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Abstract 

More than 3 million patients are treated for kidney failure worldwide. Azotaemic uraemic 

toxins, such as 3-indoxyl sulfate (IS), accumulate in patients with chronic kidney disease 

(CKD). The IS has been reported to accelerate CKD progression and increase the risk of 

cardiovascular disease by increasing oxidative stress. Haemodialysis, the most commonly 

used treatment, has a 90% lower clearance of the indoxyl sulfate from blood compared to 

urea, resulting in prolonged dialysis session time, which promotes the need and 

development of wearable artificial kidney (WAK) devices with better portability and 

more comfortable filtration intensity to increase the quality of life. Moreover, 

conventional haemodialysis requires large amounts of water and generates mountains of 

non-recyclable plastic waste. To improve the environmental footprint, dialysis treatments 

need to develop absorbents to regenerate the waste dialysate or use absorbents to directly 

absorb uraemic toxins from the blood to avoid dialysate usage. Whereas conventional 

dialysis clears water-soluble toxins, it is ineffective in clearing protein-bound uraemic 

toxins (PBUTs), such as indoxyl sulfate (IS). Thus, developing absorption devices to 

remove both water-soluble and PBUTs would be advantageous.  

Recent research has developed and studied highly porous materials such as zeolite, porous 

carbon, and metal-organic frameworks for uraemic toxin absorption. Most of these porous 

materials absorb uraemic toxins based on their molecular sizes instead of their chemical 

structures. Alternative chitosan-based absorbents and related improvements are proposed 

in this thesis as a proof of concept for renal filtration applications, including uraemic toxin 

removal and dialysate regeneration for wearable dialysis devices. 

In this thesis, a conventional electrospinning setup was adapted onto a commercial 3D 

printing system to fabricate the polycaprolactone-based composite fibrous membrane in 
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a programmable pattern for indoxyl sulfate absorption studies. A single unit (Φ 2.0mm × 

L 20mm) of polycaprolactone/chitosan (PCL/CS) composite fibrous absorbent material 

has achieved 28% clearance of free-form indoxyl sulfate molecules at both 40 mg/L and 

5 mg/L initial IS concentration in a single pass within 1 hour. However, the albumin-

bound IS absorption of the PCL/CS fibrous absorbent was limited. 

Porous surface was then introduced onto the PCL/CS electrospun nanofibers to enhance 

the albumin-bound IS absorption performance of the electrospun PCL/CS mesh by 

applying phase separation and sacrificed material approaches. The albumin-bound IS 

absorption performance of the porous PCL/CS fibres was tested. Although the albumin-

bound IS absorption performance of these PCL/CS porous fibres were limited, the 

investigations on these porous PCL/CS electrospun fibres have provided experiences and 

understanding on the interactions between the chitosan composite fibres and indoxyl 

sulfate, and also allowed re-thinking on limitations of electrospun absorbents, which are 

helpful for the absorbent design in wearable dialysis applications in the future. 

Finally, vapour induced phase separation (VIPS) was used in the absorbent design to 

produce polycaprolactone/chitosan (PCL/CS) composite symmetric porous monoliths 

with extra porous carbon additives to increase albumin-bound IS absorption and allow 

additional creatinine absorption. Moreover, these easy-to-fabricated porous monoliths 

can be formed into required geometry. The PCL/CS porous monoliths absorbed 436 μg/g 

of albumin-bound IS and 2865 μg/g of creatinine in a single-pass perfusion model within 

1 hour. This porous PCL/CS monolith could potentially be used to absorb uraemic toxins, 

including PBUTs, thus allowing the regeneration of waste dialysate and developing a new 

generation of environmentally sustainable dialysis treatments, including wearable devices. 
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Impact statement 

More than three million patients worldwide suffer from chronic kidney disease (CKD) 

and receive renal replacement therapy as life support. Haemodialysis (HD) is the most 

common clinical treatment for the CKD patients to effectively remove water-soluble 

metabolic wastes from patients’ bodies. However, the HD treatment has limited clearance 

on the albumin-bound uraemic toxins, such as indoxyl sulfate (IS) and p-cresol sulfate 

(pCS), which would bind with albumin firmly in the bloodstream and cannot diffuse into 

the dialysate in conventional HD process.  

The quality of life has become one of the most prior considerations of CKD patients, 

which leads to the popularity of wearable artificial kidneys with adaptable filtration 

intensity and excellent machine mobility compared to conventional haemodialysis. The 

development of the uraemic toxins sorbent materials is in great demand. Recent progress 

on uraemic toxin sorbent is trending on highly porous adsorbent materials for the PBUTs 

due to their excellent affinity to molecules of a specific size. Although porous adsorbent 

materials have achieved significant clearance on PBUTs, it has also drawn concerns as 

the porous adsorbent distinguishes toxin molecules by their size alone rather than their 

physiological or chemical facts. 

My research on the chitosan-based polymeric absorbent has provided an alternative 

approach for uraemic toxin removal via non-physical interactions between chitosan and 

uraemic toxins, which generates new thoughts on uraemic toxin absorption material 

design apart from the highly porous adsorbent materials. This non-physical toxin 

absorption approach may initiate possibilities of dual sorption effects on one molecule 

(i.e. sorption based on both molecular size and chemical facts), enhancing the specificity 

of the uraemic toxin clearance process and reduce the additional treatment for PBUTs. 
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Additionally, the chitosan-based polymeric absorbent can also be used as a compatible 

sorbent courier for multiple adsorptive/absorptive composites, solving the delivery and 

immobilization problems from various forms of sorbent materials. The findings in this 

research could potentially promote the development of sorbent design for wearable 

artificial kidneys, dialysate regeneration, and other bio-fluid purifications. 
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Nomenclature 

Abbreviations and Symbols Units 

®: Registered trade mark %RH: percent of relative humidity 

1D: One dimensional °C/min: degree Celsius per minute 

2D: Two dimensional °C: degree in Celsius scale (temperature) 

3D: Three dimensional 
°F: degree in Fahrenheit scale 

(temperature) 

aq: Aqueous solution µg/mL: microgram per millilitre 

B2M: β2-microglobulin µL: microlitre 

BET: Brunauer-Emmett-Teller theory µm: micrometre 

BF: Breath figures Å: Ångström 

BPA: Bisphenol A cm: centimetre 

BSE: Backscattered electron beam mode cm-1: per centimetre 

CKD: Chronic kidney disease cm2: centimetre square 

CS: Chitosan cm3/g: centimetre cube per gram 

DC: Direct current cm3: centimetre cube 

DCM: Dichloromethane Da: Dalton 

DCP: 2,4-dichlorophenol g/cm3: gram per centimetre cube 

DFT: Density-functional theory g/L: gram per litre 

DMF: Dimethylformamide g/mL: gram per millilitre 

DMSO: Dimethyl sulfoxide g/mol: gram per mole 

ECM: Extracellular matrix g: gram 

EDS: Energy-dispersive X-ray 

spectroscopy 

Gauge (nozzle): a set of nozzle internal 

diameters 

eGFR: Estimated glomerular filtration 

rate 

Gauge (pressure): a type of pressure 

measurement 

EHD: Electrohydrodynamic GPa: gigapascal 
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Abbreviations and Symbols Units 

FA: Formic acid h: hour(s) 

FDA: Food and Drug Administration K: Kelvin 

FDM: Fused deposition modelling kDa: kilo Dalton 

FTIR: Fourier-transform infrared 

spectroscopy 
kg: kilogram 

HAS: Human serum albumin kPa: kilopascal 

HCl: Hydrochloride acid kV: kilovolt 

HD: haemodialysis L/mol: litre per mole 

HF: Hydrofluoric acid L/week: litre per week 

HOMO: Highest occupied molecular 

orbital 
L (as unit): litre 

HPLC: High performance liquid 

chromatography 
m2/g: metre square per gram 

ID: Identification mg/g: milligram per gram 

IR: Infrared light mg/L: milligram per litre 

IS: Indoxyl sulfate mg/mL milligram per millilitre 

L (as symbol): Length min(s): minute(s) 

LUMO: Lowest unoccupied molecular 

orbital 

mL/ (h * mmHg): millilitre per hour per 

millimetre of mercury 

MFI: Silicalite zeolite type mL/h: millilitre per hour 

Mn: Number average molecular weight 
mL/min/1.73m2: millilitre per minute per 

1.73 metre square 

MOF(s): Metal-organic framework(s) mL/min: millilitre per minute 

MOR: Mordenite zeolite type mL: millilitre 

Mw: Molecular weight mm/min: millimetre per minute 

N/A: Not applicable mm: millimetre 

NFPA 704: Standard System for the 

Identification of the Hazards of Materials 

for Emergency Response 

mol/L: mole per litre 

–NH2: Prime amine group mol-1: per mole 
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Abbreviations and Symbols Units 

–NH3
+: Ionized prime amine group MPa: megapascal 

NIPS: Non-solvent induced phase 

separation 
nm: nanometre 

No.: Number rpm: round per minute 

PA: Polyamide μg/g: microgram per gram 

PAES: Polyarylethersulfone μg/min: microgram per minute 

PAN: Polyacrylonitrile μmol/L: micromole per litre 

PBUT(s): Protein-bound uraemic toxin(s) μmol: micromole 

PC: Polycarbonate μV·s: microvolt second 

PCL: Polycaprolactone  

pCS: p-Cresol sulfate  

PE (electron beam mode): Primary 

electron beam mode 
 

PEO: Polyethylene oxide  

PES: Polyethersulfone  

pKa: Acid dissociation constant  

PLA: Polylactic acid  

PLLA: Poly-L-lactide  

PMMA: Polymethyl methacrylate  

PP: Polypropylene  

PS: Polysulfone  

PVK: Polyvinylcarbazole  

PVP: Polyvinylpyrrolidone  

R–CO–NH2: Amide compound  

R–NH2: Compound with prime amine 

group 
 

SA: Salicylic acid  
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Abbreviations and Symbols  

SBF: Simulated body fluid  

SCUF: Slow continuous ultrafiltration  

SE: Secondary electron beam mode  

SEM: Scanning electron microscopy  

STEM: Scanning transmission electron 

microscope 
 

STI: Stilbite zeolite type  

TCP: 2,4,6-trichlorophenol  

TGA: Thermogravimetric analyser  

TIPS: Thermally induced phase 

separation 
 

Tris: Tris(hydroxymethyl)aminomethane  

UV: Ultra violet light  

UV-vis: Ultra violet-visible  

v/v: Volume to volume ratio  

VIPS: Vapour induced phase separation  

w/w: Weight to weight ratio  

WAK: Wearable artificial kidney  

XPS: X-ray photoelectron spectroscopy  

X-Y direction: X and Y direction  

Φ: Diameter  
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Chapter 1 | Introduction 

1.1 BACKGROUND 

Kidney diseases dramatically reduce the quality of life. Patients with chronic kidney 

diseases suffer from the restricted diet and range of activities. Worldwide more than three 

million patients with chronic kidney disease (CKD) receive renal replacement therapy, 

with the great majority treated by haemodialysis (HD). The HD is currently the most 

popular treatment for both acute and chronic kidney diseases to replace part of the 

patients' kidney functions. With the deterioration of kidney disease, the dialysis frequency 

and intensity will be improved to compensate for the lack of kidney function. Kidney has 

functions in removing blood toxins, retaining the salt balances, and secretion. The 

primary target of a dialysis process is to remove the toxins from the blood. 

Whereas the HD is very effective in clearing small water-soluble uraemic toxins, the HD 

is much less effective in clearing protein-bound uraemic toxins (PBUTs) (Leong and 

Sirich, 2016), with reported clearances of the PBUT indoxyl sulfate (IS) of 10-15 mL/min 

compared to a urea clearance of 200 mL/min. Thus, PBUTs accumulate with progressive 

CKD (Meijers et al., 2009, Leong and Sirich, 2016, Wu et al., 2011) and have been 

observed to increase the risk of cardiovascular diseases (Meijers et al., 2008b, Chiu et al., 

2010, Lekawanvijit et al., 2012, Ito and Yoshida, 2014). 

The HD process is usually operated in the hospital by professionals with a dialysis 

machine. The machine is too heavy to be portable. Meanwhile, the toxins filtered from 

the patient blood will be dissolved in dialysate liquid according to current technologies 

and products, which requires large volumes of water to produce fresh dialysate for single-

pass treatments and generates vast quantities of non-recyclable plastic waste for landfill. 



28 

 

Machine portability and dialysate regeneration are the two significant challenges for 

kidney disease treatments to improve the CKD patients' quality of life. In recent 

developments, researchers were intending to minimize the dialysis machine (Ronco and 

Fecondini, 2007, Gura et al., 2009, Gu and Miki, 2009, Fissell et al., 2013) and replacing 

the dialysate with porous absorbent (Gu and Miki, 2009, Lu et al., 2015, Sandeman et al., 

2017), in order to either increase the portability of the HD system or help the dialysate 

regeneration. As conventional dialysers do not effectively remove these PBUTs, then 

newer biomaterials and designs are required. The introduction of adsorbents would 

potentially increase PBUTs clearances, improve the HD system's portability, and permit  

the regeneration and recycling of waste dialysate, allowing the development of wearable 

dialysis devices.  

There are mainly two ways proposed for uraemic toxins sorbent design: 1) physical 

adsorption from highly porous materials and 2) non-physical interactions between 

targeted uraemic toxins and absorptive materials. Currently, porous materials, such as 

zeolite and porous carbon, are popular sorbent choices for uraemic toxin clearance due to 

their excellent adsorption performance to PBUTs (Sandeman et al., 2017, Pavlenko et al., 

2017, Lu et al., 2015). Metal-organic frameworks (MOFs) were also found to have a dual-

binding effect on p-cresyl sulfate, which included extra ionic binding forces into porous 

structures (Kato et al., 2019). The physical adsorption approach is focused on the size of 

a uraemic toxin so that theoretically, the physical adsorbent would adsorb all molecules 

with a determined size, regardless of whether these molecules were all toxins. On the 

other hand, the non-physical interaction approach would recognize the chemical fact of 

the toxin molecule and establish bindings to immobilize the toxin molecules, which could 

provide more accurate absorption of targeted toxin molecules. Nevertheless, the non-
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physical interaction approach was barely mentioned in the uraemic toxin absorbent 

designs due to its challenges in material choice. 

The sorbent courier for these uraemic toxin adsorptive materials is another challenge to 

apply these adsorptive materials in dialyzers. With the development of polymer additive 

manufacturing and processing technologies, polymeric nanofibers and porous matrix are 

considered the sorbent couriers to deliver the uraemic toxin adsorptive materials. 

Polymeric nanofibers have been well studied biomedical applications including tissue 

engineering (Shaltooki et al., 2019, Stout et al., 2011, Zhang et al., 2008) and drug 

delivery (Bhattarai et al., 2018, Mendes et al., 2016, Jung et al., 2015), which has shown 

a great capability in bioactive compound delivery. Although the electrospun zeolite-

composed nanofibrous network has exhibited excellent performance in uraemic toxin 

removal (Lu et al., 2015), the composition between insoluble zeolite onto the polymeric 

nanofiber surface still brought limitations in composition capacity and material choice. 

Porous matrix has not been well studied for uraemic toxin absorbents, and recent 

researches of uraemic toxin absorbent were focused on the development of adsorptive 

materials with high specific surface area (i.e. more than 1000 m2/g) (Sandeman et al., 

2017, Pavlenko et al., 2017, Kato et al., 2019). Sandeman et al. published a porous 

carbonized resin monolith for uraemic toxin removal (Sandeman et al., 2014, Sandeman 

et al., 2017), promoting practical applications of PBUT sorbent in dialysis treatment. But 

the carbonization fabrication process has restricted the composition with some other 

absorptive/adsorption compounds with bad thermal stability. Casted polymeric porous 

matrix could be an alternative sorbent courier for uraemic toxin absorptive materials 

allowing wide composite material choices due to its low processing temperature. 
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1.2 RATIONALES 

1.2.1 Current approach & limitations 

Haemodialysis (HD) is currently the most common and effective way in practice for both 

acute kidney injury and chronic kidney disease because of its high removal efficiency on 

unbound water-soluble uraemic toxins. However, the dialyzers used in conventional HD 

process are applying diffusion principles with semi-permeable membranes to reduce the 

concentration of the uraemic toxins in blood, which has low efficiency in PBUTs 

clearance and consumes a large quantity of dialysate, causing problems in dialysate 

regeneration (Leong and Sirich, 2016). 

Later on, the plasma ionic strength was found to affect the binding fraction of PBUTs to 

albumin, which could be potentially used along with HD process to improve the PBUTs 

clearance (Krieter et al., 2017). Consequently, the plasma ionic strength would draw 

further concerns in electrolyte balance of the patient in practice, which might require 

additional treatment to recover and maintain the electrolyte balance. 

As a result, adsorbent materials were developed in recent years to increase the PBUTs 

clearance, but the choice of adsorbent materials was limited within the highly porous 

material category. The toxins can only be recognized by their molecular sizes instead of 

their chemical facts. Physical adsorption is efficient for current dialysate regeneration but 

might face challenges in blood-contacting toxin removal applications in the future for 

further minimizing of wearable artificial kidneys. The blood is a complex with thousands 

of toxic and non-toxic substances. Thus, there will be demand to target various toxins 

with different adsorptive/absorptive compounds to remove those toxins selectively. The 
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sorbent with multiple adsorptive/absorptive compounds within one matrix is believed to 

show advantages in such blood-contacting toxin removal applications in the future. 

Additionally, immobilising multiple absorptive contents in one haemodialysis circuit for 

continuous multi-PBUTs removal is under development. Synthetic resin is a good choice 

for the absorbent courier and has been used to carry porous carbon for protein-bound 

indoxyl sulfate and p-cresol sulfate removal (Sandeman et al., 2014, Sandeman et al., 

2017). However, the polymerization during resin synthesis has restricted the additive 

adsorptive/absorptive material choices on chemical and thermal stabilities to avoid 

property changes during the sorbent monolith synthesis. It is challenging for the 

composition of multiple absorptive compounds with different chemical and physical 

properties, especially for bioactive compounds, because polymerization and heat have a 

high chance to de-activate the bio-functions of the bioactive compounds by changing their 

chemical or physical structures. It is essential to find a compatible composition method 

for multi-absorptive contents sorbent system. 

1.2.2 Proposed approaches 

Several absorbent designs, including alternative absorbent material and related sorbent 

courier structures were proposed in this thesis to face the challenges mentioned above. 

1.2.2.1 Uraemic toxin absorptive chitosan 

Chitosan is a polysaccharide with amine sidearms, which is currently used in water 

purifications to absorb heavy metal ions and some negatively charged conjugated organic 

contaminates (Yong et al., 2015, Saifuddin et al., 2011, Gamage and Shahidi, 2007). The 

indoxyl sulfate is a negatively charged conjugated molecule, which could be recognized 

and absorbed by chitosan in aqueous solutions. Unlike porous materials, such as porous 

carbon and zeolite, chitosan absorbs indoxyl sulfate because of the chemical structure of 
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IS instead of its porous surface, which provides a new approach to clear out the indoxyl 

sulfate in aqueous solutions. 

1.2.2.2 Electrospun fibre sorbent courier 

Electrospinning is a good additive manufacturing technique for biomaterials due to its 

viability and compatibility at atmosphere and room temperature, which is beneficial for 

the function retainment of bioactive materials (Mendes et al., 2017). The high surface 

area to volume ratio has granted wide applications of electrospun fibres in air filtration 

(Li et al., 2018a, Wang et al., 2016, Huang et al., 2019). Lu et al. (2015) found that the 

electrospun fibrous mesh is a suitable zeolite courier for creatinine adsorption (Lu et al., 

2015). Chitosan is insoluble in the aqueous solutions with pH > 7, limiting the contact 

between chitosan and the targeted uraemic toxins. Electrospun chitosan-based polymer 

fibre is supposed to improve the contact between chitosan and targeted uraemic toxins for 

absorption purposes. 

1.2.2.3 Porous monolith sorbent courier 

Although electrospinning has a wide material choice for composition, it is challenging to 

electrospin chitosan with composites in a single-axial electrospinning system because of 

the limited compatibility of chitosan in both organic and inorganic solvents. However, in 

the case of targeting and removing various uraemic toxins from the blood and dialysate, 

composition with various adsorptive/absorptive materials is required so that electrospun 

chitosan may not provide a desirable chitosan abundance in the electrospun chitosan mesh. 

