards the apex 
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along the generatrix and away from it along the axis which as shown in figure 5.1 

[82, 83]. 

 

             

Figure 5.1. Conical projections on a meridional plane of particle pathlines in an 

electrified meniscus of propylenglycol. Tracers move towards the apex along the 

generatrix and away from it along the axis [83]. 

 

When the HA macro-molecules solutions were sprayed under stable cone-jet 

conditions, the anticipated molecular movement could be as shown in figure 5.2. 

HA molecules moved following liquid towards the apex and away from it along the 

axis [50, 80, 83]. During the process, only that fraction of HA molecules lying 

close to the surface were ejected through the jet while the rest recirculated towards 

the apex away from it along the axis, in a consistent manner as shown in figure 5.1 
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[82, 83]. This recirculation may cause back diffusion movement of HA molecules, 

and with a higher HA concentration near the tip. 

 

As there is going to be a higher concentration near the tip of Taylor-cone during 

spray as shown in figure 5.2, HA molecules may form a concentration polarization 

layer at the cone tip which will result in HA molecules partial reflection during 

electrospray. It is possible then that this process may cause instability to HA 

spraying process.    

 

Figure 5.2. Streamlines and HA molecules movements within the Taylor-cone 

during spraying: Meridional circulation of liquid with molecules towards the apex 

along the generatrix and away from the apex along the axis. 
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5.2. HA partial reflection during electrospray 

 
It is well established that ultra-filtration of macro-molecules through an imperfect 

semi-permeable membrane will form a concentration polarization layer, as in 

reverse osmosis and cake filtration [129-131]. The phenomenon enjoys a wide 

application and different theoretical models have been proposed.  

 

As a typical macro-molecule, partial reflection of HA at the synovial surface in a 

living body will create a concentration polarization layer that buffers outflow 

osmotically. This hypothesis has been well proved by both experiments and 

theoretic modelling work [23, 24, 101, 108, 109, 121, 132]. This indicates that HA 

molecules create an opposition to fluid outflow under increasing pressure and ultra-

filtration will happen [23]. This may also happen during electrospray process as a 

higher HA concentration layer is formed near the tip by the liquid back flow which 

is mention above, and a subsequent “filtering” effect is going to happen. 

 

In order to examine this hypothesis, experiments were undertaken to investigate 

whether the electrospray process was acting as a filter of HA molecules or not. The 

hypothesis was that if partial reflection takes place then downstream of the Taylor 

cone, liquid collect from the jet may have a lower concentration of HA molecules 

than in the initial fluid solution.   

 

HA and DA powders were diluted in ethylene glycol / water (volume ratio=1) at 

different concentrations (0.1, 0.2 and 0.4 mg/ml). Varied concentrated solutions 
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(Cin) were sprayed at stable cone-jet for the investigation (solutions of HA 1000 

kDa molecule can only be cone-jet sprayed when Cin < 0.4 mg/ml).  

 

Samples of liquid from downstream spraying jet were collected every 20 minutes 

from the plate electrode after cone-jet spraying being reached, and then 

concentrations of samples (Cout) were measured.  DA solutions were used as a 

comparison to results of HA solutions. Concentration change R was calculated as 

following (5.1): 

in

out

C
CR −=1 ;                                        (5.1) 

 

Figure 5.3 gives results of HA and DA concentration changes after electrospray as 

a function of spraying time with different initial concentration. For different 

concentrated DA solutions (0.1, 0.2 and 0.4 mg/ml), concentration of collected 

downstream liquid had no significant changes compared to initial values.   

 

However, for all HA solutions with varied initial concentrations, measured HA 

concentrations after electrospray had lower values. There is an obvious 

concentration reduction after spray for HA solutions which can be up to 30% (HA 

1000 kDa) from figure 5.3. This is consistent with the hypothesis that a reflection 

of HA macro-molecules takes place during the electrospraying process. 