Thus, a chitosan-compatible porous sorbent courier with multiple adsorptive/absorptive 

composites would be developed to provide excellent capability in multi-toxin clearance. 

Vapour induced phase separation could be a casting-friendly approach to produce such a 

chitosan-containing porous polymeric matrix with both internal and external porosity. 
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1.2.3 Novelty 

The chitosan was proposed in this thesis for the first time as an absorbent material for the 

indoxyl sulfate with different absorption mechanism from current available adsorbent 

such as porous carbon and zeolite. Electrospun fibres and casted porous matrix were used 

as the sorbent material courier to stabilize chitosan for indoxyl sulfate absorption. The 

casted porous matrix was found capable to support multiple sorptive materials to target 

different uraemic toxins. These findings could provide alternative sorbent material choice 

and approach for the clearance of indoxyl sulfate from liquid. 

1.3 AIMS & OBJECTIVES 

1.3.1 Aims 

In this thesis, we propose new absorptive materials for indoxyl sulfate absorption and 

related improvements on absorbent structural design for multiple uraemic toxins removal, 

and hence to generate new thoughts on absorptive material choices and material delivery 

couriers for uraemic toxin removal and dialysate regeneration for potential wearable 

dialysis devices. 

1.3.2 Objectives 

The aims mentioned above could be achieved by completing the following objectives: 

a) 2D-controlled close-range electrospinning setup optimization for polymeric 

fibrous absorbent fabrication 

A close-range electrospinning setup was adapted into a commercial 3D programmable 

rail system to control the electrospun fibre deposition location for an effective and even 
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distribution of polymer fibres. It is beneficial for obtaining an electrospun absorbent 

structure with controlled patterns. 

b) Validation of the indoxyl sulfate absorption by PCL/CS fibrous absorbent 

Chitosan was proposed to absorb indoxyl sulfate based on the chemical structure of IS 

molecule. The PCL/CS fibrous absorbent was fabricated by the optimized 2D-controlled 

close-range electrospinning setup to validate the absorption effect of chitosan on indoxyl 

sulfate. 

c) Porous surface modification on PCL/CS electrospun fibres to improve the indoxyl 

sulfate absorption 

The PCL/CS fibres were modified by phase separation approaches to have a porous fibre 

surface, providing an extra adsorption effect of PCL/CS fibres on indoxyl sulfate. The 

porous surface and chitosan could work together to improve the albumin-bound IS 

absorption performance of the PCL/CS fibres. 

d) Structural modification on PCL/CS composite to allow composition of multiple 

sorbent materials to target and absorb various uraemic toxins  

Vapour-induced phase separation (VIPS) was used to fabricate a porous monolith as the 

sorbent courier of multiple sorbent materials. This porous sorbent courier concept was 

validated by composing porous carbon into PCL/CS composite to target and absorb two 

different uraemic toxins. 
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1.4 OUTLINE & SCOPE 

An introduction of this research including the research background and rationale, was 

given in Chapter 1 to specify the research aims and objectives. This chapter has provided 

an overview of the whole thesis. 

Chapter 2 aims to provide an overview knowledge of kidney diseases and current 

treatment for kidney failure at the beginning of this thesis. The methods to fabricate 

nanofibrous structure and progress in porous sorbent for uraemic toxin removal were also 

reviewed in this chapter to construct the framework of the sorbent material exploration  

for uraemic toxin removal. 

The material characterization methods, such as SEM for material morphology inspection, 

FTIR and TGA for composition validation, BET for material porosity and uraemic toxin 

removal tests via HPLC, were described in detail in Chapter 3. A uraemic toxin solution, 

validated for the simulation of both albumin-bound and unbound uraemic toxins to 

evaluate the uraemic toxin removal performance of the sorbent materials in this research, 

was also described in this chapter. 

The fibrous structure was first chosen to investigate the absorption between chitosan and 

indoxyl sulfate. Therefore, a close-range electrospinning setup was adapted to a system 

with 3D programmable rails in Chapter 4 to fabricate the fibrous mesh with sufficient 

thickness and condensed fibre distribution for absorbent application (Figure 1-1). 
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Figure 1-1. The schematic diagram of a 2D-controlled close-range electrospinning setup. 

In Chapter 5, the PCL/CS composite fibrous absorbent was fabricated by the close-range 

electrospinning setup to absorb both unbound and albumin-bound IS from a toxin flow 

(Figure 1-2). It was found that chitosan could establish a good non-physical absorption 

on the IS. However, this absorption was weaker than the binding between albumin and 

IS, resulting in limited absorption on albumin-bound IS. A porous surface modification 

on the PCL/CS fibres was considered to improve the albumin-bound IS absorption. 

 

Figure 1-2. The schematic diagram of PCL/CS composite fibrous absorbent for IS 

absorption. 
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The PCL/CS fibres were modified with a porous surface in Chapter 6 to improve the 

albumin-bound IS absorption (Figure 1-3). Phase separation approaches and sacrificed 

nanoparticle approaches were tried, but only the non-solvent induced phase separation 

(NIPS) approach could fit the PCL/CS composites for generating a suitable porous 

structure for the IS absorption. However, due to the limited solvent compatibility, the 

PCL/CS porous fibres fabricated in this chapter failed to improve the albumin-bound IS 

absorption. Moreover, the contact between the uraemic toxin flow and the PCL/CS fibres 

was another factor affecting the IS absorption. A sorbent courier with better compatibility 

to additive contents was in demand because of the composition fraction limitation in 

electrospinning. 

 

Figure 1-3. The schematic diagram of the PCL/CS fibres with the porous surface for 

albumin-bound IS absorption. 

Therefore, in Chapter 7, a sponge-like PCL/CS porous monolith was fabricated via 

vapour induced phase separation (VIPS) approach as a sorbent courier with higher 

chitosan composition fraction and compatibility for multiple additive contents to provide 

better contact between sorbent materials and uraemic toxin flow and possibilities to target 
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multiple uraemic toxins at the same time (Figure 1-4). It was found that this PCL/CS 

porous monolith could not only provide higher albumin-bound IS absorption than the 

PCL/CS fibres, but also be compatible with porous carbon additives to target multiple 

uraemic toxins, which was considered to be used as a good sorbent courier for other 

sorbent materials in the future. 

 

Figure 1-4. The schematic diagram of sponge-like PCL/CS porous monolith with 

additive porous carbon for multiple uraemic toxin absorption. 

Finally, Chapter 8 summarized the key findings and overall discussions presented in this 

thesis and proposed several directions for future works based on the findings in this 

research, which hopefully provide new ideas on sorbent material design for kidney 

disease treatment and liquid/gas purification.  
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Chapter 2 | Literature review 

2.1 KIDNEY DISEASES 

2.1.1 Kidney function 

A kidney is an organ to regulate the osmolality of body fluid, form urine to remove toxins, 

maintain the acid-base balance, and electrolyte concentrations in the bloodstream. The 

anatomy of a kidney is shown in Figure 2-1. The function of the kidney is clinically 

measured by the estimated glomerular filtration rate (eGFR) based on serum creatinine 

with the following equation: 

eGFR =
𝐶𝑢  × 𝑣𝑢

𝐶𝑝

 (Equation 1) 

where 𝐶𝑢 (mg/L) and 𝐶𝑝 (mg/L) were the creatinine concentration in urine and the blood 

plasma, respectively; 𝑣𝑢 (mL/min) was the flow rate of the urine. 

 

Figure 2-1. Illustration for kidney anatomy (BruceBlaus, 2014). 
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Kidney dysfunction can be divided into two categories: 1) acute kidney injury and 2) 

chronic kidney diseases (CKD). Acute kidney injury is referred to sudden kidney function 

loss resulted from direct damage to the kidney, including physical injury, impaired blood 

supply to kidney, and urine blockage in kidney, which cause fluid build -up, muscle 

weakness, and even death Clinic (2021a). On the other hand, the CKD involves a gradual 

loss of kidney functions when a disease (e.g. diabetes) or condition impairs kidney 

function, resulting in wastes build-up, unbalanced electrolytes, and further complications 

including anaemia, heart diseases, and reduced immune responses Clinic (2021b). The 

eGFR of the patient will reduce with the progression of CKD. Thus, the eGFR based on 

serum creatinine is currently used as an index for CKD progression. 

2.1.2 Uraemic toxins 

With the reduction of kidney functions, the unwanted compounds would accumulate in 

the bloodstream, which were recognized as uraemic toxins, creating high risk of diseases. 

Metabolic waste is the majority part of these unwanted compounds in the blood stream, 

and its clearance is vital for the survival of any living organism. Kidney is the crucial 

organ to clear out the metabolic waste in the blood stream so as to maintain the 

homeostasis of the inner fluid environment of cells and body (Peters, 1935). Without 

efficient clearance by the kidney, some metabolites would accumulate within the blood 

circulation system, recognized as uraemic toxins, and possibly diffuse back into the cells 

to cause further problems and diseases. Uraemic toxins are commonly classified , 

according to their binding abilities to the albumin, into protein-bound uraemic toxin, such 

as indoxyl sulfate (IS), p-cresol sulfate (pCS), and non-binding uraemic toxins, such as 

urea, creatinine. The molecule size is also used as a criteria to classify the uraemic toxins 

for haemodialysis purposes. The physical specification and blood concentration of urea, 
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creatinine, indoxyl sulfate, and p-cresol sulfate were summarized by Wernert et al. (2005), 

and reprinted in Table 2-1. 

Table 2-1. Geometry specification and blood concentration of common water-soluble 

uraemic toxins (Wernert et al., 2005). 

Toxin 

name 

Molecular 

weight 

(g/mol) 

Size * (nm) Concentration ** (μmol/L) 

x y z Healthy person CKD patients 

Urea 60.06 0.56 0.63 0.30 <6700 38333 ± 18333 

Creatinine 113.12 0.71 0.81 0.30 <106 1204 ± 407 

Indoxyl 
sulfate 

213.21 0.79 0.11 0.54 2.4 ± 22 211 ± 365 

p-cresol 

sulfate 
188.20 0.66 0.76 0.39 5.6 ± 9 186 ± 41 

* Size of the uraemic toxins was estimated by considering two axed ellipsoids with a thickness 

perpendicular to the equatorial plane (z direction). 

** The blood concentration of uraemic toxins in this table are reported as means ± standard deviation, or 

in the case of a single value as a maximum (accompanied by <). 

2.1.3 Unbound uraemic toxins 

Urea, creatinine, polyols, cyanate, and phenols are categorized as unbound uraemic toxins 

because they do not bind to or interact less with protein content in the serum. Current 

haemodialysis technologies have been able to remove most of these unbound toxins from 

the blood effectively. 

Creatinine is a breakdown product of phosphoryl creatine after creatine kinase reaction 

in muscle (i.e. the energy-producing processes), which has a constant releasing rate 

proportional to muscle mass (Wyss and Kaddurah-Daouk, 2000). The chemical structure 

of creatinine is shown in Figure 2-2. 
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Figure 2-2. The chemical structure of creatinine (PubChem, 2021a). 

The kidney will finally remove the daily generated creatinine via glomerular filtration 

and never reabsorb them back. Thus, the creatinine clearance rate (i.e. eGFR based on 

serum creatinine) has been long used as an indicator of kidney function (Levey et al., 

1988). A typical male weighing 70 kg can generate 1.73 g creatinine per day and excrete 

to urine, requiring the kidney to provide a serum creatinine eGFR of approximately 140 

mL/min/1.73m2 to clear all daily produced creatinine (Levey et al., 1988, Rowe et al., 

1976). A recent study has reported that creatine and creatinine may impact the ability of 

immune cells to sense a wide array of viral and bacterial pathogens (Leland et al., 2011), 

which explains why CKD patients have reduced immune responses. 

2.1.4 Protein-bound uraemic toxins 

Protein-bound uraemic toxins are referred to the uraemic toxins that bind with serum 

albumins, which is difficult to be removed by conventional haemodialysis. It was reported 

that haemodialysis is 90% less effective in removing PBUTs than water-soluble unbound 

uraemic toxins (Leong and Sirich, 2016). Indoxyl sulfate (IS) and p-cresol sulfate (pCS) 

are the most representative and studied protein-bound uraemic toxins (PBUTs), especially 

in hemodialysis patients who are usually suffering from chronic kidney diseases (CKD) 

(Meijers et al., 2009). The chemical structures of the indoxyl sulfate and p-cresol sulfate 

are illustrated in Figure 2-3 and Figure 2-4, respectively. 
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Figure 2-3. The chemical structure of 3-indoxyl sulfate (IS) (PubChem, 2021b). 

The IS and pCS have been proved to promote CKD progress, resulting in kidney 

dysfunction (Meijers et al., 2009, Wu et al., 2011) and cardiovascular diseases (Meijers 

et al., 2008b, Chiu et al., 2010). Indoxyl sulfate (IS) is metabolized from the dietary 

proteins and amino acid tryptophan. As a circulating uraemic toxin, IS can stimulate 

glomerular sclerosis and renal interstitial fibrosis (Dou et al., 2007). Some researchers 

suggest that IS can enhance oxidative stress in the myocardium and vasculature, 

contributing to the progression of cardiovascular disease in CKD patients (Lekawanvijit  

et al., 2012, Ito and Yoshida, 2014). P-cresol sulfate (pCS) is a small molecule microbial 

metabolite from aromatic amino acids, such as tyrosine and phenylalanine. It is also 

reported to worsen the conditions of CKD patients by inducing oxidative stress and 

damaging endothelial cells (Gryp et al., 2017). IS and pCS have similar chemical 

structures, including an aromatic ring and a sulfate group. In an alkaline environment, the 

hydroxyl group on the sulfate group of IS and pCS will ionize as IS- and pCS-, creating 

negative charges of the IS and pCS molecules. 

 

Figure 2-4. The chemical structure of p-cresol sulfate (pCS) (PubChem, 2021c). 
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It is supposed that pCS and IS non-covalently bind to albumin at Sudlow site II, where 

the ligands that can bind to this binding site should be aromatic and either neutral or 

negatively charged (Meijers et al., 2008a). Current dialysis methods have low efficiency 

of removing protein-bound IS and pCS because the albumin-IS or -pCS complex cannot 

pass through the semi-permeable membrane. However, if the pore size of the semi-

permeable membrane were increased to allow these complexes to pass through, the 

albumin level would drop to cause other problems. Meanwhile, the protein-binding 

proportion of IS and pCS on albumin is exceptionally high, which is about 90% for IS 

and 87% for pCS (Meijers et al., 2008a). The removable free-form IS and pCS 

concentration is too low to make a difference. An average total IS concentration in a 

uraemia patient is about 40 mg/L before dialysis, while free-form IS concentration is only 

4.3 mg/L (Lin et al., 2011, Vanholder et al., 2014). The total pCS concentration is about 

43 mg/L, while free-form pCS is only 2.6 mg/L (Vanholder et al., 2014). The total IS 

concentration is reduced to 23.1 mg/L for dialysis patients, and the total pCS 

concentration is 20.9 mg/L in Europe (Vanholder et al., 2014, Gryp et al., 2017). 

2.1.5 Dialysis 

Dialysis is a medical treatment applying the filtration concept to remove the unwanted 

uraemic compounds from the human blood, which is considered one of the most effective 

ways to compensate for kidney functions. The conventional dialysis process is performed 

on a semi-permeable membrane to separate unwanted uraemic compounds according to 

their sizes. The conceptual diagram of the conventional dialysis process is illustrated in 

Figure 2-5. The blood is pressurized and pumped through a bunch of semi-permeable 

dialyzer fibres immersed in flowing dialysate for molecular exchange. The unwanted 

molecules would diffuse from the blood to the dialysate, driven by the concentration 
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difference between the blood and dialysate. A conventional dialysis process can 

effectively remove exceeded water, solutes, and most un-bound uraemic toxins, but about 

90% less effective in PBUT clearance (Leong and Sirich, 2016); specifically, a 

conventional HD can clear urea with a clearance rate of about 250 mL/min, while it can 

only remove PBUTs with a clearance rate of 25-30 mL/min (Martinez et al., 2005, Luo 

et al., 2009, Eloot et al., 2016). 

 

Figure 2-5. The illustration of a conventional haemodialysis (YassineMrabet, 2008). 

There are generally five types of dialysis process applying different principles and for 

different situations, compared in Table 2-2.  
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Table 2-2. Summary of currently available dialysis techniques. 

ID Principle 
Functional 

elements 
Dialysate Target toxins 

Application 

scenario  

Haemodialysis Diffusion 

PAES, PVP, 

PA, PES 

fibres 

Yes 
Substances that 

have high water 

solubility, low 

protein binding 

capacity, and 

low molecular 

weight (e.g. 

indoxyl sulfate, 

p-cresyl sulfate, 

urea, 

creatinine, β2-

microglobulin) 

Regular CKD 

treatment 

Peritoneal dialysis Permeability Peritoneum Yes 
Daily basis CKD 

treatment 

Haemofiltration Convection 

PAES, PVP, 

PA, PES 

fibres 

No 

Regular CKD 

treatment (high 

performance) 

Haemodiafiltration 

Diffusion 

and 

convection 

PAES, PVP, 

PA, PES 

fibres 

Yes 
Acute kidney 

injury 

Note: PAES: Polyarylethersulfone; PS: Polysulfone; PA: Polyamide; PVP: Polyvinylpyrrolidone; PC: Polycarbonate; 

PP: Polypropylene; PES: Polyethersulfone 

The mainstream dialysis machine applies the diffusion principle. Different materials were 

developed with different performances to cope with different ultrafiltration pressure and 

target toxins. However, the design languages of these dialyzer materials are the same: 

find out a suitable pore size for toxin removal, a strong enough material to withstand 

higher pressure, and a better compatible surface to contact with blood. Some dialyzer 

products on the market were compared in Table 2-3 (Hulko et al., 2015). They are all 

used in current dialysis machines. 

Table 2-3. This table compares current dialyzer products (Hulko et al., 2015). 

Product 
name 

Base materials 
Membrane 
materials 

Fibre inner 

diameter 

(µm)/ wall 
thickness 

(µm) 

Pore 

radius 
(nm) 

Mass 

transfer-

area 
coefficient 

to urea 

(mL/min) 

Ultrafiltration 

coefficient (mL/ 
(h * mmHg)) 

Polyflux 
170H 

Polycarbonate 
(PC) 

PAES/PVP/PA 215/50 4.7 1145 70 

FX 

CorDiax80 

Polypropylene 

(PP) 
PS/PVP 185/null null 1429 64 

MCO1 

Polycarbonate 
(PC) 

PAES/PVP 
180/35 

5.0 1487 48 

MCO2 5.4 1527 52 

MCO3 6.0 1662 49 

MCO4 6.5 1662 50 

SepteX 215/50 10.0 null null 

Note: PAES: Polyarylethersulfone; PS: Polysulfone; PA: Polyamide; PVP: Polyvinylpyrrolidone; PC: Polycarbonate; 

PP: Polypropylene; null: data missing. 
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2.1.6 Wearable artificial kidney 

Wearable artificial kidney (WAK) is a portable and wearable dialysis solution for chronic 

kidney disease (CKD) patients to adjust the dialysis intensity, increase the freedom of the 

dialysis treatment, and hence improve patients’ quality of life (Bazaev et al., 2018). There 

are mainly two approaches to build a wearable artificial kidney device: 1) minimizing the 

conventional dialysis machine and 2) using haemocompatible absorbent cartridges to 

remove unwanted compounds from the blood. These two approaches are illustrated in 

Figure 2-6. In the minimizing approach, the dialysate and blood circulations based on 

conventional dialysis machines are re-arranged and integrated on a wearable device (Gura 

et al., 2009, Davenport et al., 2007). Dialysate regeneration modules were adapted onto 

these WAKs with a minimising approach to extend these devices' lifespan (Bazaev et al., 

2018). The absorbent approach was advanced recently with the development of absorbent 

technologies (Sandeman et al., 2017). Absorbents could either be applied along with the 

minimizing approach for dialysate regeneration or absorb the unwanted uraemic toxins 

directly to give more portability. The recently developed dialyzers and dialysis processes 

for wearable artificial kidney applications have been summarized in Table 2-4.
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Figure 2-6. The wearable haemodialysis device with (a, b, c, d) the absorbent approach (Sandeman et al., 2017) and (e, f) the minimizing 

approach (Davenport et al., 2007).(a) Demonstration of porous carbon monoliths. (b) The encased porous carbon monoliths. (c) Circuit diagram 

of absorbent approach for the in vitro plasma and whole blood experiments. (d) A naive rat haemoperfusion model in vivo safety assessment of 

the small porous carbon monoliths. (e) Circuit diagram of minimizing approach. (f) Photograph of a minimizing haemodialysis device.  
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Table 2-4. Summary of recently developed dialyzer and dialysis process for wearable artificial kidney applications. 

Approach 
Principle 

(Type) 
Base materials 

Functional 

materials 
Target toxins Pore size 

Toxin 

level ref. 

(Normal) 

Toxin 

level ref. 

(Diseased) 

Working 

flow rate 

Working 

efficiency 
Capacity 

Porous 

carbon 

monolith 

(Sandeman et 

al., 2017) 

Physical 

adsorption 
Carbonized resin 

Carbonized 

resin 

Indoxyl 

suflate (IS), 

p-cresol 

sulfate (pCS) 

55.6 nm + 

62.1 nm 

(1117 m2/g) 

IS (2.4 ± 

22 

µmol/L) 

pCS (5.6 ± 

9 µmol/L) 

IS (125 

μmol/L), 

pCS (250 

µmol/L) 

5 mL/min 

IS (100% 

in 30 

mins), pCS 

(100% in 

120 mins) 

Data 

missing 

Approach 
Principle 

(Type) 
Base materials 

Functional 

materials 
Target toxins Pore size 

Toxin 

level ref. 

(Normal) 

Toxin 

level ref. 

(Diseased) 

Working 

flow rate 

Working 

efficiency 
Capacity 

PAN-zeo 

(Lu et al., 

2015) 

Physical 

adsorption 

Polyacrylonitrile 

(PAN) 

Microporous 

Zeolite 
Creatinine 5 ~ 8 Å >106 μmol 

1204 ± 

407 μmol 
1 mL/h 

91% in 5 

min 

25423 

μg/g, in 

625 

μmol/L 

Approach 
Principle 

(Type) 
Base materials 

Functional 

materials 
Target toxins Pore size 

Toxin 

level ref. 

(Normal) 

Toxin 

level ref. 

(Diseased) 

Working 

flow rate 

Working 

efficiency 
Capacity 

Microfluidics 

(Gu and 

Miki, 2009) 

Diffusion, 

microfluidics 

Polyethersulfone 

(PES) 

PVP (lithoed 

to make 

pores) 

Urea 

2 ~ 5 nm, 

filtered 

range > 1.7 

nm 

2.5 ~ 7.1 

mmol/L 

38333 ± 

18333 

μmol 

1 mL/min, 

10 kPa 

18 μg/min, 

2 mm wide 

channel 

Data 

missing 

Approach 
Principle 

(Type) 
Base materials 

Functional 

materials 
Target toxins Pore size 

Toxin 

level ref. 

(Normal) 

Toxin 

level ref. 

(Diseased) 

Working 

flow rate 

Working 

efficiency 
Capacity 

ViWAK 

(Ronco and 

Fecondini, 

2007) 

Physical 

adsorption 

Activated 

carbon, 

polystyrenic 

resin 

Activated 

carbon, 

polystyrenic 

resin 

Creatinine, 

β2-

microglobulin 

(B2M), 

angiogenin 

Data 

missing 

Creatinine: 

7.0 ~ 11.0 

mg/L; 

B2M: 1 ~ 

3 µg/mL 

Data 

missing 

15 ~ 30 

mL/min 

reduce 

10% of 

toxin, after 

10 h of use 

100 

L/week 
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2.1.7 Current solutions for protein-bound uraemic toxins 

Some researchers are currently working on reducing the protein-binding fraction of such 

protein-bound toxins to increase the removal efficiency by haemodialysis (Devine et al., 

2014, Krieter et al., 2017). It was found that with the increase of ionic strength in the 

plasma (e.g. NaCl concentration in the plasma), the protein-binding fraction of the IS 

decreases (Devine et al., 2014). This finding was then promoted into haemodialysis to 

remove the protein-bound IS and pCS. The removal efficiency can be increased by 38~50% 

at a high NaCl concentration. However, the haemoglobin level in the test samples was 

higher than expected, which was supposed to result from the increased sensitivity of red 

blood cells to hyperosmotic stress (Krieter et al., 2017). 

Some researchers also attempted to develop absorbents to remove protein-bound uraemic 

toxins from the blood. Porous materials have become the top choices due to their high 

adsorption to PBUTs. Zeolite has been composed with polymer fibres for urea and 

creatinine clearance (Lu et al., 2015), while porous carbon (Pavlenko et al., 2017, 

Sandeman et al., 2017) and zirconium-based metal-organic frameworks (Kato et al., 2019) 

were found powerful in protein-bound uraemic toxins removal.  
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2.2 SORBENT MATERIALS FOR URAEMIC TOXINS 

2.2.1 Zeolite 

Zeolites are crystalline, hydrated aluminosilicates of alkali and alkaline earth cations, 

consisting of 3D frameworks of SiO4
4- and AlO5

4- tetrahedra linked through the shared 

oxygen atoms (Papaioannou et al., 2005). They have been used as adsorbents and 

catalysts for decades because they are non-toxic and stable in aqueous solutions 

(Mumpton, 1999, Pond and Mumpton, 1984). The unique crystallographic property has 

granted zeolites abilities to adsorb molecules with a specific molecular weight (Wernert  

et al., 2005). A typical zeolite microstructure and its crystallization are shown in Figure 

2-7. 

 

Figure 2-7. The (a) microstructure and (b) crystallization of silicalite (MFI) type zeolite 

(Wernert et al., 2005). 

The zeolite has been tested in static conditions for uraemic toxin adsorption, exhibiting 

adsorption on both unbound and protein-bound uraemic toxins in previous researches (Lu 

et al., 2015, Wernert et al., 2005). Zeolites are categorized by the crystallization type, 

which determines the porosity of a zeolite. Thus, the adsorption of uraemic toxins onto 
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zeolites depended on the type of zeolite, which has been confirmed in previous in vitro 

research (Lu et al., 2015, Wernert et al., 2005). Meanwhile, different types of zeolites 

also have different adsorption performances on different uraemic toxins. Wernert et al. 

(2005) has compared the adsorptions of zeolites on different uraemic toxins. Table 2-5 

has summarized the zeolites which have the best adsorption capacity of each target toxin. 

Table 2-5. The adsorption capacity of zeolites on different uraemic toxins (Wernert et al., 

2005). 

Zeolite type * Target toxin 
Adsorption capacity ** 

(μg/g) 

Toxin concentration 

(µmol/L) 

Stilbite (STI) 
(Z6) 

urea 31000 8600 

Stilbite (STI) 
(Z5) 

urea 165000 41000 

Mordenite (MOR) 
(Z9) 

creatinine 4750 106 

Mordenite (MOR) 
(Z9) 

creatinine 38000 1240 

Stilbite (STI) 
(Z4) 

indoxyl sulfate 135 18 

Mordenite (MOR) 
(Z9) 

indoxyl sulfate 3870 368 

Silicalite (MFI) 
(Z8) 

p-cresol sulfate 305 7 

Silicalite (MFI) 
(Z8) 

p-cresol sulfate 4600 196 

* Z4, Z5, Z6, Z8, and Z9 represent different zeolite samples. These zeolites were treated under different 

conditions, having different cations and cation ratios. 

** The adsorption capacity was the mean value read from the figures in the original research paper. 

2.2.2 Activated porous carbon 

Activated porous carbon is one of the most popular cost-effective adsorbent materials due 

to its hydrophobic surface, high specific surface area (> 1000 m2/g), large pore volumes 

(1.5 cm3/g), and good mechanical, chemical, thermal stabilities (Sakintuna and Yürüm, 
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2005). It has been applied worldwide in gas capture (Singh et al., 2019, Ganesan and 

Shaijumon, 2016), water purification (Sun et al., 2019, Gupta and Saleh, 2013), dialysis 

(Pavlenko et al., 2017, Sandeman et al., 2017), catalysis (Qin et al., 2019, Bhadra et al., 

2019), and supercapacitors (Qie et al., 2013, Chen et al., 2012). The tailored pore size is 

one of the advantages of the activated porous carbon and classification criteria for various 

applications. Figure 2-8 has visually shown the porous structure of an activated porous 

carbon composite. 

 

Figure 2-8. The field emission scanning electron microscope images (a, b) and 

transmission electron microscope images (c, d) of nitrogen-doped porous carbons with 

macropores (Sun et al., 2019). 

Adsorbent is the role of the activated porous carbon in various applications. The porous 

surface of porous carbon can effectively harvest and store surrounding molecules in a 

“size-coupling” manner, making the porous carbon a size-exclusive adsorbent. Porous 

carbons are classified into three categories based on their pore size: 1) microporous, for 

pore diameter less than 2 nm; 2) mesoporous, for pore diameter ranging from 2 nm to 50 
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nm; 3) microporous, for pore diameter more than 50 nm, which are chosen to adsorb 

different target molecules with different sizes. The porous carbon was considered and 

made into adsorbent cartridges for renal filtration applications since the 2000s. Under the 

circumstances that the conventional haemodialysis cannot effectively remove the protein-

bound uraemic toxins (PBUTs), mesoporous carbon becomes a popular adsorbent choice 

because of its good clearance performance for the PBUTs. The CMK-3® and NORIT® 

mesoporous carbon powders were found to have excellent adsorption performance to 

creatinine (non-bound), hippuric acid (48% protein-bound), and indoxyl sulfate (90% 

protein-bound) adsorption (Pavlenko et al., 2017), confirming the effectiveness of 

mesoporous carbon on PBUTs clearance. Meanwhile, mesoporous carbon was composed 

into an adsorbent monolith to continuously remove protein-bound indoxyl sulfate and p-

cresol sulfate (Sandeman et al., 2017). 

2.2.3 Metal-organic frameworks 

Metal-organic frameworks (MOFs) are three-dimensional porous polymeric materials, 

consisting of inorganic clusters (i.e. metal core) and organic bridges (i.e. organic ligand) 

via coordination bonds, which exhibits extreme internal surface area (> 2000 m2/g) and 

precisely controlled nano- and sub-nano- pore size (2 Å to 10 Å) (Li et al., 1999, Wang 

et al., 2018). The choice of inorganic clusters and organic bridge material grant the MOF 

with both chemical (e.g. ligand binding, π-π conjugation) and physical (e.g. size, electric 

charge) selectivity, which has great potential in gas storage and separations (Eddaoudi et 

al., 2002), chemical sensing (Kreno et al., 2010), membranes (Bae et al., 2010), catalysis 

(Lee et al., 2009), absorbent (Li et al., 2018b), and drug delivery (Horcajada et al., 2010). 

Figure 2-9 has demonstrated the single crystal X-ray structure of a typical MOF, showing 

the precisely controlled porosity. 
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Figure 2-9. Single crystal X-ray structures of isoreticular MOF-16.The Colour scheme is 

as follows: Zn (blue polyhedra), O (red spheres), C (black spheres). The large yellow 

spheres represent the largest van der Waals spheres that would fit in the cavities without 

touching the frameworks. All hydrogen atoms have been omitted, and only one 

orientation of disordered atoms is shown for clarity (Eddaoudi et al., 2002). 

The pore size of a MOF can be controlled precisely within the sub-nano range to absorb 

a specific molecule, allowing exceptional selective absorption. The choice of the metal 

core and organic bridge could personalize the environment of the cavity to strengthen the 

binding between the MOF particles and target absorbate. Recently, a series of  zirconium-

based MOFs were tested for protein-bound p-cresol sulfate removal, where the UN-1000 

structure has demonstrated a dual binding site to p-cresol sulfate molecules, resulting in 

an excellent performance of protein-bound p-cresol sulfate clearance (Kato et al., 2019). 

Compared with porous carbon, MOFs have a more advanced selective mechanism. 

2.2.4 Chitosan 

2.2.4.1 General information 

Chitosan is a linear polysaccharide that consists of β-(1→4)-linked D-glucosamine 

(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). It has been synthesized 

commercially for decades by deacetylation of chitin (Toffey et al., 1996, Davis and 

Bartnicki-Garcia, 1984), which is one of the structural materials in the exoskeleton of 
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crustaceans and cell walls of fungi. Amide (R–CO–NH2) groups in chitin are hydrolysed 

to a primary amine group (R–NH2) to produce chitosan (Figure 2-10). 

 

Figure 2-10. The commercial production of chitosan from chitin (Boroumand et al., 

2021). 

With the function of the amine groups, chitosan has been applied in water filtration to 

bind with sediment particles, most heavy metals, dyes, and oil during sand filtration 

(Yong et al., 2015). It was also reported that the high –NH2 content of chitosan also 

provided antimicrobial possibilities. Fungi, algae, and some bacteria can be suppressed 

to a certain degree by chitosan. The type of chitosan, the degree of chitosan 

polymerization, and the density of –NH2 content could all influence the antimicrobial 

activity of chitosan (Rabea et al., 2003). 

2.2.4.2 Properties 

2.2.4.2.1 Toxins clearance 

2.2.4.2.1.1 Heavy metal waste removal 

Chitosan and its derivatives have been long credited and used in heavy metal waste 

clearance since the 90s (Chui et al., 1996) due to its cost-efficiency comparing with other 
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heavy metal removal methods. Heavy metal ions, including Cu(II) (Ng et al., 2002), Pb(II) 

(Ng et al., 2003), Hg(II) (Shafaei et al., 2007), Cd(II) (Rorrer et al., 1993) and Zn(II) 

(Karthikeyan et al., 2004), absorbed by chitosan and its derivatives have been studied. It 

is found that the heavy metal ions absorption by chitosan has a selectivity and sequence. 

It is not just blindly absorbing all heavy metal ions in contact; instead, different heavy 

metal ions have different binding rates with chitosan, that Cu(II) > Fe(II) > Zn(II) > Cd(II) 

(Kim, 2004). 

The amine groups (-NH2) on the chitosan provide the function of heavy metal ions 

absorption. Additionally, because of its long-chain flexible structure, chitosan can bind 

and trap various heavy metal ions (Ogawa et al., 1993). In an acidic environment, free 

amine groups (-NH2) have the potential to share electronic pairs. Cations, including heavy 

metal ions and hydrogen cations, will be attracted and compete for binding with free 

amine groups (-NH2), which was explained with the equation in Figure 2-11 (Kim, 2004). 

 

Figure 2-11. The amine group binding methods in an acidic environment. M2+ represents 

a heavy metal ion (Kim, 2004). 
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Type II and III (Figure 2-11) are the mechanisms of the heavy metal ion absorption by 

chitosan. Chelation is regarded as the principle to explain the absorption of the heavy 

metal ions by chitosan (Kim, 2004). Based on this model, the pKa value of chitosan would 

help the absorption of heavy metal ions. When the pH value of the environment is larger 

than the pKa value of chitosan, which is about 6.5, –NH3
+ group would be deprotonated 

to –NH2 groups to enable coordination of metal cations and increase the absorption 

capacity of chitosan (Jeon and Höll, 2003). 

2.2.4.2.1.2 Organic waste removal 

Chitosan can also attract organic contaminates, usually oils, phenols (bis-phenol A and 

2,4,6-trichlorophenol), and quinones, via different mechanisms dependent on the intrinsic 

properties of the contaminates themselves. Table 2-6 concludes some examples of organic 

toxin clearance by chitosan and its derivatives: 

Table 2-6. This table concludes some organic contaminates in waste water that can be 

treated and absorbed by chitosan and its derivative (Yong et al., 2015). 

Absorbent material Organic contaminates Reference 

Chitosan beads Quinones 
(Suzuki et al., 2010, Kimura 

et al., 2012) 

D-glucosamine 
(deacetylated unit of 

chitosan) 
p-benzoquinone (Park et al., 2000) 

α-ketoglutaric acid-modified 
chitosan 

Bisphenol A (BPA) (Gong et al., 2010) 

Chitosan/γ-Fe2O3/fly-ash-
cenospheres composites 

Bisphenol A (BPA), 
2,4,6-trichlorophenol (TCP) 

(Pan et al., 2011) 

Chitosan-montmorillonite 
nanocomposite 

Clopyralid herbicides (Celis et al., 2012) 

Chitosan-alginate micro-
shells 

2,4-dichlorophenol (DCP), 
salicylic acid (SA) 

(Ding et al., 2009) 

Chitosan 
Palm oil mill effluent (Ahmad et al., 2006) 

Vegetable oil mill effluent  (Devi et al., 2012) 
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The anionic oily contaminates can be absorbed by chitosan due to the coagulation caused 

by positively charged chitosan molecules at a low pH environment. The quinones were 

found to be oxidized by chitosan in some researches, which were measured by UV 

spectrometer for chemical bond change. Phenols were reported to be absorbed by chitosan 

in some researches, but the mechanism was not well explained. 

It is supposed from the table above that chitosan tends to bind with organic contaminates 

that have conjugated structures. When interacting with these organic contaminates, 

chitosan acts as a coagulant in the absorption processes to aggregate and precipitate those 

organic contaminates. Some anionic compounds, including tannin and humic substances, 

can combine with the positively charged –NH3
+ group and coagulate (Bratskaya et al., 

2004). It is reasonable to infer that chitosan was able to absorb anionic organic 

compounds that have benzene structures. Indoxyl sulfate (IS) and p-cresol sulfate (pCS) 

are exactly included within this category that chitosan can absorb. 

2.2.4.2.2 Antimicrobial 

Antimicrobial is a group of agents used to control the surviving of living microorganisms 

in both chemical and physical ways (Abushaheen et al., 2020, Purssell, 2020). By altering 

the living conditions of the microorganisms in either physical or chemical ways, these 

antimicrobials can kill, suppress or interfere with the reproduction process of the 

microorganisms (Moody and Needles, 2004). Antimicrobial treatment can be divided into 

four main subclasses according to the types of affected microorganisms: 1) antibacterials; 

2) antifungals; 3) antivirals; 4) antiparasitics (Ullah and Ali, 2017). Chitosan has been 

proposed as an antimicrobial agent (Sahariah and Másson, 2017, Goy et al., 2009, Yilmaz 

Atay, 2020), and its rapid haemostasis properties was supposed to be partially resulted 
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from its antimicrobial property (Zhang et al., 2015). The chitosan antimicrobial 

mechanisms are supposed to be: 

• Binding: chitosan (–NH3
+, positively charged) can bind with bacteria surface 

(negatively charged) at lower concentration (< 0.2 mg/mL). At higher 

concentrations, chitosan over-charges bacteria surface to keep them in suspension 

(Papineau et al., 1991, Sudarshan et al., 1992). 

• Permeability altering: the interactions between chitosan and microbial cell 

membrane change the permeability of the cell membrane, resulting in severe 

effects on the glucose digestion of the cells. Permeability changes lead to leakage 

of proteinaceous and other intracellular constituents (Chen et al., 1998, Fang et 

al., 1994, Jung et al., 1999), which kill those microbial cells. 

• Reproduction inhibition: chitosan can also act as a chelating agent to bind with 

selected trace metals to inhibit the reproductions of microbial. When penetrating 

the nuclei of the microbial, chitosan can bind with DNA. The mRNA would be 

probably interfered, and hence suppress the reproduction of the microbial 

(Sudarshan et al., 1992, Cuero et al., 1991). 

• Limited working environment: acidic medium where pH < 6.5 because when 

pH > 6.5, chitosan has very poor solubility. 

• Various killing ranges: chitosan with different molecular weights has different 

efficiencies in killing different microbial (Tokura et al., 1994). 

As the contacting layer to the bloodstream, the chitosan layer is better to be antimicrobial, 

which reduces many concerns in infections during dialysis. 
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2.2.4.2.3 Blood clotting 

Chitosan is currently used in wound healing products to stop bleeding rapidly. The 

positively charged amine groups on chitosan were reported to attract negatively charged 

red blood cells to help with blood clotting (Croisier and Jérôme, 2013, Zhang et al., 2015), 

which should be concerned in future when this material is used in other blood contacting 

applications, such as uraemic toxin absorbent. There are many processes making blood 

clot in clinical HD treatment. Conventional haemodialysis also has concerns in blood 

coagulation due to the increased blood flow rate and contact between blood and dialyzer. 

Anticoagulant drugs, such as tinzaparin and heparin, have been widely used in clinical 

HD treatment (Aursulesei and Costache, 2019, Law et al., 2020). When chitosan was used 

as uraemic toxin absorbent contacting blood directly, anticoagulant drugs should be used 

to minimize the blood clotting. 
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2.2.5 Sorbent material comparison 

Zeolite, porous carbon, MOFs, and chitosan are summarized and compared in Table 2-7, 

regarding to the applications for uraemic toxin clearance. 