Experimental results also indicated that the reduction value decreased with 

spraying time which means that HA reflection rate will decrease after a certain time 

during the spraying process. 
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a) HA 0.1 mg/ml 

 

b) HA 0.2 mg/ml 
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c) HA 0.4 mg/ml 

Figure 5.3. Concentration changes of HA and DA solutions after electrospray as a 

function of spraying time. (Solutions of HA 1000 kDa molecule can only be cone-

jet sprayed when Cin < 0.4 mg/ml). 

 

Results listed in figure 5.4 compared HA reflection difference caused by different 

molecular sizes; data was collected after 20 minutes spraying at stable cone-jet 

mode. HA molecules with molecular diameters of 232, 132 and 88 nm (see table 

4.6) resulted in different concentration reductions after spray for both 

concentrations (0.1 and 0.2 mg/ml). 

 

A higher HA molecular size will result in a greater reflection rate for the solution 

which can be seen from figure 5.4. This trend was similar for both concentrations. 

The reduction value of largest HA molecules were almost three times higher than 
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the one caused by smallest molecules as listed in figure 5.4. HA molecular size 

does affect the liquid buffering and reflection process. 
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Figure 5.4. Concentration reductions of HA solutions after electrospray with 

different molecular sizes 
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Figure 5.5. HA concentration reduction after spray with different concentrations  
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Same results are presented in a different format in figure 5.5 in order to compare 

HA filtration difference with different molecular concentrations. A higher 

concentration will slightly increase the concentration reduction during electrospray 

as shown in figure 5.5 for all HA molecules with different sizes. At the 

concentration of 0.4 mg/ml, the HA solution with 1000 kDa could not reach stable 

cone-jet spray status. 

 

Experimental results prove that the HA concentration reduction does happen after 

electrospray, which demonstrates the hypothesis that as there is going to be a 

higher HA concentration layer near the tip of Taylor-cone during cone-jet 

electrospray, HA molecules create a back diffusion during the process. This HA 

partial reflection process is dependent of molecular sizes, spraying time and 

solution concentrations. 
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5.3. Modelling work for HA partial reflection during 

electrospray 

 
The HA concentration reduction after electrospray suggests that there may be a HA 

partial reflection process during spraying. The HA concentration change will be 

related to those molecules that are reflected by the fraction R which is: 

1−transmitted fraction. 

 

Transmitted fraction is the number of HA molecules emerging after electrospray 

per unit time (Q ×Cout, where Q and Cout are flow rate and the HA concentration of 

solution after electrospray) divided by the number of molecules entering the system 

per unit time (Q ×Cin, where Cin is the HA initial concentration before electrospray). 

Therefore, reflected fraction R is equal to HA concentration change as mentioned 

in function 5.1. 

in

out

in

out

C
C

CQ
CQR −=
×
×

−= 11  

 

Animal living body experiments found that a higher filtration rate (Cout / Cin) would 

result in a lower reflected fraction [104]. Extrapolation of the negative relation 

indicated a synovial membrane reflection coefficient (σ) for HA. Where σ is the 

intrinsic membrane parameter that determines the maximum possible reflection 

[133]. 

  

Coleman developed a steady-state model to model outflow buffering by HA [23]. 

In his model a fully developed HA concentration polarization layer, of constant 
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thickness δ, reduces the fluid escape rate from the joint cavity by exerting a high, 

inward-directed osmotic pressure at the synovial surface. After him, Lu et al. built 

a more general non-steady model that takes into account the developing nature of 

the HA concentration polarization layer with time [24]. They applied Fick’s law to 

describe the diffusive and convective movements of HA molecules in the 

developing concentration polarization layer and evaluate the time-dependent build-

up of concentration polarization.  

 

Based on work of Lu et al, a one-dimensional model of HA filtration during 

spraying was built. This model was then used to calculate the HA concentration 

reduction after spray (filtration rate) and the time needed to establish a fully 

developed filtration layer near the cone tip and the changes in layer thickness (δ) 

with time. The basis of this model is as follows. 