Table 2-7. The comparison of sorbent materials. 

Sorbent 

materials 
Zeolite Porous carbon MOFs Chitosan * 

State of 

material 

Crystalline 
powder 

Crystalline 
powder or 
monolith 

Crystalline 
powder 

Semi-crystalline 
powder 

Sorbent 

courier 

Electrospun 
fibres, cast 
membrane 

Carbonized resin 
No courier 
proposed 

Electrospun 
fibre, cast 

membrane and 
gel 

Porosity 500 ~ 1700 m2/g 500 ~ 1700 m2/g 
1860 ~ 2140 

m2/g 
22.21 m2/g * 

Sorption 

principle 

Size-matching 
physical 

adsorption 

Size-matching 
physical 

adsorption 

Size-matching 
physical 

adsorption + 
ionic pairing 

Affinity to 
conjugated 
chemicals 

Target 

uraemic toxins 

Creatinine, urea, 
indoxyl sulfate, 
p-cresol sulfate 

Creatinine, 
indoxyl sulfate, 
p-cresol sulfate, 

hippuric acid 

Indoxyl sulfate, 
p-cresol sulfate, 

hippuric acid 
Indoxyl sulfate 

Toxins 

absorption test 

type 

Immersion 
Immersion + 
circulation 

Immersion Single pass * 

Uraemic toxin 

solution 
Toxin in water 

Toxin spiked 
blood serum or 
patients’ blood, 
and mouse in 

vivo 

Toxin in NaCl 
solution 

Toxin in SBF * 

IS sorption 

capacity 
0.55 mg/g 

CMK-3 3.2 mg/g 
NORIT 3.7 mg/g 
Takeda 0 mg/g 

156 ~ 254 mg/g 0.436 mg/g * 

Initial IS 

concentration 
35 mg/L 10 ~ 26 mg/L 20 mg/L 

5 mg/L and 40 
mg/L * 

References 

(Lu and Yeow, 
2017, Lu et al., 

2017, Wernert et 
al., 2005) 

(Pavlenko et al., 
2017, Sandeman 

et al., 2017, 
Sandeman et al., 

2014) 

(Kato et al., 
2019) 

N/A 

* The data for chitosan is based on the results of PCL/CS fibre (PCL/CS weight ratio is 70/10). 
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Different from other IS targeting adsorbent materials, chitosan is non-porous and able to 

attract IS based on its conjugated structure rather than the molecular size. Additionally, 

the broad sorbent courier choice has widen the application scenario of chitosan and 

compatibility to multiple sorbent materials within one sorbent courier. Therefore, 

chitosan would be studied in this thesis as a novel absorbent material for indoxyl sulfate 

clearance.  



64 

 

2.3 SUPPORTIVE MATERIALS 

Supportive materials are inert materials with suitable mechanical properties and a defined 

structure to provide a stable and interactive environment for functional materials, such as 

sorbent materials and catalysts to perform their functions. Adsorptive materials, such as 

porous carbon, zeolite, and MOFs, are in powder form, which requires a matrix to deliver 

and immobilize them inside a cartridge to prevent leakage into the treated solutions.  

Carbonized resin has been used as an approach to offer porous carbon for uraemic toxin 

adsorption (Sandeman et al., 2017). Zeolite was composed loaded on electrospun fibres 

(Lu et al., 2017, Lu et al., 2015) and membrane (Lu and Yeow, 2017) for uraemic toxins 

adsorption. The MOFs are recently found to adsorb uraemic toxins and how to deliver 

and immobilize the MOFs in a flowing toxin solution is still under development. 

Chitosan is a polymer, which has more composition approaches and flexibilities in 

chemical modifications than inorganic solid porous materials but also more challenges in 

toxin flow contact and function retainment during uraemic toxins removal process. Pure 

chitosan has limited processibility due to its low mechanical strength and bad solubility 

in both organic and inorganic solvents. Therefore, chitosan requires supportive materials 

in various applications (Cheng et al., 2015, Pan et al., 2011, Yasmeen et al., 2016, 

Croisier and Jérôme, 2013) to enhance its mechanical strength and processibility. Thus, 

chitosan is considered to compose with supportive materials for uraemic toxins 

absorption. 

2.3.1 Polycaprolactone (PCL) 

2.3.1.1 General information 

Polycaprolactone (PCL, Figure 2-12) is a biodegradable aliphatic polyester (Labet and 

Thielemans, 2009) with biomedical, FDA-approved applications including tissue patch 
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scaffold, regenerative medicine, drug carrier, and degradable surgery suture. Most raw 

PCL is synthesized by catalyzed ring-opening polymerization of ε-Caprolactone or 

polycondensation of 6-hydroxyhexanoic acid (Labet and Thielemans, 2009). Pure PCL is 

soluble in a range of organic solvents but insoluble in alcohols and aqueous solvents at 

room temperature (Sinha et al., 2004). The PCL is inert to surrounding tissues if 

implanted, and will finally hydrolysed into non-toxic carboxylic acids and alcohols with 

shorter chain length by enzymes within the human body. The table below (Table 2-8) 

shows some physical values of PCL. 

 

Figure 2-12. The constitutional formula of polycaprolactone (Labet and Thielemans, 

2009). 

Table 2-8. Basic information of polycaprolactone (PCL) (Labet and Thielemans, 2009). 

Properties 

Chemical formula (C6H10O2)n 

Appearance Solid white 

Density 1.145 g/cm3 

Melting point 60 °C (140 °F; 333 K) 

Hazards 

NFPA 704 

 

Except noted, data are given for materials in their standard state (at 25 °C [77 °F], 100 kPa). 

2.3.1.2 Applications & limitations 

PCL is one of the most popular polymers in biomedical applications for its 

biocompatibility, biodegradability, relatively good mechanical properties, simple 

chemical structure, non-toxicity, and processability. PCL is also compatible with forming 

https://en.wikipedia.org/wiki/Standard_state
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polymer blends and copolymers with a wide range of other polymers (Coombes et al., 

2002, Jaakkola et al., 2004, Sorkio et al., 2015, Peña et al., 2006). The tensile strength of 

PCL ranges from 4 to 785 MPa (Labet and Thielemans, 2009), offering PCL abilities to 

be customized with desirable mechanical properties for particular applications. The 

Young’s modulus of PCL is about 0.21-0.44 GPa (Labet and Thielemans, 2009), causing 

few stress-shielding effects to the surrounding tissue. PCL is often processed with other 

materials into a fibrous mesh for biomedical applications since this structure mimics some 

physical properties of soft tissue (Dai et al., 2004, Jeong et al., 2004, Sorkio et al., 2015). 

Moreover, there are few reactive functional groups apart from the terminal groups and 

ester bonds on the alkyl backbone of PCL molecules, which makes PCL molecules 

chemically stable in human body fluid. Hydrolysis by the enzyme is the only chemical 

reaction of PCL in the body fluid environment. The hydrolysis reaction does not result in 

toxic or harmful chemicals. Therefore, PCL is considered a harmless polymer material in 

biomedical applications. Furthermore, the biodegradation time of PCL in a body fluid 

environment depends on the molecular weight of PCL the chemical environment 

conditions of the degradation site (Lam et al., 2007, Peña et al., 2006). The half-life of 

PCL was found to be about 18 months in the Dulbecco’s modified Eagle’s medium 

(DMEM) (Peña et al., 2006). Meanwhile, by changing the pH value of the degradation 

medium, the biodegradation time of PCL can be designed (Lam et al., 2007). During the 

degradation, the ester bonds of PCL are cleaved and broken down, causing mass loss 

(Peña et al., 2006, Sinha et al., 2004). Hereby, PCL's biodegradation time matches the 

cell maturation time, which is an excellent feature for tissue support. 

However, PCL has a limited thermal stability because its melting temperature is 60°C so 

that PCL should not be involved in any applications with an operating temperature around 
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60°C as a structural material. Meanwhile, PCL will hydrolyse in water naturally, which 

makes it difficult to deal with long-term application in water. Single-used disposal 

products would be the most popular application scenario of PCL. On the one hand, the 

stability of PCL to surrounding biological environment is beneficial for its applications 

in biomedical researches; on the other hand, the PCL itself cannot provide additional 

functions apart from structural support, resulting in restricted application scenario. 

Therefore, PCL would be composed as a structural support with other active compounds 

to achieve more complex applications. 

PCL has been used for decades in biomedical research, including tissue engineering (Lam 

et al., 2007, Peña et al., 2006, Hutmacher et al., 2001) and drug delivery systems (Chen 

et al., 2000, Sinha et al., 2004). Furthermore, the degradation process generates harmless 

chemicals, which are not effective on the body's normal biochemical processes. Some 

researchers even made PCL into a vaccine carrier (Sinha et al., 2004). In addition, PCL 

is adaptable into various deposition techniques (Hutmacher et al., 2001, Hashimdeen et 

al., 2014). Therefore, the applications of PCL are expanding. 
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2.4 PCL/CHITOSAN COMPOSITE 

The PCL and chitosan have been applied as composite materials with various material 

structures, including particles, dense film, and electrospun fibres, for various application 

requirements. The application examples of PCL/chitosan composite materials with 

different structures are summarized below (Table 2-9). 

Table 2-9. The application summary of PCL/chitosan composites. 

Application Particles Dense films Electrospun fibres 

Drug courier (Jiang et al., 2013)  
(Jung et al., 2015, 
Saudi et al., 2020) 

Tissue engineering  
(Sarasam and 

Madihally, 2005) 
(Roozbahani et al., 

2013) 

Wound dressing   
(Jung et al., 2015, 
Oh et al., 2016) 

Water purification 
(metal ions) 

(Fan et al., 2017)   

Air filter   (Cooper et al., 2013) 

Antibacterial  (Wang et al., 2019) 

(Cooper et al., 2013, 
Hasanpour Ardekani-
Zadeh and Hosseini, 

2019) 

Food packaging  
(Swapna Joseph et 
al., 2011, Wang et 

al., 2019) 

(Hasanpour 
Ardekani-Zadeh and 

Hosseini, 2019) 

Biosensors 
(Sugunan et al., 

2005) 
 

(Schoolaert et al., 
2016) 

The electrospun PCL/chitosan composite has shown a strong application potential 

compared with the particles and dense film due to its fibrous microstructure, which 

benefits the contact between the chitosan and the application targets. 
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2.1 2D/3D FIBROUS STRUCTURES FABRICATION & APPLICATIONS 

2.1.1 3D fibrous structure fabrication concept 

2D and 3D originate from a concept of dimension. The dimension number of an object 

defines the number of coordinates required to describe the occupied space of this object. 

For example, to describe the occupied space of a 1D object, only the length of that object 

is required, such as L = 1 (i.e. 1D object is just a line in space). 2D objects are integrations 

of a series of 1D objects in another coordinate (i.e. width). Length and width are required 

to describe the occupied space of a 2D object. Similarly, 3D objects can be segmented 

along depth coordinate into slices of 2D objects (Figure 2-13). Length, width, and depth 

are all required to describe the space occupation of a 3D object. 

 

Figure 2-13. Dimensions integration concept for 2D to 3D widely used in 3D printing. 

This 2D to 3D concept (Figure 2-13) has been applied in 3D structure fabrications, 

especially 3D printing (Bogue, 2013, Chia and Wu, 2015, Kim et al., 2016). 3D digital 

model construction, object fabrication and post-fabrication processes are the three main 

steps of a conventional 3D printing process. The 3D digital model is firstly designed based 
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on the target object. This 3D digital model is then sliced by software as an integration of 

2D patterns in the Z-axis. The printing materials are spread on these 2D slices. The 

according movement of the collecting plate in the Z direction is followed to physically 

integrate those printed 2D slices to finally make it a 3D product (Chia and Wu, 2015, Kim 

et al., 2016, Bogue, 2013). In terms of fibrous structures, this integration concept would 

also be applicable. 

Electrospinning is capable for the production of 3D fibrous network by applying the 2D 

to 3D integration concept mentioned above. Conventional electrospinning would produce 

a thin layer of isotropic nanofibrous mesh, which could accumulate for a period of time 

to form a permeable 3D fibrous matrix consisting of multiple layers of electrospun fibres. 

2.1.2 Potential applications 

2D/3D fibrous networks have been explored for a broad range of potential applications in 

tissue engineering (Feiner et al., 2016, Sorkio et al., 2015, Petrosyan et al., 2016), food 

industries (Fathi et al., 2014, Ghorani and Tucker, 2015, Rezaei et al., 2015), filtration 

(Ma et al., 2017, Petrosyan et al., 2016), and coating technologies (Uchida et al., 2016) 

thanks to their elasticity, permeability, biodegradability and biocompatibility. The 

microstructure of these fibrous network mimics the extracellular matrix (ECM) of human 

being, promoting recent biomedical researches. Meanwhile, this microstructure is also 

capable of filtrations in water purification and artificial kidney because it offers a high 

surface to volume ratio beneficial for the contact between the fibres and the surrounding 

environment. Compared with solid materials, fibrous networks normally have better 

elasticity, making them more flexible and stretchable. With the booming of robotics and 

other wearable devices in the near future, this flexibility could bring fibrous networks 

more applications in electronics. 
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2.1.3 Current technologies to make fibres and limitations 

Currently, polymer fibres are produced by spinning technologies, which is a specialized  

form of extrusion. There are various spinning processes: wet-spinning, dry-spinning, 

melt-spinning, gel-spinning, and electrospinning, which are summarized in Table 2-10. 

Polymers should be in a liquid form by dissolved or melted in order to participate in a 

spinning process. The liquid containing polymers will be extruded from a spinneret. 

During the extrusion, melted polymer liquid solidifies back to the solid  state by slow 

cooling or quenching, while the dissolved polymer solution needs to remove the solvent 

to extract the solid polymer content. 

Table 2-10. Summary of various fibre making processes. 

Fibre making 

processes 

Material 

choices 

Fibre 

formation 

Operating 

conditions 

Mesh 

structure 
Industries 

Wet-spinning 
Polymer + 

solvent 

Polymer 
coagulates in 
non-solvent 

Room 
temperature, 
atmosphere 

Single fibre 
Acrylic fibre 
production 

Dry-spinning 
Polymer + 

volatile 
solvent 

Solvent 
evaporates in 

the air 

In a chamber 
at room 

temperature, 
atmosphere 

Nonwoven 
mat 

Medical 
masks, 

spandex 
production 

Melt-spinning 
Thermo-
plastic 

polymer 

Polymer melt 
extruded and 
cooled down 

Melting 
temperature, 
atmosphere 

Single fibre 
Nylon 

production 

Gel-spinning 
Polymer + 
gelation 
solvent 

Temperature-
induced 
physical 
gelation 

Room 
temperature, 
atmosphere 

Solvent-rich 
fibres 

High 
strength 

polyethylene 
production 

Electrospinning 
Polymer + 

solvent 

Polymer 
stretched by 
electric field 

High static 
voltage, 

room 
temperature, 
atmosphere 

Ultrafine 

isotropic and 
anisotropic 

fibre 

Biomedical 
material 

fabrication 

Wet-spinning, dry-spinning, melt-spinning, and gel-spinning are usually applied in the 

industrial mass production of fibres compared with electrospinning. They have a larger 

production rate than electrospinning. However, the fibres they produced have larger fibre 
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sizes than electrospinning. The fibre size of electrospinning can go down to nano-scale, 

matching the fibre size requirement for biomedical materials. Therefore, electrospinning 

are more frequently used in biomedical applications, while other spinning processes take 

advantage of mass production. 

In 2013, pressurized gyration was developed as an alternative of dry-spinning for 

biomaterial processing, which could produce polymeric fibres with ultrafine fibre size in 

a high production yield (Mahalingam and Edirisinghe, 2013). However, pressurized  

gyration produces anisotropic mesh (i.e. the influences of the forces applied on the mesh 

from different directions are different) with various fibre sizes, and it has difficulties for 

further adaption with other technologies. Electrospinning excels in its uniformed fibre 

size distribution and isotropic (i.e. the influences of the forces applied on the mesh from 

all directions are the same) mesh products for biomedical applications. It also shows 

possibilities in adapting to other technologies. 

Compared with other 3D structure, such as 3D printed or casted objects, 3D fibrous 

structure would have incomparable surface area to volume ratio, greatly enhancing the 

contact between fabricated material and surrounding environment, which is beneficial for 

absorption applications. It was also the reason why electrospun fibres were used as the 

sorbent courier for uraemic toxin absorption in this thesis. 
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2.2 ELECTROSPINNING 

Electrohydrodynamics (EHD) describes the electric field driven motion of the fluid. EHD 

technology is typically applied to transport and manipulate liquid material in small 

volumes (Vaidyanathan et al., 2015). Electrospinning and electrospray are two popular 

techniques that utilize the EHD concept for fabricating fibres and droplets in micro- and 

nano-scale with various polymeric material choices (Bellan and Craighead, 2009). The 

electrospinning differs electrospray from the viscosity of the feeding fluidic material. 

Materials with high viscosity usually result in electrospinning. 

2.2.1 Principle 

In fundamental physics, charged particles move within an electric field (i.e. positively 

charged particles move from the anode to the cathode in the electric field). A viscous 

solution is extruded from a metallic nozzle connected with a syringe via a silicon tube in 

conventional electrospinning. This syringe is placed on a syringe pump to control the flow 

rate of the feeding material. The tip of a metallic nozzle is fixed and positively charged 

(Bellan and Craighead, 2009). The fluid surface will be positively charged when passing 

through the nozzle. A static electric field is formed between this positively charged nozzle 

and the earthed collecting plate. A cone jet is formed at the tip of the nozzle based on the 

dynamic balance among electric force, the gravity of the fluid, surface tension and the 

interaction forces between particles within the fluid. There is a fluid jet from the tip of 

this cone. Different conditions result in different jet modes, including Taylor cone (Taylor, 

1964) jet and multi-jets. Taylor cone jet has only one fluid jet on the cone so that the 

geometries of the produced particles and fibres stay within a small controllable range. 

However, in the multi-jets mode, there is more than one fluid jet on the cone. The 

production conditions of particles and fibres are not uniformed (i.e. the conditions of each 
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jet in multi-jets mode are different from each other). Thus, the geometries of produced 

particles and fibres are flexible and uncontrollable. For the fabrication of fibres with 

defined geometry, the cone-jet mode is commonly preferred due to the controlled 

geometries of products (Taylor, 1964, Yarin et al., 2001). 

In electrospinning and electrospraying, the viscous precursor solution is only a method to 

manipulate the material for deposition. During the travel from the nozzle to the collecting 

plate, the solvent evaporates so that the extruded polymers desolvate from the solution. 

In electrospraying, fluid would break down into droplets and be solidified into particles. 

These particles will be evenly distributed within the spraying area. In electrospinning, 

fluid is more viscous so it will not break down into particles; instead, the fluid will be 

elongated and coiled during evaporation of the solvent, and finally form an isotropic (i.e. 

the influences of the forces applied on the mesh from all directions are the same) fibrous 

network on the collecting plate (Figure 2-15). The coiling of the jet fluid (i.e. fibre) 

happens during the evaporation of the solvent in the air. The evaporation causes changes 

mainly in the surface tension of the jet. The force on the jet is unbalanced. Therefore, the 

jet starts to bend. The polymer jet track (Figure 2-14) was classified into three successive 

electrical bending instabilities (Reneker and Yarin, 2008), which explains the formation 

of the isotropic mesh by electrospinning. 

The fibre formation of electrospinning was influenced by these parameters: 1) applied 

static electric field strength between the spinneret and collector; 2) polymer solution 

feeding rate; 3) intrinsic physical property of the polymer solution including polymer 

molecular weight, solution viscosity, and solution dielectric properties (Reneker and 

Yarin, 2008, Thompson et al., 2007). The electric field strength, determined by the 

applied voltage and collecting distance, defines the force to stretch and elongate the 



75 

 

polymer fibres so that the fibre diameter will decrease with the increase of the electric 

field strength. The polymer solution feeding rate determines the volume of polymer jet. 

Thus, a smaller polymer solution feeding rate will lead to a smaller fibre diameter. The 

intrinsic physical properties of the polymer solution are a series of complex factors 

influencing the fibre formation because these properties determine the surface tension and 

charge retention of the polymer jet which constitute the force balance at the Taylor cone. 

 

Figure 2-14. Jet path segmentation due to different bending instabilities (Reneker and 

Yarin, 2008). 