 

The solution inside the Taylor-cone and downstream liquid after electrospray are 

separated by an imperfect semi-permeable HA concentration polarisation layer near 

the cone tip, which can be formed during spraying. The water and small solutes are 

treated as a uniform phase which experiences no selective permeation; only one 

solute, HA in this application, experiences molecular rejection and back diffusion. 

The HA concentration polarization layer builds up near the tip to a thickness δ that 

depends on spraying time (t) and the reflection coefficient σ [134].  

 

In this model, x is the distance dimension. L is the distance at which the imperfect 

semi-permeable reflection is located. HA macro-molecule solution enters the unit 

at x = 0 at a given filtration velocity U and concentration Cin. δ is the thickness of 
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the HA concentration polarization layer. Cm is the concentration at the tip interface 

and Cout is concentration of HA downstream after electrospray. 

 

Bird gave the following transport equation (5.2) by combining convective transport 

into Fick’s back-diffusion [135]: 

2

2

x
CD

x
CU

t
C

∂
∂

−
∂
∂

=
∂
∂     (5.2) 

Where C is the solute concentration, D is the solute diffusion coefficient and t is 

the time. At the inlet of the unit, x =0, C = Cin, and at the HA sieving layer, x = L, 

C=Cm.  

 

For unit area of sieving layer, the reflected solute flux, which is UCσ at sufficiently 

high filtration velocities, equals to the back-diffusion rate in the layer which is 

D(∂C/∂x). This leads to the following equation (5.3): 

x
CDUC
∂
∂

=σ                  (5.3) 

 

For the HA concentration polarization layer, the diffusive transport of HA across 

the sieving layer is negligibly small relative to convective transport of HA. In such 

case, the reflected HA is cleared by its back-diffusion, which prevents any further 

accumulation. So during spraying process, the concentration of the HA in the 

downstream jet is calculated from equation 5.4. 

( )σ−×= 1mout CC            (5.4) 

 

The schematic in figure 5.6 illustrates the situation during spraying at the HA 

sieving layer near the Taylor-cone tip. With a thin layer of thickness ∆x and unit 
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area of HA concentration layer, when diffusive solute transport across the layer is 

negligible, mass conservation of the solute in the non-steady state is as shown in 

equation 5.5. 

 

)1( σ−−⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

−=
∂
∂

Δ−
Δ−∫ L

xL

L

xL
UC

x
CDUCCdx

t
     (5.5) 

Where the subscripts L and L–∆x represented the location in the model as listed in 

figure 5.7;  

 

 

Figure 5.6. Diagram showing a thin layer of thickness Δx next to unit area of a HA 

membrane of reflection coefficient σ (< 1) [134]. (C is solute concentration with 

time; D is the diffusion coefficient of the HA experiencing reflection) 

 

Equation 5.5 was used as the boundary condition at x = L in this model. As a result, 

the equation 5.2 had to be solved iteratively over the length L. Equations were 

solved using a finite difference method.  
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Using this model, HA concentration profiles were calculated from equations 5.2 

and 5.5 until a steady state was reached. HA down stream concentration after 

electrospray (Cout) was calculated from equation 5.4. For given results of Cout, HA 

concentration reduction can be calculated by equation 5.1. 
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5.4. Effects of model parameters 

 
Experiments proved that the HA reflection process was effected by the molecular 

size, spraying time and the solution concentration. Those factors were relative to 

following model parameters: reflection coefficient (σ) and diffusion coefficient (D). 

Varied values of parameters based on available data derived from published 

experimental work on HA were used in the model to study effect of parameters. 

 

5.4.1. Reflection coefficient σ 

 
The reflection coefficient σ indicates the maximum ability of the HA sieving layer 

to reflect a given solution, which can take any value between 0 and 1. A value of 1 

denotes a perfectly impermeable membrane with respect to the fluid (100% solute 

reflection). The value depends primarily on the used HA molecular size [133, 134].  