 

Figure 2-15. Example of electrospun fibrous network morphology in SEM (Sun et al., 

2014). 
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2.2.2 Equipment setups 

2.2.2.1 Basic setup 

A conventional electrospinning/electrospray setup consists of three sub-systems: 1) static 

voltage supply; 2) polymer solution feeding system; 3) collecting system, which is 

demonstrated in Figure 2-16. The static voltage supply controls the spinning voltage 

between the spinneret and the collector to stretch the polymer jet. The polymer solution 

feeding system is in charge of polymer solution flow rate control. The collecting system 

defines the way to collect the electrospinning product, which sometimes influences the 

fibre alignment and coverage pattern of the product. These three systems would be 

modified to produce electrospun fibres and electrospray particles with various patterns 

and functions. 

 

Figure 2-16. The setups of conventional electrospinning (Sapountzi et al., 2015). 

2.2.2.2 Co-axial spinneret 

The co-axial spinneret is a modification on the spinneret nozzle for dual polymer solution 

feeding, which potentially produces a “core-shell” structure. A co-axial spinneret system 

combines multiple single spinnerets with separated polymer solution inlets and joint 

outlets where these outlets were installed in a co-axial configuration. Multiple polymer 
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solutions are allowed to feed separately and simultaneously, and unite at the outlet nozzle 

as a stratified laminar flow in such a co-axial spinneret system. Figure 2-17 has provided 

an overview of a co-axial spinneret system with dual feeding of the polymer solutions. 

 

Figure 2-17. The illustration of co-axial electrospinning.(a) The equipment setups of co-

axial electrospraying (Zhang et al., 2012). (b) The polymer solution arrangement in the 

co-axial spinneret. 

2.2.2.3 Multi-channel spinneret 

The multi-channel spinneret is an engineering modification on the spinneret normally for 

production time-saving. The spinneret in a conventional electrospinning setup has only 

one inlet and one outlet. In comparison, the multi-channel spinneret has one inlet but more 

than one outlet so that each outlet would have the same polymer solution flow rate. 

Compared with the conventional single spinneret, the multi-channel spinneret could 

enhance the coverage of the electrospun membrane and increase the production yield to 

a certain extent. Additionally, the multi-channel spinneret is helpful for the electrospun 

fibre quality control in the repeating production. Figure 2-18 illustrates the differences 

between the single nozzle and multi-channel spinneret. 
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Figure 2-18. Schematic drawing of two types of spinnerets.(a) nozzle and (b) channel 

(Li et al., 2015). 

2.2.2.4 Auxiliary electrodes 

Auxiliary electrodes could be installed between the spinneret and the collector (Figure 

2-19a) to introduce an electric field lateral to the polymer jet direction for jet spread 

manipulation. The charged polymer jet would rotate under the spinning driving electric 

field, resulting in random orientation of fibres. An auxiliary electric field would give a 

lateral momentum to the charged polymer jet to compress the spread of the polymer jet 

in a lateral direction (Figure 2-19b) and regulate the orientation of the fibres. 

 

Figure 2-19. Schematic drawing of auxiliary electrodes for fibre alignment control.(a) 

Equipment layout. (b) Fibre spreads from different points of view (Arras et al., 2012). 
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The conventional electrospinning process would produce a fibrous network with isotropic 

fibrous structures, while the auxiliary electrodes setup could provide an anisotropic 

fibrous structure (Figure 2-20a). Anisotropic and isotropic fibrous meshes are both useful 

in tissue engineering but for different applications (Arras et al., 2012). 

 

Figure 2-20. The electrospun fibre alignment comparison between (a) auxiliary 

electrodes (Arras et al., 2012) and (b) conventional setup. 

2.2.2.5 Rotating cylindrical collector 

The rotating cylindrical collector is the most straightforward way to regulate the fibre 

orientation of the electrospun product. As shown in Figure 2-19a, a rotating cylinder was 

used to collect the electrospun fibres instead of using a flat collecting plate. Additionally, 

the rotating cylindrical collector could also help with the even distribution of the fibrous 

mesh to avoid over-accumulation of fibres at a certain point. 

2.2.3 Electrospinning with composite precursor solutions 

Electrospinning is compatible with composite material fabrications because the electric 

field has little influence on the physical and chemical properties of most materials. The 

composite electrospinning could be classified into two types according to the solubility 
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of the functional composites in the solvent system. A co-axial spinneret setup could also 

be used to produce composite electrospun fibres. 

2.2.3.1 Soluble composites in precursor solution 

In the soluble composite approach, all composites in the polymer blend should be soluble 

in the solvent system, forming a homogeneous viscous solution. The composites would 

be evenly distributed within the fibrous mesh, and the composition fraction could be 

easily maintained after electrospinning. The arrangement of different composite 

molecules within the mesh is still unknown but supposed to be interwinding with high 

molecular weight or “beads-on-string” with low molecular weight. However, the 

electrospunable material choice is limited in polymers and organic compounds for this 

approach because it is difficult to find a solvent system soluble for all ingredients. 

2.2.3.2 Insoluble composites in precursor solution 

In the insoluble composite approach, only the supportive polymer has to be soluble in the 

solvent system, while other composites could be either soluble or insoluble in the solvent. 

This approach has widened the composite material choices, giving chances for the 

composition between organic compounds and inorganic compounds, but brought self-

aggregation to particles and uncertainty on insoluble content retainment that some 

insoluble particles would be centrifuged during the spread of the polymer jet. It was found 

that the smaller the composite particles were, the harder those particles would be 

centrifuged, so that nanoparticle composites were preferred with this approach. 

2.2.3.3 Co-axial spinneret approach 

As mentioned in section 2.2.2.2, more than one polymer solution supply could be fed 

simultaneously for “core-shell” fibre production. This “core-shell” structure is considered 

one type of composition. In this approach, the arrangement of different composites was 

directly controlled by choosing inner and outer feeding polymer solutions. The fibres 
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fabricated with co-axial spinneret could connect a strong enough supportive structure 

with excellent exposure of functional composites. However, the control of multiple 

polymer solution feedings and equipment maintenance are always challengeable. 

2.2.4 Porous fibre formation 

Electrospun fibrous meshes have a high surface area to volume ratio, which is entitled the 

electrospun meshes with the name of “porous membrane”. However, electrospun fibres 

tend to have a smooth fibre surface due to the evenly distributed surface tension during 

the spinning period. This “porosity” is referred to the gaps between the anisotropic 

electrospun fibres. To further increase the contact between the electrospun meshes and 

surrounding environment, and hence enhance the absorption perforamce of a electrospun 

mesh, the electrospun fibre surface could be modified with either internal or external 

porosity (Huang and Thomas, 2018). The conventional electrospun mesh and the 

electrospun mesh with porous fibre were defined and compared in Figure 2-21. 

 

Figure 2-21. Schematic diagram comparing (a) conventional electrospun mesh and (b) 

electrospun porous fibres (Huang and Thomas, 2019). 
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The first electrospun porous fibre was developed by Bognitzki et al. in 2001 on poly-L-

lactide (PLLA), polycarbonate (PC), and polyvinylcarbazole (PVK), with volatile solvent 

dichloromethane (DCM) (Bognitzki et al., 2001). Since then, other researchers started to 

investigate electrospun porous fibres and found some other combinations of solvent and 

solvate successful or unsuccessful in electrospun porous fibre fabrication. So far, there 

have been mainly two types of approaches developed for electrospinning porous 

polymeric fibres: 1) phase separation approaches and 2) sacrificed nanoparticles approach. 

2.2.4.1 Phase separation approaches 

Phase separation approaches are “one-step” processes to fabricate electrospun porous 

fibres without further treatment to open pores. Bognitzki et al. (2001) has found that the 

PLLA/DCM solution could be used to fabricate electrospun porous fibres and explained 

the mechanism of pore formation with rapid evaporation of the volatile solvent (Bognitzki 

et al., 2001). However, this hypothesis was proven to be insufficient to explain all the 

porous fibre formations when acetone, a volatile solvent, was found unable to produce 

porous fibres (Huang and Thomas, 2019, Li et al., 2013). Later on, the successful 

productions of electrospun porous fibres with dimethylformamide (DMF) (Lu and Xia, 

2013) and dimethyl sulfoxide (DMSO) (Huang and Thomas, 2018) have revealed more 

possibilities of porous fibre synthesis with low volatility solvents. With the efforts of 

other researchers, it has been concluded that the phase separation approach for 

electrospun porous fibre formation could be classified into four mechanisms: 1) breath 

figures (BF); 2) vapour induced phase separation (VIPS); 3) non-solvent induced phase 

separation (NIPS); 4) thermally induced phase separation (TIPS) (Huang and Thomas, 

2019, Li et al., 2015). The porous fibre formation conditions have summarized in Table 

2-11, and these mechanisms have been explained in Figure 2-22. 
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Table 2-11. The porous fibres formation requirements with phase separation approach. 

Mechanism Solvent Polymer Humidity Pore type Reference 

Breath figures 

(BF) 

High volatility; 

poor water 

miscibility 

(e.g. DCM, 

chloroform, 

tetrahydrofuran) 

Poly(lactic acid) 

(PLA), 

polystyrene, 

polymethyl 

methacrylate 

(PMMA) 

High 

humidity 

(>70%RH) 

External 

(Figure 

2-22a) 

(Huang and 

Thomas, 

2018) 

Vapour induced 

phase 

separation 

(VIPS) 

Low volatility; 

good water 

miscibility 

(e.g. DMF, 

DMSO) 

PLA, PS, 

PMMA 

Moderate 

humidity 

(~40%RH) 

External and 

internal 

(Figure 

2-22b) 

(Huang and 

Thomas, 

2018) 

Non-solvent 

induced phase 

separation 

(NIPS) 

High volatility 

for solvent 

(e.g.) 

+ 

low volatility 

and water-

miscible for 

non-solvent 

PLA, 

polycaprolactone 

(PCL) 

Moderate 

humidity 

(~40%RH) 

External or 

internal 

(Figure 2-22c 

and Figure 

2-22d) 

(Huang and 

Thomas, 

2018) 

Mechanism Requirements Pore type Reference 

Thermally-

induced phase 

separation 

(TIPS) 

High temperature change 

(e.g. liquid nitrogen bath collector) 

External and 

internal 

(Figure 

2-22e) 

(McCann et 

al., 2006) 
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Figure 2-22. Schematic diagrams of phase separation approaches for pore formation.(a) 

breath figures (BF), (b) vapour induced phase separation (VIPS), non-solvent induced 

phase separation (NIPS) process, showing (c) external porosity and (d) internal porosity 

(Huang and Thomas, 2018), and (e) thermally induced phase separation (TIPS) (Li et al., 

2015) . 

2.2.4.2 Sacrificed component approach 

The sacrificed component approach is a “two-step” porous fibre formation approach 

consisting of sacrificed component composition and selective removal steps. The 

sacrificed components are mixed and electrospun with polymer blend to form 

“nanoparticles on string” structure, followed by selective removal of these sacrificed 

components for pores opening while maintaining the fibrous structure. This approach is 

applicable for both hydrophilic and hydrophobic polymers with various sacrificed 
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components and removal solution choices. Table 2-12 shows some examples of the 

sacrificed component approach for pores making. 

Table 2-12. Examples of porous fibre production with sacrificed component approach 

(Huang and Thomas, 2019) 

Porous fibres Sacrificed component Removal methods Reference 

Polyacrylonitrile 

(PAN) 
SiO2 Extracted with HF (Ji et al., 2008) 

Polyacrylonitrile 

(PAN) 

Polyethylene oxide 

(PEO) 

Immersed in water at 

70 ºC for 10 min 

(Zhang and Hsieh, 

2006) 

Polycaprolactone 

(PCL) 
NaCl or CaCO3 

Water to remove NaCl, 

2 mol/L HCl to remove 

CaCO3 

(Wang et al., 2009) 

2.2.5 Applications & limitations 

Electrospinning takes advantage of easy setup, adaptability and broad material choices 

for nanofiber fabrication. It produces fibres at a wide range of temperatures and pressure, 

including room temperature and atmospheric pressure, beneficial for biomaterial 

synthesis and function retainment. Furthermore, the product is a self-assembly isotropic 

fibrous network, giving promised applications in 2D/3D printing industries (Sun et al., 

2014). This nanotechnology benefits bioengineering and shows a significant potential 

application in polymer fibre industries. These polymer fibres can be used in biomaterials, 

tissue engineering, regenerative medicine, artificial skin, military protective clothing, 

coating, sensors, fibrous electronics, and cosmetics (Huang et al., 2003, Wu et al., 2005) 

due to the morphology of the fibre mesh, which is mimicking the extracellular matrix 

(ECM) of human tissue. ECM is vital for tissue construction (Hansen et al., 2015). The 

biomimicking of ECM in biomaterial design can promote the compatibility and feasibility 

of the material. 

However, limitations of electrospinning are also manifest that electrospinning is 

challenging to be adapted to mass production in the industry. Moreover, the bending 
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instability of polymer jet gives uncertainties to the spread of the extruded nanofibres. The 

solvent for polymer should be able to evaporate quickly under the deposition condition 

and at the same time a reasonable dissolution of polymer materials (Bellan and Craighead, 

2009). Although electrospinning does not require vacuum or high pressure, the setup 

adaption is limited by the required high static voltage (introducing an intrinsic safety 

hazard and incompatibility with some electronic devices) and the homogenous, 

unpatternable hierarchy of the produced fibrous mat. When masks were used in 

electrospinning to control the product pattern, the mask design, fabrication, and removal 

raised more problems and made the process inefficient. 
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Chapter 3 | Material characterization and functional test 

3.1 MATERIAL CHARACTERIZATION 

3.1.1 Chemical validation via FTIR 

Fourier transform infrared spectroscopy (FTIR) is a chemical analysis technique used to 

obtain an infrared spectrum of absorption or emission of a material to identify the 

chemical composition of the material. Infrared light waves in a frequency range come 

from the source at once, passing through the sample and received by the detector (Figure 

3-1). A particular chemical bond connecting two chemical groups allows limited 

molecular vibration (e.g. stretching and bending) to absorb infrared light waves of a 

specific series of frequencies via resonance. This feature is used to identify the chemical 

bond contents within the sample on the molecular scale. Those detected light waves 

frequencies are separated and processed in the frequency domain to tell the frequencies 

of absorbed light waves (Leng, 2013c). 

 

Figure 3-1. Schematic diagram of FTIR. 
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The measured data in FTIR can be displayed as either transmittance or absorption. The 

converting equation between the transmittance (%T) and absorption (A) in FTIR data is 

addressed in Beer-Lambert Law.  

%T =  10−𝐴 (Equation 2) 

where %T is the transmittance, and 𝐴 is the absorption. 

This equation relates the attenuation of light to the material's properties through which 

the light is travelling. It is broadly used in chemical analysis, including FTIR. Some 

corrections may be added according to specific circumstances. 

In this research, the chemical bond validation was conducted on an FTIR machine 

(Spectrum Two, PerkinElmer, Beaconsfield, UK) with a wavenumber range from 4000 

cm-1 to 400 cm-1. Each sample was scanned for 5 mins under a pressure of 100 Gauge. 

3.1.2 Chemical compositional investigation via TGA 

Thermogravimetric analysis (TGA) is a thermal analysis method to determine the 

sample's physical and chemical behaviours in a temperature range under a controlled 

atmosphere condition, including phase transition, absorption and desorption, chemical 

reactions, and thermal decomposition. It detects the weight change of the sample with the 

change of the temperature. This method is widely used in polymer material thermal 

property tests. A conventional TGA machine contains a precise sample balance placed 

inside a furnace and a programmable temperature control system. The sample temperature 

is controlled and changed at a constant rate, which will trigger a thermal reaction, such as 

decomposition and phase transition. The atmosphere condition of the thermal reaction 

chamber can also be controlled with air, vacuum, gases or vapours of liquid. The 

thermogravimetric data collected from the thermal reactions are plotted by mass or 



89 

 

percentage of initial mass versus either temperature or time (Figure 3-2a). Figure 3-2b is 

referred to a typical TGA curve (Leng, 2013b, Coats and Redfern, 1963). 

 

Figure 3-2. Schematic diagram of TGA.(a) Equipment setup; (b) an example TGA curve. 

In this research, the TGA test was conducted using a thermogravimetric analyser (TGA 

4000, PerkinElmer, Beaconsfield, UK) on samples for composition investigation. The test 

temperature ranged from 30°C to 500°C. The sample temperature was increased from 

30°C to 100°C rapidly at 35°C/min, then held at 100°C for 15 mins to remove all water 

and absorbed gases. The temperature was then increased from 100°C to 500°C at 

10°C/min. Nitrogen was used with a gas flow rate of 20 mL/min. The TGA curves and 

data could also be used to calculate the actual composition fraction of the samples. 

3.1.3 Sample surface characterization via Profilometer 

A profilometer is a scanning probe microscopy to study the topography of a material with 

a stylus scanning the sample surface (Figure 3-3). The detection range of the profilometer 

can go down to nanometres. The stylus of the profilometer physically touches the sample 

surface with a pre-set force. When it moves across the sample surface, the stylus’ position 

will change according to the hills and valleys on the sample surface. The computing 

system can draw a map according to the movement of the stylus. The result is an 
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approximation of the cross-section of the sample. The upper outline of the cross-section 

tells the profile of the sample surface. 

 

Figure 3-3. Schematic diagram of profilometer. 

In this research, the cross-section profile and thickness of the membrane samples were 

measured by a profilometer (DektakXT, BRUKER, USA). The profile amplitude range 

of the profilometer measurement was set to 65.5 µm for the detection of both hill and 

valley profiles, and the stylus force was set to 1 mg. The stylus moving length was set 

according to the sample type. An average thickness was calculated for each sample based 

on three measurement points. 

3.1.4 Microstructural characterization via SEM 

Scanning Electron Microscopy (SEM) is a type of electron microscope (Leng, 2013a). It 

is used to visualize the sample surface in micron and nano-metres by scanning it with an 

electron beam (Figure 3-4). Electrons generated from the electron gun are focused by 

condensation lens and apertures and accelerated by acceleration voltage to form a primary 

electron beam (PE). The PE will be incident to the sample surface atoms and either 

interact with their electrons in conduction or valence bands by inelastic scattering to form 

secondary electrons (SE). The PE would also be reflected or back-scattered out of the 

sample interaction range by elastic scattering to form backscattered electrons (BSE). The 

computer will map the sample surface down to 1 nm according to the received SE or BSE. 

The intensity of SE is related to the conductivity of the sample surface, while the contrast 
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of BSE is proportional to the mass of the nucleus on the sample surface. Thus, the sample 

surface is suggested to be coated with gold to enhance the surface conductivity and 

nucleus mass of surface atoms to obtain a high-resolution SEM image. 

 

Figure 3-4. Schematic diagram of SEM. 

In this research, all samples were coated with gold by a sputter coating machine (Q 150R 

ES, Quorum, Lewes, UK) to a depth of 15 nm, prior to characterisation by SEM (EVO 

LS15, Carl Zeiss AG, Oberkochen, Germany). A secondary electron (SE) detector was 

used for imaging, which is beneficial for structural recognition. 

3.1.5 Elemental mapping via SEM/EDS 

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique for elemental 

characterization of a sample, consisting of an excitation source (e.g. electron beam and 

X-ray beam), an X-ray detector, and a pulse processor. An EDS measurement often 

conducted along with SEM via electron beam excitation (Figure 3-4). The EDS relies on 

characteristic radiation emissions from the specimen by the interactions between the 

incident X-ray and the specimen. The incident X-ray can excite the electron at the ground 
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energy level in the inner shell, ejecting the electron and leaving an electron hole. Another 

electron from the outer shells at a higher energy level may fill in the electron hole and 

emit radiation in the form of an X-ray. The X-ray detector can detect the count and 

emission energy to form characteristic X-ray emission spectra due to the atomic structure 

and energy level difference between the two shells of the element. The elemental mapping 

can be achieved by adapting EDS with SEM or scanning transmission electron 

microscope (STEM) and changing the excitation source into an electron beam. In this 

research, the elemental mapping of the degrading samples was conducted by an 

SEM/EDS system (AZtecOne with X-MaxN 20, Oxford Instruments, UK). 

3.1.6 Fibre diameter distribution evaluation 

The fibre diameter of the PCL/chitosan composite mesh samples was measured using 

ImageJ (ImageJ 1.50i, National Institute of Health, Bethesda, USA) based on the sample 

SEM images. After scale calibration of each image, the fibre diameters were measured 

by drawing the shortest line across the fibres and measuring the length of these lines. 

Three SEM images were taken on one mesh sample at random locations with circa 180 

cross lines in each sample SEM image in order to obtain the fibre diameter distribution 

curve. These distribution curves were plotted based on the log-normal distribution in 

Origin (Origin Pro 2017, OriginLab Co., Massachusetts, USA). 

3.1.7 Specific surface area and porosity analysis via BET 

Brunauer-Emmett-Teller (BET) theory is the fundamental theory applied to quantify a 

specific surface area of a solid surface, extended from the Langmuir theory to describe 

the physical adsorption of gas molecules on a solid surface. Nitrogen is the most 

commonly used gas in BET analysis because it is chemically inert to most substances. 
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Based on the hypotheses of the BET multilayer adsorption model, the BET equation is 

expressed as: 

1

𝑣 [(
𝑝0
𝑝 ) − 1]

 =  
𝑐 − 1

𝑣𝑚 𝑐
 (

𝑝

𝑝0

) +  
1

𝑣𝑚𝑐
 (Equation 3) 

where 𝑝 and 𝑝0  are the equilibrium and the saturation pressure of the absorbates at the 

temperature of adsorption; 𝑣  is the volume of adsorbed gas, and 𝑣𝑚  is the volume of 

monolayer adsorbed gas; 𝑐 is the BET constant. 

The specific surface area (𝑆𝐵𝐸𝑇 ) of the solid sample is given by: 

𝑆𝐵𝐸𝑇 =  
𝑣𝑚 𝑁𝑠

𝑉𝑎
 (Equation 4) 

where 𝑣𝑚 is the volume of monolayer adsorbed gas; 𝑁 is the Avogadro number (6.02 x 

1023 mol-1); 𝑠 is the cross-sectional adsorption area of the solid sample; 𝑉 is the molar 

volume of the adsorbate gas (i.e. nitrogen, 22.4 L/mol), and 𝑎 is the solid sample weight. 

The specific surface area of the membrane was measured using BET equipment (NOVA 

Touch, Quantachrome, Fleet, UK). The sample was trimmed into a 2 cm2 rectangular 

piece, dried under vacuum at 30°C for 20 hours to remove all impurities, and weighed. 

The BET analysis was then conducted using nitrogen as the adsorbate gas at a bath 

temperature of 77.35K. The bath thermal delay was set to 600 seconds with helium 

backfill mode. The adsorption isotherm (BET plot) was obtained to calculate the specific 

surface area of the sample. 

3.1.8 Water absorbability analysis of the absorbent 

The water absorbability of the absorbent samples was recorded and analyzed using an 

optical tensiometer (Theta, Attention®, Biolin Scientific, Finland). Deionized water was 
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dropped on the sample surface and filmed by a high-speed camera at 50 frames per second 

(Figure 3-5). The contact angle was analysed by the OneAttention® software (Version 2.3, 

r4459, Biolin Scientific, Finland) over a period of time. Each experiment would last for 

up to 1 minute from the first recorded data point if no absorption occurred or until the 

sample completely absorbed the droplet. A contact angle-time curve was plotted to 

analyze the water absorbability of the PCL/CS absorbent. The time-labelled images were 

also shown in sequence to visualize the water absorption process. 

 

Figure 3-5. Schematic diagram of contact angle measurement. 

3.1.9 Uraemic toxins concentration measurement via HPLC-UV 

High performance liquid chromatography (HPLC) is an analytical technique for solvate 

separation, identification, and quantification in a liquid mixture. A typical HPLC 

equipment consists of a mobile phase solvent system, sampler, pump, absorbent column, 

and detector (Figure 3-6). A fixed volume of the liquid mixture was spiked into the mobile 

phase flow, sent to the absorbent column. The interactions between the solvate and 

absorbent materials in the absorbent column delay the time that the solvate travels through 

the absorbent column. Different solvates have different delay times in the absorbent 

column, leading to solvate separation of a liquid mixture with multiple solvates (Figure 
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3-7). The detector, for example, UV absorption, fluorescence, and mass spectroscopy, 

involves identifying each separated solvate. The response given by the detector is 

proportional to the solvate concentration, which is used to quantify each separated solvate 

based on the peak location and area of the received response curve. 

 

Figure 3-6. An flow diagram of HPLC (Shimadzu.com, 2021). 

 

Figure 3-7. The liquid separation in the HPLC column (Shimadzu.com, 2021). 
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In this research, an HPLC-UV was used to quantify the indoxyl sulfate and creatinine 

content in the liquid samples. A UV beam incident the mobile phase flow after the 

absorption column, interacting with the conjugated electrons of the molecules in the 

liquid mixture. The conjugated electrons at the highest occupied molecular orbital 

(HOMO) can absorb energy from the UV beam and be excited to the lowest unoccupied 

molecular orbital (LUMO), resulting in absorption at a particular wavelength in the UV 

spectra (Figure 3-8). The UV detector was set at that wavelength to receive the absorption 

response for further quantitative analysis. A linear relationship exists between the 

absorption peak area of a specific chemical compound obtained from the HPLC spectrum 

and the compound concentration in the sample, which is used to calculate the target 

molecule concentration in an unknown solution from the absorption peak area. This linear 

relationship equation is given by a standard solution series and expressed as the following 

equation: 

𝑆𝑝𝑒𝑎𝑘 = 𝑘 ∙ 𝐶 + 𝐴 (Equation 5) 

where 𝑆𝑝𝑒𝑎𝑘  (μV·s) is the absorption peak area of the target chemical compound in the 

sample obtained from the HPLC spectrum; 𝐶  (mg/L) is the concentration of the 

corresponding chemical compound in the sample solution; 𝑘 and 𝐴 are the slope and 

interception of the calibration curve respectively. 
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Figure 3-8. Schematic diagram of UV absorption.(a) Light path for UV absorption; (b) 

UV interacts with conjugated structure. 

To measure the concentration of the target compound in liquid samples, 10 mL ice-cold 

acetonitrile was added to 5 mL of the filtered solution samples to precipitate all protein 

content completely. Precipitated solutions were vortexed and centrifuged at 3000 rpm 

25°C for 10 min. Supernatants were then extracted, and the target compound 

concentration was measured by HPLC-UV equipment (Flexar, PerkinElmer, USA) with 

a C18 column (Hypersil, 3 µm C18, 130Å, LC Column 250 × 4.6 mm, Thermo Scientific, 

Massachusetts, USA). Mobile phase A: acetonitrile. Mobile phase B: DI water. The 

mobile phase B profile in the experiment was: 0 ~ 8 min, 100% with a flow rate of 1.0 

mL/min and an injection volume was 20 µL. The IS and creatinine were detected at 278 

nm and 234 nm, respectively, using a UV-vis detector. The absorption peaks of IS and 

creatinine were identified at 0.9 min and 1.0 min, respectively. The target compound 

concentration of the sample solutions was calculated from the working line obtained from 

the standard solution series.  
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3.2 SIMULATED URAEMIC TOXIN SOLUTIONS 

3.2.1 Simulated body fluid for uraemic toxin absorption test 

Simulated body fluid (SBF) is a buffer solution mimicking the ionic environment of 

human blood plasma for in vitro studies. The ionic contents in a typical SBF are listed in 

Table 3-1. 

Table 3-1. Comparison on ionic contents in the human blood plasma and SBF (Kokubo 

and Takadama, 2006). 

Ions 
Ionic concentration (mmol/L) 

Human blood plasma SBF 

Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 103.0 147.8 

HCO3
- 27.0 4.2 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

pH 7.2-7.4 7.40 

The SBF could be purchased commercially or prepared according to the well-established  

recipe (Kokubo and Takadama, 2006). Briefly, reagents listed in Table 3-2 were added 

and dissolved into 700 mL de-ionized water according to the listing order at 36.5 ± 1.5 °C 

under stirring in a plastic container with a smooth internal surface. At this point, the pH 

value of the solution should be 2.0 ± 1.0. Tris(hydroxymethyl)aminomethane (tris, 6.118 

g) and hydrochloride acid (1 mol/L HCl, 0~5 mL) were added into the solution slowly 

under the monitoring of the solution pH value until the pH value became 7.40. The as-

prepared SBF should be a transparent colourless solution without precipitation and stored 

in a plastic bottle with a lid at 4 °C. 
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Table 3-2. Reagents list in the SBF. 

Reagent Amount Brand 

NaCl 8.035 g BioXtra, ≥ 99.5%, S7653, Sigma-Aldrich 

NaHCO3 0.355 g BioReagent, S5761, Sigma-Aldrich 

KCl 0.225 g ACS reagent, ≥ 99.0%, P3911, Sigma-Aldrich 

K2HPO4·3H2O 0.231 g ReagentPlus®, ≥ 99.0%, P5504, Sigma -Aldrich 

MgCl2·6H2O 0.311 g ACS reagent, ≥ 99.0%, M9272, Sigma-Aldrich 

1.0 mol/L HCl 39 mL Diluted from ACS reagent, 37%, 258148, Sigma-Aldrich 

CaCl2 0.292 g Anhydrous, granular, ≥ 93.0%, C1016 , Sigma-Aldrich 

Na2SO4 0.072 g 
ACS reagent, ≥ 99.0%, anhydrous, powder, 238597 , 

Sigma-Aldrich 

 

3.2.2 Toxin concentration list 

The SBF was spiked with target uraemic toxins with specific concentrations to simulate 

the blood serum of CKD patients, which would be used to test the sorbent materials 

developed in this thesis. The target uraemic toxins’ concentrations in the uraemic toxin 

solutions are listed in Table 3-3. The detailed preparation of these uraemic toxin solutions 

are described in following sections. 

Table 3-3. Uraemic toxins’ concentrations in the uraemic toxins solutions. 

Uraemic toxin 

solution type 

Uraemic toxin 

content 

Uraemic toxin 

total 

concentration 

Albumin 

concentration 

Albumin 

binding 

Free-form IS 
solution 

IS 40 mg/L No albumin No 

Albumin-bound 
IS solution 

IS 40 mg/L 50 g/L Yes * 

Creatinine 
solution 

Creatinine 20 mg/L No albumin No 

* The albumin-IS binding was validated in section 3.2.6. 
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3.2.3 Free-form IS solution preparation 

80 mg indoxyl sulphate potassium salt (for HPLC, ≥ 99%, Sigma-Aldrich, I3875-1G) was 

added to simulated body fluid (SBF, purchased from Heart Biological Technology Co. 

Ltd, China) to make 1 L solution in a volumetric flask. Dilution was used to prepare the 

calibration gradient solutions (80 mg/L, 40 mg/L, 20 mg/L, 10 mg/L, and 5 mg/L) and 

two concentrations of IS (40 mg/L and 5 mg/L).  

3.2.4 Creatinine solution preparation 

First, 40 mg creatinine (anhydrous, ≥98%, Sigma-Aldrich, C4255-10G) was dissolved 

into 10 mL simulated body fluid (SBF, Xi’an Hat Biotechnology Co. Ltd., Xi’an, China) 

to make a concentrated creatinine solution ([creatinine] = 4 g/L) in a Falcon tube. About 

38.8 mL SBF was subsequently added into 0.2 mL concentrated creatinine solution to 

make a 40 mL solution. After vortex, the solution was ready for testing as the creatinine 

precursor solution ([creatinine] = 20 mg/L). 

3.2.5 Albumin-bound IS (HSA-IS) solution preparation 

250 mg indoxyl sulfate potassium salt (for HPLC, ≥ 99%, Sigma-Aldrich, I3875-1G) was 

dissolved into simulated body fluid (SBF, purchased from Heart Biological Technology 

Co. Ltd, China) to make 50 mL concentrated solution ([IS] = 5 g/L) in a Falcon tube. 2.5 

g human serum albumin (HSA, purchased from MP Biomedicals) was added into a 50 

mL Falcon tube. 0.4 mL concentrated IS solution ([IS] = 5 g/L) was subsequently added 

into the Falcon tube with HSA powder. More SBF was then added to make 50 mL solution 

([IS]total = 40 mg/L, [HSA]total = 50 g/L). This HSA-IS solution was then incubated at 

37°C for 24 hours. After incubation, the albumin-bound IS solution was stored in the 

fridge at 4°C until testing. 
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3.2.6 HSA-IS binding validation 

In the bloodstream, the human serum albumin (HSA) can bind with indoxyl sulfate (IS) 

non-covalently via the Sudlow II binding site (Meijers et al., 2008a, Meijers et al., 2009), 

resulting in clearance difficulties in haemodialysis. This HSA-IS interaction should be 

simulated for the IS absorption test. 

3.2.6.1 Validation method of HSA-IS binding 

10 mL HSA-IS solution, prepared in section 3.2.5, was added into a centrifugal filter tube 

(30,000 NMWL, Ultracel® - 30K, Amicon® Ultra – 15, Merck, UK) with a filter size of 

30 kDa, and centrifuged at 4000 rpm for 30 min. The HSA (61 kDa) cannot pass through 

the 30 kDa filter, while the unbound IS molecules (261 Da) can travel through the filter 

freely. As a result, this 30kDa filter can separate the free-form IS from the HSA. 

Noticeably, if the IS molecules bind with the HSA molecules, the HSA-bound IS would 

not pass through the 30 kDa filter. The total IS concentration in the filtered solution was 

evaluated by HPLC-UV according to the process in section 3.1.9. Briefly, 10 mL ice-cold 

acetonitrile was added to 5 mL of the samples to precipitate all protein content completely. 

Precipitated solutions were vortexed and centrifuged at 3000 rpm 25°C for 10 min. 

Supernatants were then extracted, and the IS concentration was measured using a high 

performance liquid chromatography (HPLC) (Flexar, PerkinElmer, USA) equipped with 

a C18 column (Hypersil, 3µm C18, 130Å, LC Column 250 × 4.6 mm, Thermo Scientific, 

Massachusetts, USA). Mobile phase A: acetonitrile. Mobile phase B: de-ionized water. 

The conditions for the mobile phase B profile in the experiment were: 100% with a flow 

rate of 1.0 mL/min between 0-8 min and an injection volume of 20 µL. IS was detected 

at 278 nm using a UV-vis detector. The area of IS absorption peak, identified at 0.9 min, 

was used to calculate the IS concentration in the sample solution. An unfiltered HSA-IS 



102 

 

solution was tested as the positive control, while an SBF solution was the negative control. 

The HSA-IS binding fraction is calculated by the equation below: 

𝜙𝐻𝑆𝐴−𝐼𝑆 =  
𝐶𝑜 − 𝐶𝑠

𝐶𝑜

 × 100% (Equation 6) 

where 𝜙𝐻𝑆𝐴−𝐼𝑆 is the HSA-IS binding fraction, 𝐶𝑠 (mg/L) is the IS concentration in the 

filtered solution, 𝐶𝑜 (mg/L) is the IS concentration in the unfiltered HSA-IS solution. 

The HSA-IS binding fraction was reported more than 90% (Meijers et al., 2008a, Meijers 

et al., 2008b). If the HSA-IS binding fraction in the simulated HSA-IS solution was more 

than 90%, the binding between HSA and IS in the simulated HSA-IS solution was 

confirmed. 

3.2.6.2 Validation result of HSA-IS binding 

The IS concentration in the unfiltered HSA-IS solution was calculated as (41.840 ± 0.725) 

mg/L. At the same time, the IS concentration in the filtered solution was too low to be 

detected, which means that the IS molecules failed to travel through the 30 kDa filter. 

According to the measured IS concentration change in the filtered solution (Figure 3-9), 

the HSA-IS binding fraction in the filtered solution was calculated as 100%. Therefore, 

the HSA-IS binding is confirmed in the simulated HSA-IS solution. 
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Figure 3-9. The IS concentration in the filtrate and HSA-IS solution was measured to 

validate the binding between the HSA and IS in the HSA-IS solution. 

3.2.6.3 Summary 

The albumin can bind the IS molecules in the SBF after a 24-hour incubation at 37°C. 

The HSA-IS binding fraction in the simulated HSA-IS solution has reached the actual 

HSA-IS binding fraction in human blood serum, which is more than 90%. This simulated 

HSA-IS solution could be used to investigate the HSA-bound IS absorption performance 

of proposed absorptive materials. 
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3.3 ABSORBENT PERFORMANCE EVALUATION 

The CKD patients’ blood or healthy donors’ blood with spiked uraemic toxins was used 

to evaluate the performance of a uraemic toxin sorbent material in recent dialyzer 

researches. On the other hand, blood contains thousands of bio-contents, including cells, 

enzymes, antibodies, and glucose, which may influence the uraemic toxin absorption 

performance of the studied materials. This would be beneficial for researches in middle 

stages to identify and reduce the influence factors in clinical practice, but might not be 

suitable for studies on novel materials. In this thesis, simulated uraemic toxin solutions 

with specific uraemic toxins and concentrations were used to test the absorbent materials 

to minimize influence from environmental factors for absorption function validation and 

performance optimization. The detailed absorption tests on absorbent tubes and monoliths 

were described in following sections. 

3.3.1 Indoxyl sulfate (IS) absorption test for absorbent tube 

The absorbent was tested by passing the unfiltered IS solutions through the absorbent 

tube and comparing the IS concentration between the filtered IS solution and the 

unfiltered IS solution. 

The free-form IS solution and albumin-bound IS solutions (i.e. unfiltered IS solution) 

were pumped through the PCL/chitosan absorbent tube, using a single pass system 

(Figure 3-10). A beaker was placed at the exit from the absorbent tube on a levelling 

platform to collect the filtered IS solution. During the test, the flow rate of the unfiltered 

IS solution was controlled by a syringe pump at 5.95 mL/h for 1 hour. The IS 

concentration in the filtered IS solution and the unfiltered IS solution were measured by 

HPLC. 
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Figure 3-10. A schematic diagram of the setup for IS absorption test of absorbent tubes. 

3.3.2 Uraemic toxin absorption test for absorbent monoliths 

The uraemic toxin absorption performance of these PCL/CS porous monoliths was 

evaluated using the single-pass system as shown in Figure 3-11. The PCL/CS porous 

monolith was firstly connected onto the nozzle tip of the uraemic toxin precursor solution 

supply by inserting the nozzle into the monolith with a depth of 2 mm. The uraemic toxin 

precursor solutions were pumped through the fixed PCL/CS porous monolith by using a 

syringe pump and collected by a glass vial for one hour. During the test, the flow rate of 

the uraemic toxin precursor solution was controlled at 5.95 mL/h. The uraemic toxin 

concentrations in the filtered solution after passing through the absorbents fabricated 

under different conditions were compared with the initial uraemic toxin concentrations. 
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Figure 3-11. A schematic diagram of the setup for IS absorption test of porous monoliths. 

3.3.3 Uraemic toxin removal performance quantitative analysis 

The removed IS percentage of the absorbent was used to evaluate the performance of the 

absorbent tubes, which is calculated using the following equation: 

Removed IS percentage =
𝐶𝑃 − 𝐶𝐹

𝐶𝑃

 × 100% (Equation 7) 

where 𝐶𝐹  (mg/L) and 𝐶𝑃  (mg/L) were the IS concentrations in post-tube filtered IS 

solution and pre-tube unfiltered IS solutions, respectively. 

The unit uraemic toxin absorbability of the PCL/CS porous monoliths was calculated 

based on the weight and volume aspects by using the following equations: 
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Unit weight absorbability =  
(𝐶0−𝐶𝐹 ) × 𝑉𝐹

𝑚𝑎
, (Equation 8) 

Unit volume absorbability =  
(𝐶0−𝐶𝐹 ) × 𝑉𝐹

𝑉𝑎
, (Equation 9) 

where 𝐶𝐹 (mg/L) and 𝐶0 (mg/L) were the uraemic toxin concentrations in post filtered 

solution and the initial unfiltered uraemic toxin solutions, respectively; 𝑉𝐹  (mL) was the 

volume of filtered uraemic toxin solution; 𝑚𝑎 (g) and 𝑉𝑎 (cm3) was the weight and 

volume of the tested PCL/CS monolith. 

For the boundary conditions, the unfiltered IS solution is the positive control, where the 

removed IS percentage is considered as 0%; while the simulated body fluid (SBF) is the 

negative control, where the removed IS percentage is 100%. 

3.4 STATISTICAL ANALYSIS 

The error bars are obtained based on the standard errors of the measurements. The 95% 

confidential interval was calculated via the following equation: 

95% Confidentail interval = 1.96 × 
𝜎

√𝑛
 (Equation 10) 

where 𝜎 is the standard deviation of measurements; 𝑛 is the number of measurements. 