 

On the basis of the numerical model, figure 5.7 shows the effect of the different 

reflection coefficient on the predicted HA concentration changes (R), as given in 

Eqn 5.1.  A small rise in the synovial lining reflection coefficient σ will increase 

the reflected fraction of HA strikingly. This is due to the effect of σ on the time 

needed to approach the steady state [24]. An increase in σ means that a higher 

concentration is needed at the membrane interface to achieve a steady-state mass 

balance. 
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Figure 5.7. Effects of the reflection coefficient σ on HA concentration reductions 

with spraying time 

 

5.4.2. Diffusion coefficient D 

 
The HA diffusion coefficient changes as a function of HA molecular size [136]. In 

figure 5.8 the value for the diffusion coefficient D is 3.93×10−8 cm2/s for HA of 

1000 kDa [24, 137]. Several different HA diffusion coefficients from data of other 

researchers were used in this model. These results show that diffusion is a function 

of the molecular size. The following values were taken D = 5.6 × 10−8 cm2/s for 

HA of 390 kDa and D = 7.9 × 10−8 cm2/s for HA of 200 kDa. 

 

Larger HA molecules will have a great diffusion coefficient value. Figure 5.8 show 

that different diffusion coefficient D will affect HA concentration changes (R). A 

rise in the diffusion coefficient will increase the reflected fraction of HA; this 
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means that a longer time is needed at the membrane interface to achieve a steady-

state mass balance for smaller HA molecules. 
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Figure 5.8. Effects of diffusion coefficient D on the HA partial reflection with 

electrospray time 

 (Solution concentration is 0.2 mg/ml and reflection coefficient σ is 0.85, The 

following values were taken D = 3.93×10−8 cm2/s, 5.6 × 10−8 cm2/s and 7.9 × 10−8 

cm2/s for HA of 1000, 390 and 200 kDa.) 
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5.5. The development of the HA concentration polarization 

layer near the tip 

 

Calculations for the development of the HA sieving layer near the tip during 

electrospray in stable cone-jet mode are listed in figure 5.9. It starts from a uniform 

initial input concentration Cin (e.g. 0.2 mg/ml), a constant reflection rate was 

initiated at t =0.  The parameter values for these solutions are σ = 0.7~0.9 and HA 

diffusivity D = 3.93× 10−8 cm2 /s for HA 1000 kDa. 

 

The simulation in Fig. 5.9 shows that the HA concentration near the cone tip (Cm) 

during electrospray at con-jet mode is increasing with spraying time,  the value can 

increase up to a much higher level compared to the initial concentration.  

 

The increase of the HA layer concentration slows down with time, which indicates 

that the developing HA concentration polarization layer would approach a balance 

after a certain time. The time needed to reach a steady state depends on the 

reflection coefficient σ, a lower σ (0.7) took short time than higher values (0.8 and 

0.9). At the start the HA layer built up grew very quickly, but the increase rate of 

HA concentration got progressively slower with time. 
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Figure 5.9. Concentration build-up of the HA (1000 k Da, 0.2 mg/ml) sieving layer 

with time near the tip during HA electrospray 
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5.6. Reflected fraction change with time 

 
The experimental data of HA filtration during spraying in figure 5.3 showed that 

the measured HA concentration change (or reflected fraction) R decreases as a 

function of spraying time. 

 

Figure 5.10 shows the comparison of the modeling results of HA reflection change 

with time with different molecular size (HA 200 kDa, 390 kDa and 1000 kDa) and 

solution concentration, to experimental data.  The following values were taken D = 

3.9 × 10−8 cm2/s for HA of 1000 kDa, D = 5.6 × 10−8 cm2/s for HA of 390 kDa and 

D = 7.9 × 10−8 cm2/s for HA of 200 kDa. Varied reflection coefficient σ (0.6 to 0.9) 

values were used for different HA molecules concentrations. 
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a) HA 0.1 mg/ml 
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b) HA 0.2 mg/ml 

0%

5%

10%

15%

20%

25%

30%

35%

0 10 20 30 40 50 60 70

Time (minutes)

C
on

ce
nt

ra
tio

n 
C

ha
ng

e 
(%

)

0.80 (D=5.6)

0.60 (D=7.9)

390K

200K

 

c) HA 0.4 mg/ml. 