The significance of the data was analysed and validated using the one-way ANOVA test 

in Origin (Origin Pro 2017, OriginLab Co., USA). Statistical difference was taken at a p-

value of less than 0.05.  
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Chapter 4 | 2D-controlled close-range electrospinning 

4.1 INTRODUCTION 

Electrospinning is a material deposition method based on the electrohydrodynamics 

(EHD) principle for producing polymeric fine fibres, nanoparticles, and fibrous films. A 

high static voltage (about 5kV to 20kV) is applied between the polymer solution feeding 

nozzle and collector to stretch the viscous polymer solution, reducing the diameter of the 

fluid flow to accelerate the evaporation of the solvent. The size of extruded materials is 

accordingly reduced to micron or even nano scale. Conventional electrospinning operates 

at room temperature and atmosphere, which is beneficial for biomaterial additive 

manufacturing because of broad material choices and minimized thermal effects on the 

bioactivity of the biomaterials. Electrospinning has been widely used in tissue 

engineering and sensors (Lee et al., 2016, Gluais et al., 2019, Huang and Thomas, 2019, 

Jayasinghe, 2013, Schoolaert et al., 2016). However, the electrospinning production yield 

of some materials is low due to the intrinsic fluid properties of the electrospinning 

solution, which requires a low flow rate during electrospinning. 

A conventional electrospinning setup has a fixed spinneret nozzle only to produce flat 

membrane, limiting the electrospun product's application range. Recently, the spinneret 

nozzle has been adapted with 2D/3D printing system to promote the application of 

electrospun membrane in robotic skin sensors (Matsuhisa et al., 2017), dialyzer (Lu et al., 

2015), and nano-circuit for biosensors (Feiner et al., 2016), etc. 

2D/3D printing system has become a booming industrial technology in recent years. Fast 

moulding, precise extruder control, and easy modification make 3D printers popular in 

the industry and material development laboratory. Electrospinning is possible to be 
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adapted into the 3D printer to offer flexibilities on extruding nozzle position and fibre 

collecting distance for the fabrication of fibrous membranes with desired patterns. 

However, the applied high voltage between the electrospinning nozzle and collector 

would draw concerns when an electrospinning setup was adapted into a 3D printing 

system with metallic chassis, disturbing the formation of a stable electric field. In this 

case, it would be necessary to use a close-range electrospinning setup that has a short 

collecting distance (< 5 cm) to guarantee a stable electric field. Additionally, according 

to the bending instability theory (Figure 2-14), the spread of the fibres is a cone shape, so 

a shorter collecting distance could lead to better control of fibre deposition spread 

theoretically. Thus, the 3D printing system adapted electrospinning could be beneficial 

for close-range electrospinning because the 3D printing system steadily drives the 

extruding nozzle during the electrospinning process to evenly distribute the fibres on the 

collector, turning the drawback in limited fibre deposition area into an advantage that a 

pre-defined membrane pattern could also be drawn by programming the nozzle 

movement. The reduced spread of fibre deposition region on the collector in close-range 

electrospinning could make the fibrous membrane denser and more controllable in 

position. As a result, a thick electrospun structure could be deposited with less time and 

more even thickness than conventional electrospinning. 

In this chapter, a commercial 3D printing system applying the fused deposition modelling 

(FDM) method was adapted with single-axial electrospinning and optimized for 

electrospun membrane fabrication. The electrospinning nozzle was programmed and 

optimized on movement speed, repeating cycle, and moving route to produce electrospun 

membrane strip with even thickness. This electrospinning setup was named 2D-controlled 

close-range electrospinning.  
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4.2 MATERIALS & METHODS 

4.2.1 2D-controlled close-range electrospinning system setup 

The 2D-controlled close-range electrospinning was setup by adapting a close-range 

electrospinning into a commercial 3D printer (Figure 4-1). The filament extruder of a 

commercial FDM method 3D printer (MeCreator 2, Geeetech, China) was replaced by a 

metallic electrospinning nozzle with continuous polymer solution feed. The anode of a 

high static voltage supply (Brandenburg Alpha Serier III, Genvolt, UK) was connected 

with and fixed on the metallic electrospinning nozzle, while the cathode was earthed and 

connected with the collector (i.e. the deposition platform of the 3D printer). A computer 

was connected with the 3D printer for nozzle movement control on X-Y directions, while 

Z direction (i.e. the collecting distance) was set below 2.5 cm for close-range 

electrospinning. 

 

Figure 4-1. 2D-controlled close range electrospinning setup illustration. 
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4.2.2 Fabrication process optimization 

4.2.2.1 Polymer solution preparation 

0.60 g, 0.80 g, 1.00 g, and 1.20 g polycaprolactone (Mn = 80,000, Sigma-Aldrich, 

440744-125G) and dissolved into 10.0 mL acetone (HPLC grade, Sigma-Aldrich, 34850-

2.5L-M), and stirred at 40 °C for 24 hours, forming homogenously transparent viscous 

precursor PCL solutions with a PCL concentration of 6.0% (0.06 g/mL), 8.0% (0.08 

g/mL), 10.0% (0.10 g/mL), and 12.0% (0.12 g/mL) for the optimization of the 2D-

controlled close-range electrospinning. 

4.2.2.2 Solution concentration optimisation 

Polycaprolactone (PCL) in acetone solutions prepared in section 4.2.2.1 were used for the 

2D-controlled close-range electrospinning system optimization. A syringe (Omnifix®, 

10mL, B|BRAUN, Germany) was used to feed the PCL solution, which was fixed on a 

syringe pump (IMPT 5-C, RAZEL, USA) to control the polymer solution flow rate. 

The PCL solutions were electrospun from different concentrations (Table 4-1). The 

solidification situation and Taylor cone formation at different solution concentrations 

under 1-min deposition were compared to find the most viable solution concentration. A 

metallic solution feeding nozzle in the size of 19 Gauge was fixed 2.5 cm above the 

collector. The polymer solution was fed with a flow rate of 5.16 mL/h. The temperature 

and humidity were measured as 20.9 °C and 51.1% RH, respectively. 
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Table 4-1. The PCL solutions and equipment setup for polymer solution concentration 

optimization. 

Sample No. Sample ID PCL solution concentration Applied Voltage 

1 L12 12.0% (0.12 g/mL) +7.0 ~ +8.0 kV 

2 L10 10.0% (0.10 g/mL) +5.0 ~ +6.0 kV 

3 L8 8.0% (0.08 g/mL) +5.0 ~ +5.5 kV 

4 L7 7.0% (0.07 g/mL) +5.0 ~ +8.0 kV 

5 L6 6.0% (0.06 g/mL) +5.0 ~ +5.5 kV 

4.2.2.3 Moving nozzle optimization 

The polymer solution feeding nozzle movement speed is another factor affecting the 

uniformity of the electrospun mesh. The polymer solution feeding nozzle was installed to 

replace the extruder of the commercial 3D system. The chassis of the 3D printer was 

properly earthed and shielded. A syringe was used to feed the PCL solution, prepared in 

section 4.2.2.1, which was fixed on a syringe pump to control the flow rate. The polymer 

solution feeding nozzle moving directions were defined in Figure 4-2. The polymer 

solution feeding nozzle was programmed to move in the X direction with different 

moving speeds. 

 

Figure 4-2. The polymer solution feeding nozzle moving directions (X and Y axis) were 

defined in this illustration. 
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A metallic solution feeding nozzle size 19 Gauge was fixed 2.5 cm above the collector 

with a static DC voltage of +5.5 kV applied between the nozzle and collector. The 

polymer solution was fed with a flow rate of 5.16 mL/h. The temperature and humid ity 

were measured as 20.6 °C and 49.7% RH, respectively. The PCL solution feeding nozzle 

moved across the collecting sample glasses with a specific moving speed (Table 4-2), 

which was controlled and programmed by the connected computer. There was no stop or 

direction change during deposition and moving. The jet was ensured to land on the sample 

glasses as much as possible. Under different moving speeds, the morphology, membrane 

cross-sectional profile of those electrospun meshes were compared. 

Table 4-2. The PCL solutions and equipment setup for nozzle moveing speed 

optimization. 

Sample No. Sample ID PCL solution concentration Moving Speed 

6 L6−3000 6.0% (0.06 g/mL) 3000 mm/min 

7 L6−1000 6.0% (0.06 g/mL) 1000 mm/min 

8 L6−500 6.0% (0.06 g/mL) 500 mm/min 

9 L6−200 6.0% (0.06 g/mL) 200 mm/min 

10 L6−3000 7.0% (0.07 g/mL) 3000 mm/min 

11 L6−1000 7.0% (0.07 g/mL) 1000 mm/min 

12 L6−500 7.0% (0.07 g/mL) 500 mm/min 

13 L6−200 7.0% (0.07 g/mL) 200 mm/min 

4.2.2.4 Repeating fabrication optimization 

The polymer solution feeding nozzle was programmed to move in X direction repeatedly 

in order to obtain an evenly distributed polymer fibrous mesh with enough thickness in a 

short time. A syringe was used to feed the PCL solution, prepared in section 4.2.2.1, 

which was fixed on a syringe pump to control the flow rate. A metallic solution feeding 

nozzle size 19 Gauge was fixed 2.5 cm above the collector with a static DC voltage of 

+5.5 kV applied between the nozzle and collector. The PCL solution, prepared in section 
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4.2.2.1, was fed with a flow rate of 5.16 mL/h. The temperature and humidity were 

measured as 21.9 °C and 48.0% RH, respectively. 

The PCL solution feeding nozzle was programmed to move back and forth on the X 

direction above the collecting plate during deposition under different PCL solution 

concentrations and feeding nozzle moving speed (Table 4-3). The solution feeding nozzle 

repeatedly travelled between 2 coordinates: A(X80, Y30) and B(X110, Y30). Movement 

from A to B and back to A counts as one repeating cycle. Each electrospun sample 

contains 10 repeating cycles. The programming code is shown in the Appendix A, based 

on Repetier-Host (V2.1.2, Hot-World GmbH & Co. KG, Germany). 

Table 4-3. The PCL solutions and equipment setup for nozzle moving mode optimization. 

Sample No. Sample ID PCL solution concentration Moving speed 

14 R6−3000 6.0% (0.06 g/mL) 3000 mm/min 

15 R6−1000 6.0% (0.06 g/mL) 1000 mm/min 

16 R7−3000 7.0% (0.07 g/mL) 3000 mm/min 

17 R7−1000 7.0% (0.07 g/mL) 1000 mm/min 

4.2.3 Characterization methods 

4.2.3.1 Surface morphology analysis 

All electrospun samples were coated with gold by a sputter coating machine (Q 150R ES, 

Quorum, Lewes, UK) to a depth of 15 nm, prior to characterisation by SEM (EVO LS15, 

Carl Zeiss AG, Oberkochen, Germany). The SEM images of these electrospun meshes 

were obtained in secondary electron (SE) imaging mode for high structural resolution. 

4.2.3.2 Electrospun PCL strip width measurement 

The widths of the sample strips are measured by ImageJ (ImageJ 1.50i, National Institutes 

of Health, USA). The pictures of samples were taken with a ruler aside for calibration. 

After calibration of each image, the sample strip widths were measured by drawing lines 
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across the strip. Nine measurements were conducted in total on each sample strip to get 

an average width. 

4.2.3.3 Membrane thickness and cross-sectional analysis 

The cross-section profile and thickness of the electrospun membrane were measured by 

a profilometer (DektakXT, BRUKER, USA). The measured samples are listed in Table 

4-4. The profile amplitude range of the profilometer measurement was set to 65.5 µm for 

the detection of both hill and valley profiles, and the stylus force was set to 1 mg. The 

stylus moves 10000 µm for “non-repeated” samples (Sample No. 6, 7, 10, 11) 

measurement, but 15000 µm for “repeated” samples (Sample No. 14 to 17). An average 

thickness was calculated for each sample ID based on six measurements at different 

positions along the direction of the Y-axis (Figure 4-2). 

Table 4-4. The samples tested by the profilometer. 

Sample No. Sample ID Type PCL Solution concentration Moving speed 

6 L6−3000 

Non-

repeated 

6.0% (0.06 g/mL) 
3000 mm/min 

7 L6−1000 1000 mm/min 

10 L7−3000 
7.0% (0.07 g/mL) 

3000 mm/min 

11 L7−1000 1000 mm/min 

14 R6−3000 

Repeated 

6.0% (0.06 g/mL) 
3000 mm/min 

15 R6−1000 1000 mm/min 

16 R7−3000 
7.0% (0.07 g/mL) 

3000 mm/min 

17 R7−1000 1000 mm/min 

4.2.4 Statistics 

The error bars are obtained based on the standard errors of the measurements. The 

significance between the thickness measurements was analysed and validated using the 

one-way ANOVA test in Origin (Origin Pro 2017, OriginLab Co., USA). Statistical 

difference was taken at a p-value of less than 0.05.  
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4.3 RESULTS & DISCUSSIONS 

4.3.1 Concentration optimisation 

4.3.1.1 Appearances 

The deposition quality of different PCL solution concentrations was optimized in this 

section by comparing the solidification situation and Taylor cone formation at each PCL 

solution concentration. The comparison is considered in three ways: 1) the length, 2) the 

thickness, and 3) the transparency of the solidified polymer. 

Conditions of all PCL solution concentrations (Sample No. l to 5) in this test are shown 

in Figure 4-3. The deposition quality increased with the reduction of the PCL solution 

concentration. 12.0% PCL solution concentration was so high that the solidification of 

polymer happened instantly near the nozzle and was unable to produce fibre on the 

collector; instead, the unsolidified jet was stretched out to form fibres onto the chassis 

and rail frame. The spinning situation was better at 10.0% PCL solution concentration, 

where it was able to spin onto the collector. However, the solidification of polymer still 

existed and elongated, resulting in unstable jet with changing direction. When the PCL 

solution concentration was reduced to 8.0%, although the solidification of polymer still 

existed, the solidified polymer region became smaller in diameter and more transparent 

than that of 10.0% PCL solution concentration. Moreover, electrospun fibres could be 

collected at 8.0% PCL solution concentration. It was found that the cone jet of 7.0% PCL 

solution concentration was stable at the beginning, producing fine fibres at a specific 

location. Nevertheless, there was also a trend of cone jet solidification and elongation. 

The produced film at 7.0% PCL solution concentration was elastic and stretchable, 

indicating the produced film was a fibrous network. The 7.0% PCL mesh was also easy 
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to be peeled off from the collector. 6.0% seemed to be the optimal PCL solution 

concentration in this test, which is the relatively most stable cone jet among all PCL 

solution concentrations. The solidification of polymers near the nozzle was limited. 

However, the produced film was slightly fragile and not as elastic as 7.0% PCL solution 

concentration. 

 

Figure 4-3. The solidification and Taylor cone formation under different PCL solution 

concentrations.(a) 12.0% (0.12 g/mL); (b) 10.0% (0.10 g/mL); (c) 8.0% (0.08 g/mL); (d) 

7.0% (0.07 g/mL); (e) 6.0% (0.06 g/mL). 
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The polymer solution concentration determines the polymer/solvent ratio, influencing the 

evaporation rate of the solvent. A high polymer solution concentration would lead to fast 

solvent evaporation. The force balance between the electric force (i.e. the force to stretch 

fibres) and surface tension of the polymer jet would be d isturbed by fast solvent 

evaporation due to the fast changes in polymer surface charges. This disturbance on force 

balance would eventually result in instable and even discontinuous polymer jet, which is 

no suitable for fibrous structure fabrication for a long time. 

Based on the comparisons on the solidification conditions and the quality of produced 

meshes. It is reasonably supposed that the optimum concentration is between 6.0% and 

7.0% for pure PCL mesh production. This optimum PCL mesh fabrication concentration 

might be slightly different and close to 7.0% for PCL composite mesh production based 

on additive material and composition fraction. 

4.3.2 Moving nozzle optimization 

4.3.2.1 Appearances 

The deposition results of Sample No. 6 to 13 (i.e. with different moving speeds of PCL 

solution feeding nozzle) are compared (Figure 4-4). Samples with high moving speed (i.e. 

3000 mm/min and 1000 mm/min) were straight “lines” across the substrate glasses; while 

the samples with low moving speed (i.e. 500 mm/min and 200 mm/min) were discrete 

“line segments” or bending “lines”. The appearance differences of the samples were the 

intensity and the continuity of the polymer “line”. It was found that with the decrease in 

nozzle moving speed, the intensity and width of the “line” increased, while the continuity 

decreased. 1000 mm/min was the boundary between “lines” and “line segments” 

appearance in this test. 
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Figure 4-4. Deposition results of “non-repeated” samples under different PCL solution 

concentrations and nozzle moving speeds.Scale bars in the images are 15 mm. 

The aggregation of the polymers on the collector creates an uneven surface. The electric 

field would be affected in such a short overall collecting distance. The changing electric 

field will disturb the jet direction. When the moving speed was low, the nozzle stayed 

above the substrate for a long time. Thus, polymers accumulated more on the collecting 

area with low moving speed than high speed. The solidification near the nozzle is another 

problem, which will also affect the jet direction and reduce the quality of the product. 

4.3.2.2 Cross-sectional profile 

The thickness of the “non-repeated” samples No. 6, 7, 10, 11 are shown in Figure 4-5. It 

was evident that 1000 mm/min samples (Sample No. 7 and 11) had a larger thickness than 

3000 mm/min samples (Sample No. 6 and 10). However, the thickness differences 

between “non-repeated” samples with 6.0% PCL solution concentration (Sample No. 6 

and 7) and non-repeated” samples with 7.0% PCL solution concentration samples 

(Sample No. 10 and 11) are not significant. The cross-sectional profile of samples No. 6 
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(i.e. “non-repeated” sample with 3000 mm/min moving speed) is shown in Figure 4-6. 

The majority of fibres is attached to the substrate. With the increase of thickness, the 

quantity of fibres is reducing. 

 

Figure 4-5. The thickness comparison of “non-repeated” samples. (N = 6, ns = no 

significant difference) 

 

Figure 4-6. The cross-section profile of the “non-repeated” sample with 3000 mm/min 

moving speed and 6.0% (g/mL) PCL solution concentration (L6−3000). 
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4.3.2.3 Microstructure 

Isotropic Fibrous network can be observed in all “non-repeated” samples (Sample No. 6, 

7, 10 and 11), indicating a good spinning condition. Comparing the fibres from 7.0% PCL 

solution with that from 6.0% PCL solution (Figure 4-7), it was found that fibre sizes of 

6.0% PCL solution were uniformed and had a relatively smooth edge; while the fibre size 

of 7.0% PCL solution varied and some thick fibres had a wave-like edge. Polymer beads 

were more obvious in 6.0% PCL samples than 7.0% PCL samples (Figure 4-7). Fewer 

polymer beads on the fibrous mesh resulted in higher elasticity of the mesh. 

 

Figure 4-7. The microstructure of “non-repeated” samples with different PCL solution 

concentrations and nozzle moving speed.(a) 6.0%, 3000 mm/min; (b) 6.0%, 1000 

mm/min; (c) 7.0%, 3000 mm/min; (d) 7.0%, 1000 mm/min. 
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Compared with the “beads-on-string” structure, the fibrous network with smooth fibre 

surface has a more continuous microstructure, which guarantees the elasticity of fibrous 

structure higher than the “beads-on-string” structure because fibres could bear higher 

stretching tension than adhering beads. For example, a dense film consisting of particles 

would crack when stretching it in any directions. 

4.3.3 Repeating fabrication optimization 

4.3.3.1 Appearances 

The deposition results of samples No. 14 to 17 are shown in Figure 4-8. All samples 

present an integrated structure of the defined strip pattern. Samples with 1000 mm/min 

nozzle moving speed had an unstable jet location, where the polymer jets were redirected 

aside, creating a side “line”. This result was observed in repeated experiments, which 

would affect the electrospinning results in further experiments. This integration result 

indicated that 3000 mm/min nozzle moving speed was more viable than 1000 mm/min in 

electrospun mesh strip fabrication. 
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Figure 4-8. Deposition results of “repeated” samples under different PCL solution 

concentrations and nozzle moving speeds. Scale bars in the images are 15 mm. 

The close-range electrospinning has a smaller fibre deposition than conventional 

electrospinning setup with long collecting distance (> 5 cm), drawing concerns about the 

coverage of electrospun fibres. The programmed repeating fabrication process can 

eliminate these concerns and produce electrospun structures with define patterns and 

thickness, which is useful for fabricating 3D fibrous structures with tailorable geometry. 