Figure 5.10.  The comparison of the modeling results to experimental HA 

concentration reduction data with spraying time near the tip. (Reflection coefficient 



 149

σ is 0.6~0.9, the following values were taken D = 3.93×10−8 cm2/s, 5.6 × 10−8 

cm2/s and 7.9 × 10−8 cm2/s for HA of 1000, 390 and 200 kDa.) 

 

Calculations listed in fig. 5.10 show that HA reflected fraction values decreased 

with spraying time, which is the same trend to experimental data. With increasing 

HA concentration (0.1 to 0.4 mg/ml), higher reflection coefficient σ values   were 

needed to keep matching the experimental data which was similar to animal living 

body experiments.  

 

The modeling work which matched experimental results proves that there is an HA 

molecules partial reflection during stable cone-jet electrospray which would result 

in a HA concentration reduction after spray. HA molecular size and solution 

concentration both affect the HA filtration rate during the spraying process. 
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5.7. Summary 

 
A reduction of HA molecular concentration during stable cone-jet electrospray has 

been conformed. A hypothesis is used here that as there is going to be a higher HA 

concentration near the tip of Taylor-cone during spray as shown in figure 5.2 which 

is due to liquid recirculation, HA molecules may form a layer at the tip which will 

results in molecules partial reflection. 

 

A model which described the time course of partial HA reflection was developed in 

this chapter. The model indicated the build-up of a HA concentration polarization 

layer near the Taylor-cone tip during spraying and HA concentration changes 

development with spraying time. Using experimental parameter values, the model 

successfully matched the measured HA reflected fraction data. This modeling work 

elucidates the mechanism may responsible for instability of spraying process when 

using HA macro-molecule solutions. 
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Chapter 6. 

Conclusions and recommendations 

 

6.1. Conclusions  

 
This project developed an electrospray system to investigate novel challenges in 

electrospray of macro-molecules (hyaluronan and dextran) solutions. A number of 

parameters are studied to characterise optimal control conditions and to investigate 

possible new mechanisms involved in the electrospray of macromolecules. 

 

The electrospray of macro-molecules solutions is a much more complex process 

than using simple solutes, with different mechanisms involved. This research work 

demonstrates that the molecular size of macro-molecules, rather than the molecular 

weight, is the critical factor affecting the electrospray process. Experiments using 

hyaluronan (HA) and dextran (DA) solutions with different molecular sizes have 

been performed. The experimental data did not confirm any dependence on 

solution parameters as predicted by previous simple scaling laws. And measured 

steady μm-sized jets are found to increase with both molecular size and 

concentration which are different trend results compared to previous studies. 

 

A reduction of HA molecules concentration after stable cone-jet electrospray has 

been conformed in this study. In the collected solution following HA cone-jet spray, 
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the concentration of HA molecules is found to be lower than the bulk solution. A 

hypothesis is put forward that HA partial reflection occurs in forming the jet of the 

spray. As a result, a higher concentration of HA accumulates near the tip of the 

Taylor-cone during the spray process. This is equivalent to HA molecules ultra-

filtration, as commonly seen across a semi-permeable membrane, only that here the 

interaction between HA molecules and the thin jet forming fluid stream at the 

surface of the Taylor–cone result in partial occlusion of HA molecules from the 

spray. Based on this hypothesis, the bigger the molecular size of the molecule is, 

the higher its partial reflection will be.   

 

The modeling work elucidates a possible novel mechanism which is responsible for 

the instability of the spraying process when using HA macro-molecules solutions. 

The model used in the study simulated the build-up of a higher HA concentration 

layer near the Taylor-cone tip during electrospray and HA concentration reduction 

development with spraying time. Using experimental parameter values, simulations 

by the model successfully matched the measured HA reflected fraction data.  
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6.2. Recommendations for future work 

 

This study indicates that the molecular size of macro-molecules is the critical factor 

affecting the electrospray process and on jet sizes, however, calculated jet 

diameters did not match experimental data well. The molecular size should be 

considered about when spraying macro-molecules solutions; a new model 

including this parameter would be very useful.  

 

Other macro-molecules could be used for study in future as well, which would 

support a better understanding of bio-materials electrospray. It is quite important to 

measure sizes of molecules in solutions by experimental methods (e.g. use light 

scattering or zeta potential) for future experiments, which can help to conform the 

size distribution of molecules before and after electrospray and check out if this is a 

general phenomenon for all shapes and types of molecules. 

 

From the literature review, electrospray is a non-destructive method which can 

produce gas phase ions of HA macromolecules and preserve the structure of HA 

molecules. However, it would be interesting to test the biological relevant of 

sprayed hyaluronan for future experiments, e.g. by using cell attachment to HA on 

target surfaces. This is help to extend bio-medical applications for electrospray of 

hyaluronan. 

 

 

Electrospray of HA molecules were investigated in the study, and the partial 

reflection of HA molecules was found during the stable cone-jet electrospray. This 
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concentration reduction during electrospray of macro-molecules has important 

implications for applications of electrospray. For example, this process can affect 

the signal when use ES for mass spectrometry, it can also affect in the fields of 

drug delivery, cell encapsulation and tissue engineering when using ES technique. 

The phenomenon needs attentions and further investigations for future work.  
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Appendix  

1. Modelling work for HA partial reflection during 

electrospray 

As shown in the following figure, x is the distance dimension, the left side at x =0 

is the solution inside the cone. The right side after x = L is the downstream liquid 

after electrospray. Those two sides are separated by an imperfect semi-permeable 

HA concentration polarisation layer near the cone tip, which can be formed during 

spraying.  

 

The water and small solutes are treated as a uniform phase which experiences no 

selective permeation; only one solute, HA in this application, experiences 

molecular rejection and back diffusion. The HA concentration polarization layer 

builds up near the tip to a thickness δ that depends on spraying time (t) and the 

reflection coefficient σ [134].  

 

 

Figure1. Schematic diagram of the theoretical model [24] 
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In figure 5.6, x is the distance dimension. L is the distance at which the imperfect 

semi-permeable reflection is located. HA macro-molecule solution enters the unit 

at x = 0 at a given filtration velocity U and concentration Cin. δ is the thickness of 

the HA concentration polarization layer. Curved line is concentration change of the 

HA layer. Cm is the concentration at the tip interface and Cout is concentration of 

HA downstream after electrospray. 

 
 
2. Program for the development of the HA concentration 

polarization layer near the tip 

 

The following program was used to calculated the concentration build up of the HA 

layer near the Taylor-cone tip during electrospray. It’s edited by the software - 

Compaq Visual Fortran, varied parameters from animal experiments by other 

people were used. Thanks for help of Dr. Yiling Lu with this program. 

 
Program main 
 
implicit none 

real     :: pi 

parameter (pi=3.14156) 

character :: filename*8, title*5, N_rate*3 

real, allocatable :: coord(:), concen(:), old_concen(:),                

   & initial_concen(:), velocity(:), delx(:)  

real :: delt, time_real, old_inte, new_inte, decrease, a_0 

integer :: P_j, N_second, N_quarter 

real :: flow_rate 

real    :: ori_side_area, sigma, diffusion, diff_1, diff_x,side_area 

real    :: comput_l, c_initial 

integer :: i, j, n, iter, nsave 
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real :: dc_dx 

real :: intra_pressure, water_perm, osmotic_pressure, viscosity 

real, allocatable:: P_intra(:), Tminute_intra(:), Perm_water(:) 

integer, allocatable ::Tsecond_intra(:), Titer_intra(:) 

integer :: number_pj, i_pj 

real :: initial_Q 

allocate(P_intra(1000), Tminute_intra(1000), Tsecond_intra(1000),          & 

   Titer_intra(1000), Perm_water(1000) )     

number_pj=1 

Tminute_intra(1)=60 

Tsecond_intra(1:number_pj)=Tminute_intra(1:number_pj)*60 

perm_water(1:1)=0.9 

initial_Q =                                                  !---Flowrate                  

water_perm=perm_water(1) 

c_initial =                                                   !---Fluid concentration 

sigma =                                                       !---Reflection coefficient 

osmotic_pressure=0.0257*c_initial+0.0545*c_initial*c_initial- & 

  & 0.0257*(c_initial*(1-sigma))-0.0545*(c_initial*(1-sigma))**2 

P_intra(1)=sigma*osmotic_pressure+initial_Q/water_perm 

write(*,*)p_intra(1), c_initial, 

osmotic_pressure,0.0257*c_initial+0.0545*c_initial*c_initial, -

0.0257*(c_initial*(1-sigma))-0.0545*(c_initial*(1-

sigma))**2,c_initial/water_perm 

p_intra(1)=22.5 write(*,*)'actual value for intra-articular pressure Pj=',p_intra(1) 

ori_side_area=12.0       

diffusion=                                                   !---Diffusion coefficient    

ori_side_area=ori_side_area*1.e-4    

diffusion=diffusion*1.e-4      

comput_l=3500       

comput_l=comput_l*1.e-6       

n=80   

if(mod(n, 2).ne.0) then 

 write(*,*)'n must be an even number' 

 stop 
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endif 

allocate( concen(n+1), old_concen(n+1),coord(n+1), initial_concen(n+1),  & 

        & velocity(n+1), delx(n)) 

nsave=900 

delt=1         

 N_second=1          

Titer_intra(1:number_pj)=Tsecond_intra(1:number_pj)*N_second 

decrease=(3./5-2/5.)*comput_l/(n/2*(n/2-1)/2) 

a_0=(2/5.*comput_l-(n/2*(n/2-1))/2*decrease)/(n/2) 

write(*,*)decrease, a_0 

coord(n+1)=comput_l 

do i=n, 1, -1 

 if(i.ge.n/2+1)then 

  delx(i)=a_0+(n-i)*decrease 

 else 

  delx(i)=a_0+(n/2-1)*decrease 

 endif 

 coord(i)=coord(i+1)-delx(i) 

enddo 

open(unit=12, file='Q_P.plt') 

write(12,*)'variables=P<sub>j</sub> Q<sub>s</sub>' 

 

open(unit=13, file='concen.plt') 

write(13,*)'variables=time C <Greek>p</Greek> <Greek>D</Greek>p-

<Greek>p</Greek>    & 

 &                           Q<sub>s</sub>' 

osmotic_pressure=0 

concen=initial_concen 

time_real=0 

do i_pj=1, number_pj, 1        

 intra_pressure=P_intra(i_pj)    

 write(*,*)'intra_articular pressure=',intra_pressure 

 side_area=13.464*(1.551-exp(-0.083164*intra_pressure))*1.e-4    

 write(*,*)'side_area=',side_area 
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 iter=0 

 P_j=i_pj 

 write(N_rate, '(i3.3)') P_j 

 open(unit=1, file='con'//N_rate//'.plt') 

  write(1,*)'variables= x C' 

  write(1,*)'zone f=point i=', n+1 

  do i=1, n+1 

   write(1,'(2f30.15)')coord(i), concen(i) 

  enddo 

 open(unit=4, file='process'//N_rate//'.plt') 

  write(4,*)'variables= Time Q<sub>s</sub> C <greek>p</greek> 

K<sub>s</sub> ' 

10 iter=iter+1 

 osmotic_pressure=0.0257*concen(n+1)+0.0545*concen(n+1)*concen(n+1)

- & 

  & 0.0257*(concen(n+1)*(1-sigma))-0.0545*(concen(n+1)*(1-

sigma))**2 

 water_perm=perm_water(i_pj) 

 flow_rate=water_perm*(intra_pressure-

sigma*osmotic_pressure) ![unit]=mu*l/Min=mm^3/Min 

 write(4,'(I10, 4f20.10)')iter, flow_rate, concen(n+1), osmotic_pressure, 

water_perm 

 flow_rate=flow_rate*1.e-9/60.     

 velocity=flow_rate/(side_area)      

 old_concen=concen 

 time_real=time_real+delt 

 diff_1=(0.393+0.426*old_concen(1))*1.e-11    

 diff_1=diffusion 

 concen(1)=C_initial 

 do i=2, n 

  old_inte=0 

  new_inte=0 

  do j=2, i-1 
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    old_inte=old_inte+(old_concen(j-

1)+old_concen(j))/2*delx(j-1) 

   new_inte=new_inte+(concen(j-1)+concen(j))/2*delx(j-1) 

  enddo 

  diff_x=(0.393+0.426*old_concen(i))*1.e-11        ![unit]=m^2/s  

  diff_x=diffusion  

  dc_dx=(delx(i-1)/delx(i)*old_concen(i+1)-delx(i)/delx(i-1)   

& 

   & *old_concen(i-1))/(delx(i-1)+delx(i))+(delx(i)           

& 

   &  -delx(i-1))/delx(i)/delx(i-1)*old_concen(i)  

  concen(i)=( delt*(velocity(1)*concen(1)-diff_1*(concen(2)-

concen(1))   & 

      & /delx(1)+diff_x*dc_dx)+(old_inte+0.5*(old_concen(i-1)+           

& 

   & old_concen(i))*delx(i-1))-(new_inte+0.5*concen(i-

1)*delx(i-1)))/ & 

   & (delx(i-1)/2+delt*velocity(i)) 

 enddo 

 i=n+1 

 old_inte=0 

 new_inte=0 

 do j=2, i-1 

  old_inte=old_inte+(old_concen(j-1)+old_concen(j))/2*delx(j-1) 

  new_inte=new_inte+(concen(j-1)+concen(j))/2*delx(j-1) 

 enddo 

 concen(i)=(delt*( velocity(1)*concen(1)-diff_1*(concen(2)-concen(1))    & 

          & /delx(1))+(old_inte+0.5*(old_concen(i-1)+old_concen(i))*     & 

    &  delx(i-1))-(new_inte+0.5*concen(i-1)*delx(i-1)) )/          

& 

    &  (delx(i-1)/2+delt*velocity(i)*(1-sigma)) 

   write(13,'(5f30.15)')time_real, concen(n+1), osmotic_pressure,           & 

     intra_pressure-sigma*osmotic_pressure,     

            flow_rate*60/1.e-9 
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 if(iter.ge.nsave.and.mod(iter, nsave).eq.0) then 

  write(1,*)'zone f=point i=',n+1 

  do i=1, n+1 

   write(1,'(2f30.15)')coord(i), concen(i) 

  enddo 

 

 endif 

 

 if(iter.ne.Titer_intra(i_pj)) goto 10 

 write(*,*)'time_real=', time_real,' iter=',Titer_intra(i_pj), ' number ',i_pj 

 write(12,'(2f30.15)')intra_pressure, flow_rate*60/1.e-9  

 open(unit=9,file='final'//N_rate//'.plt') 

  write(9,*)'variables= x c' 

  write(9,*)'zone f=point i=',n+1 

  do i=1, n+1 

  write(9,'(2f30.15)')coord(i), concen(i) 

  enddo 

 

 close(9) 

 

 close(1) 

 close(4) 

enddo  

 

close(12) 

close(13) 

 

deallocate(P_intra, Tminute_intra, Tsecond_intra, Titer_intra, Perm_water   ) 

deallocate(concen, old_concen, coord, initial_concen, velocity, delx   ) 

 

end program main 
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