4.3.3.2 Sample strip width 

The sample strip widths of the “non-repeated” samples and “repeated” samples listed in 

Table 4-4 are compared in Figure 4-9. The “non-repeated” samples have similar strip 

widths at all concentrations and moving speeds. The “repeated” samples have larger 
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sample strip width than those “non-repeated” samples in general. However, within 

“repeated” samples, 7.0% samples (i.e. R7−3000 and R7−1000) have slightly larger strip 

width than 6.0% samples (i.e. R6−3000 and R6−1000). 

 

Figure 4-9. The strip width comparison of “non-repeated” and “repeated” samples. (N = 

9, ns = no significant difference) 

4.3.3.3 Cross-sectional profile 

The thickness of the “repeated” samples No. 14 to 17 are shown in Figure 4-10. It was 

evident that 1000 mm/min samples (Sample No. 15 and 17) had a larger thickness than 

3000 mm/min samples (Sample No. 14 and 16). However, the thickness difference 

between R6 samples (i.e. “repeated” sample with 6.0% PCL solution concentration, 

sample No. 14 and 15) and R7 samples (Sample No. 16 and 17) is not significant. An 

example cross-sectional profile of these “repeated” samples is shown in Figure 4-11. 

Fibres are distributed in a 3D manner, like a pyramid. Most fibres are concentrated at the 

centre of the structure. With the increase of thickness, the quantity of fibres is reducing. 
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Figure 4-10. The thickness comparison of “repeated” samples. (N = 6, ns = no significant 

difference) 

 

Figure 4-11. The cross-section profile of the “repeated” sample with 3000 mm/min 

moving speed and 6.0% (g/mL) PCL solution concentration (R6−3000). 
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When the PCL solution concentration increased from 6.0% to 7.0% and the nozzle 

moving speed remained the same, the thickness of the sample strip was not dramatically 

changed. In terms of R6−1000 sample and R7−1000 sample, the thickness was not similar 

because the polymer jet was redirected during the deposition process as shown in Figure 

4-8. This means that some of the polymers were not accumulated on the main strip of the 

sample, which was used in following thickness measurement. 

When the moving speed was reduced from 3000 mm/min to 1000 mm/min, the thickness 

of fibrous mesh was supposed to increase 3 times. However, the thickness of the “repeated” 

samples (Figure 4-10) are much larger than the “non-repeated” samples (Figure 4-5). For 

3000 mm/min samples, the “repeated” sample was about 40 times thicker than the “non-

repeated” sample, while 1000 mm/min was about 27 times thicker. The “repeated” 

samples were actually fabricated by repeating for 10 cycles, which means roughly 20 

times more deposition time within that specific area. For solid matters, the thickness is 

proportional to the deposition time. When the deposition time was 20 times longer, the 

product would be accordingly 20 times thicker if the accumulation of the materials was 

linear (i.e. each layer firmly sticks to each other without space between layers). However, 

these samples gave 27 and 40 times greater thickness when the deposition time is 20 times 

longer. It was deduced that the layers of fibrous mesh did not firmly stick to each other. 

There were spaces between each fibrous mesh layer. The thickness increase and the 

deposition time (i.e. repeating cycles) were not in a linear relationship. 

The reason why the accumulation of polymers is non-linear is unknown. However, it is 

hypothesized that when the first layer of polymers arrives at the collector, the positive 

charges on the polymers will instantly release to the earthed collecting plate. Nevertheless, 

the following polymers are not directly arriving on the aluminium foil; instead, they arrive 
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and accumulate on the previous layer of polymers. However, PCL is regarded as a non-

conductive polymer. The positive charges on the following polymers cannot be released 

instantly. Hence, these residual positive charges would give the upcoming positively 

charged polymer layer a resistant force and fill the gap between layers to increase the 

height accumulation rate. These residual charges fade quickly. When the deposition is 

finished, and the high voltage is removed, those charges on the polymers have been 

released into the collector. This has not been proved yet. 

4.3.3.4 Microstructure 

In general, a ”beads-on-string” structure was observed on all “repeated” samples (Sample 

No. 14 to 17). They are all isotropic fibrous networks with a depth. It was found that 

R6−3000, R6−1000, and R7−1000 had uniformed fibre sizes, while R7−3000 exhibited 

various fibre sizes and had a wave-like fibre edge (Figure 4-12). There are more polymer 

beads in the “repeated” samples (Figure 4-12) than the “non-repeated” samples (Figure 

4-7). 
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Figure 4-12. The microstructure of “repeated” samples with different PCL solution 

concentrations and nozzle moving speed.(a) 6.0%, 3000 mm/min; (b) 6.0%, 1000 

mm/min; (c) 7.0%, 3000 mm/min; (d) 7.0%, 1000 mm/min. 

Hydrophobic PCL is easy to precipitate in humid air, resulting in fast phase separation 

during fast solvent evaporation, which produces polymer beads. This situation can be 

solved by using solvents with less volatility, or adding in hydrophilic polymer composites 

to reduce the precipitation in humid air. 

  



129 

 

4.4 SUMMARY 

In this chapter, a 2D-controlled close-range electrospinning process was successfully set 

up and optimized with PCL solution. The electrospun membrane with even thickness 

could be obtained from this system. The influence of moving speed on the electrospun 

mesh thickness was more significant than the PCL solution concentration. The PCL 

solution concentration determines the geometry of the fibrous network, including the size 

of the fibres, the structure type of the product, the stability of the jet. Nevertheless, the 

deposition parameters, including nozzle moving speed and repeating cycles, define the 

thickness of the whole structure. In order to obtain the most desirable PCL composite 

electrospun membrane at a collecting distance of 2.5 cm, the 7.0% (0.07 g/mL) PCL 

solution should be used and fed with a 19 Gauge nozzle under +5.0 ~ +7.0 kV static 

voltage applied between the nozzle and collector. The optimized nozzle moving speed is 

3000 mm/min. The feeding polymeric solution could be modified with desired 

electrospinning materials for different applications.  
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Chapter 5 | Chitosan Based Fibrous Absorbents for Indoxyl 

Sulfate Sorption 

5.1 INTRODUCTION 

Indoxyl sulfate (IS) is a protein-bound uraemic toxin with an albumin-IS binding fraction 

of 87% to 93% (Meijers et al., 2008a, Lin et al., 2011, Vanholder et al., 2014), which 

accumulates in patients with chronic kidney disease (Meijers et al., 2008b). Standard 

hemodialyzers, designed for diffusive clearance, efficiently clears small solutes, free in 

the plasma by diffusion, but cannot effectively clear protein-bound uraemic toxins 

(PBUTs) such as IS during standard haemodialysis sessions (Leong and Sirich, 2016). 

There has been an increased interest in recycling of waste dialysate and the adsorption of 

PBUTs with the development of the wearable artificial kidney (WAK). 

Currently, most PBUT adsorbents have been designed based on “size-coupling” 

interactions, such as porous carbon (Pavlenko et al., 2017), zeolite (Lu et al., 2015), and 

metal-organic frameworks (Kato et al., 2019), utilizing pore size to recognize and capture 

toxins. However, the bio-toxicity of a molecule is determined by its biochemical 

properties rather than molecular size. An absorbent based on interactions related to 

chemical structures could be proposed as an alternative approach for uraemic toxin 

absorption and other continuous biocompatible filtration applications, such as artificial 

kidneys on microfluidic chips (Lee et al., 2007). 

Chitosan (CS) is a cost-effective biocompatible polysaccharide (Chatelet et al., 2001), 

which has been used in water filtration systems since the 1990s to remove organic 

contaminates through interactions between amine groups and conjugated compounds 

(Yong et al., 2015), such as bisphenol A (BPA) (Gong et al., 2010, Pan et al., 2011), 
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quinones (Suzuki et al., 2010, Kimura et al., 2012), and 2,4,6-trichlorophenol (TCP) (Pan 

et al., 2011). Different from porous materials, chitosan could potentially absorb the IS via 

interactions with the conjugated chemical structure of IS as an absorbent material for 

haemodialysis applications, including IS clearance and dialysate regeneration. 

Electrospinning has been used to additively manufacture biomaterials due to its 

accessibility at room temperature, which is beneficial for biomaterial function retainment 

(Mendes et al., 2017). A high surface area to volume ratio is another advantage of the 

electrospun products compared to bulk materials (Bellan and Craighead, 2009). The CS 

was electrospun with polycaprolactone (PCL) because of its stable chemical properties, 

biocompatibility, and processability by electrospinning (Kim et al., 2012). The PCL/CS 

composite has been previously electrospun for tissue engineering applications (Cooper et 

al., 2011). 

In this chapter, PCL and CS were electrospun into a PCL/CS composite fibrous absorbent 

by a 2D-controlled close-range electrospinning setup established in Chapter 4 for the 

free-form indoxyl sulfate absorption as a proof of concept. The microstructure and 

composition of the PCL/CS absorbent were characterized. The free-form IS absorption 

performance of this PCL/CS absorbent was evaluated in a continuous single-pass model 

to determine the relationship between IS absorption and PCL/CS. 
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5.2 MATERIALS & METHODS 

5.2.1 Materials and fabrication of PCL/CS fibrous absorbents 

5.2.1.1 Preparation of precursor solutions for electrospinning 

5.0mL Acetone (HPLC grade, Sigma-Aldrich, 34850-2.5L-M) was mixed with 5.0mL 

formic acid (ACS reagent, Sigma-Aldrich, 33015-1L-M), forming a 50/50 v/v solvent 

mixture. Chitosan (deacetylation = 80.0 ~ 95.0%, SCR, 69047436-100g) powder 

weighted from 0.04g to 0.20g was mixed with 0.70g polycaprolactone (Mn = 80,000, 

Sigma-Aldrich, 440744-125G) and dissolved into the solvent mixture, and stirred at 40 

°C for 24 hours, forming homogenously transparent and slightly yellow viscous precursor 

solutions for the electrospinning of PCL/CS fibre with different PCL/CS weight ratios 

(Table 5-1). 

Table 5-1. Various weight ratios of PCL and chitosan in the precursor solutions 

Abbreviation PCL (g) 
Chitosan 

(g) 

Formic 

acid (mL) 

Acetone 

(mL) 

PCL/chitosan 

weight ratio 

(w/w) 

CS0 0.70 0.00 5.0 5.0 70:0 

CS4 0.70 0.04 5.0 5.0 70:4 

CS6 0.70 0.06 5.0 5.0 70:6 

CS8 0.70 0.08 5.0 5.0 70:8 

CS10 0.70 0.10 5.0 5.0 70:10 

CS12 0.70 0.12 5.0 5.0 70:12 

CS14 0.70 0.14 5.0 5.0 70:14 

CS20 0.70 0.20 5.0 5.0 70:20 
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5.2.1.2 Fabrication of PCL/CS fibrous absorbents 

The precursor solution prepared in the previous section (Table 5-1) was used to fabricate 

the PCL/CS fibre mesh (Figure 5-1) by using the 2D-controlled close-range 

electrospinning setup described in Chapter 4, where an X-Y programable moving system 

is adapted with an electrospinning spinneret, collector, and static voltage supply. The 

movement of the spinneret was coded and controlled by a G-code microcontroller on X-

Y directions (code shown in Appendix A). During materials fabrication, the spinneret 

travelled above the collector with a speed of 3000 mm/min to produce a fibrous mesh 

with adequate thickness in a programmed area. The material deposition area can be 

personalized for spinning jet spread control and various applications by coding the 

microcontroller. However, in this research, the deposition area was design as a “thick 

strip” where the spinneret repeatedly travelled between 2 coordinates: A(X80, Y30) and 

B(X110, Y30). The collector plate was fixed at 2.5 cm beneath the spinneret and 

encapsulated with an aluminium foil (14µm, ALUPAL®, Alupal, Sainte-Sigolène, 

France). A +4.5 ~ +6.5 kV static voltage (Brandenburg Alpha Serier III, Genvolt, UK) 

was applied between the spinneret nozzle (19 Gauge) and the collector plate. A syringe 

connected to the spinneret nozzle was fixed on a syringe pump to feed the precursor 

solution with a controlled flow rate at 0.254 mL/h. PCL/CS meshes were fabricated at 

room temperature with a deposition time of 100 minutes to obtain an adequate amount of 

absorbent materials. The PCL/CS meshes were then trimmed into strips and rolled into a 

hollow tube with the aluminium foil as an outer layer and the PCL/CS fibre mesh as the 

inner layer. The PCL/CS absorbent tube was tailored to Φ2.0 mm × L20 mm (diameter 

× effective length) and tested in further indoxyl sulfate (IS) absorption test. 
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Figure 5-1. The fabrication pipeline of PCL/CS fibrous absorbent.(a) The electrospinning 

precursor solution preparation steps. (b) PCL/CS precursor solutions were electrospun 

into (c) fibrous structure, (d) subsequently rolled into a hollow tube (Φ for diameter, L 

for length). 

5.2.2 Absorbent characterization 

5.2.2.1 Surface morphology by SEM 

PCL/CS samples were coated with gold by a sputter coating machine (Q 150R ES, 

Quorum, Lewes, UK) to a depth of 15 nm, prior to characterisation by SEM (EVO LS15, 

Carl Zeiss AG, Oberkochen, Germany). The SEM images of PCL/CS fibrous absorbents 

were obtained in secondary electron (SE) imaging mode for high structural resolution. 

5.2.2.2 Mesh pore width and fibre diameter distribution analysis 

The mesh pore width and fibre diameter of the PCL/CS fibrous absorbent were measured 

using ImageJ (ImageJ 1.50i, National Institute of Health, Bethesda, USA) based on the 

sample SEM images. After the calibration of each image, the mesh pore width of each 
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sample SEM image was measured by drawing the inscribed circles of each pore and 

measuring the diameter of these inscribed circles; while the fibre diameter of the mesh 

was measured by drawing the shortest line across the fibres and measuring the length of 

these lines. Three SEM images were taken on one sample at random locations with circa 

180 inscribed circles and lines in each sample SEM image to obtain the mesh pore width 

and fibre diameter distribution curve. These distribution curves were fitted and plotted 

based on the log-normal distribution in Origin (Origin Pro 2017, OriginLab Co., 

Massachusetts, USA). 

5.2.2.3 Chemical content by FTIR and TGA 

The chemical content of the PCL/CS absorbent was characterized using a combination of 

the Fourier-transform infrared spectroscopy (FTIR) (Spectrum Two, PerkinElmer, 

Beaconsfield, UK) and the thermogravimetric analyser (TGA) (TGA 4000, PerkinElmer, 

UK) on the PCL/CS fibrous absorbent samples. 

The FTIR spectra of the PCL/CS absorbents were obtained from a 5-mins scan ranging 

from 4000 cm-1 to 400 cm-1 wavenumbers with a 2.0 cm-1 resolution. Absorption peaks 

of the hydroxyl and amine groups were used to identify the chitosan content. 

The TGA test was conducted on: 1) pure PCL; 2) pure chitosan; and 3) PCL/CS fibrous 

absorbent samples. The test temperature ranged from 30 °C to 500 °C. The sample 

temperature was increased from 30 °C to 100 °C rapidly at 35 °C/min, then held at 100 

°C for 15 mins to remove all water and absorbed gases. The temperature was then 

increased from 100 °C to 500 °C at 10 °C/min. Nitrogen was used with a gas flow rate of 

20 mL/min. All samples were tested under the same conditions in order to obtain 

comparable TGA curves. 
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5.2.2.4 Water absorbability analysis 

The water absorbability of the PCL/CS absorbent was evaluated and recorded using an 

optical tensiometer (Theta, Attention®, Biolin Scientific, Finland). Deionized water was 

filmed by a high-speed camera at 50 frames per second and dropped on the PCL/CS mesh 

surface. The contact angle was analysed by the OneAttention® software (Version 2.3, 

r4459, Biolin Scientific, Finland) for a period of time. Each experiment would last for up 

to 1 minute from the first data recording if no absorption occurred or until the droplet was 

completely absorbed by the sample. A contact angle-time curve was then plotted to 

evaluate the water absorbability of the PCL/CS absorbent. The time-labelled images were 

also shown in sequence to visualize the water absorption process. 

5.2.2.5 Degradation by SEM/EDS elemental mapping 

The PCL/CS fibrous absorbents with a PCL/CS weight ratio of 70/10 (CS10) were used 

to evaluate the degradation of PCL/CS composite in an SBF environment. An unrolled 

PCL/CS absorbent (CS10) sample was trimmed into 4 square slices with an area of 0.5 

cm2 and labelled from S0 to S3. Then these sample slices (S0 to S3) were immersed in 

20 mL SBF at the same time in separated glass Petri dishes covered by lids. The S0 slice 

was taken out from the SBF, dried immediately after the immersion, and then sent to 

degradation examination. The S1 slice was dried and sent to degradation examination 7 

days after S0 slice; the S2 slice was sent to examination 14 days after S0 slice; the S3 

slice was sent 21 days after S0. Thus, each sample slice represents the degradation of the 

PCL/CS absorbent (CS10) at different time points from week 0 to week 3. 

The degradation of the PCL/CS fibrous absorbents was visualized by the SEM/EDS 

elemental mapping technique (AZtecOne with X-MaxN 20, Oxford Instruments, UK). 
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Oxygen and nitrogen mapping of the PCL/CS fibrous absorbents were examined and 

compared to identify the element displacement during the degradation. 

5.2.3 Indoxyl sulfate absorption performance evaluation 

The IS absorption performance of the PCL/CS absorbent tube was evaluated by passing 

the IS solution through the PCL/CS absorbent tube (Figure 5-2) and comparing the IS 

concentrations in the filtered solution after passing through the absorbent with initial IS 

concentration. 

5.2.3.1 Free-form indoxyl sulfate solution preparation 

40 mg indoxyl sulphate potassium salt (for HPLC, ≥ 99%, Sigma-Aldrich, I3875-1G) was 

dissolved into 40 mL deionized water to make 1 g/L free-form IS solution in a 50 mL 

Falcon tube. 250 μL and 2 mL of 1 g/L free-form IS solution was diluted with deionized 

water to 50 mL, making a 5 mg/L and 40 mg/L IS solution, respectively. These 5 mg/L 

and 40 mg/L IS solutions were vortexed to evenly mix and then used to test the free-form 

IS absorption performance of the PCL/CS fibrous absorbent. 

5.2.3.2 Albumin-bound indoxyl sulfate solution preparation 

250 mg indoxyl sulfate potassium salt (for HPLC, ≥ 99%, Sigma-Aldrich, I3875-1G) was 

dissolved into simulated body fluid (SBF, purchased from Heart Biological Technology 

Co. Ltd, China) to make 50 mL concentrated solution ([IS] = 5 g/L) in a Falcon tube. 2.5 

g human serum albumin (HSA, purchased from MP Biomedicals) was added into a 50 

mL Falcon tube. 0.4 mL concentrated IS solution ([IS] = 5 g/L) was subsequently added 

into the Falcon tube with HSA powder. More SBF was added to make 50 mL solution 

([IS]total = 40 mg/L, [HSA]total = 50 g/L). This HSA-IS solution was then incubated at 
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37°C for 24 hours. After incubation, the solution was stored in the fridge at 4°C, ready 

for testing as the HSA-IS precursor solution. 

5.2.3.3 Indoxyl sulfate (IS) absorption test for PCL/CS absorbent 

The IS solution was pumped through a PCL/chitosan absorbent tube, using a single pass 

system (Figure 5-2). A beaker was placed at the exit from the absorbent tube on a levelling 

platform to collect the IS solution after passage through the absorbent. During the test, 

the flow rate of the IS solution was controlled by a syringe pump at 5.95 mL/h for 1 hour. 

 

Figure 5-2. The IS absorption test setup for the PCL/CS fibrous absorbents. 

5.2.3.4 IS concentration measurement 

To measure IS level in the samples solution, 10 mL ice-cold acetonitrile was added to 5 

mL of the samples to precipitate all protein content completely. Precipitated solutions 

were vortexed and centrifuged at 3000 rpm 25°C for 10 min. Supernatants were then 

extracted, and the IS concentration was measured using a high performance liquid 

chromatography (HPLC) (Flexar, PerkinElmer, USA) equipped with a C18 column 

(Hypersil, 3µm C18, 130Å, LC Column 250 × 4.6 mm, Thermo Scientific, Massachusetts, 

USA). Mobile phase A: acetonitrile. Mobile phase B: de-ionized water. The conditions 
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for the mobile phase B profile in the experiment were: 100% with a flow rate of 1.0 

mL/min between 0-8 min and an injection volume of 20 µL. IS was detected at 278 nm 

using a UV-vis detector. The absorption peak of IS was identified at 0.9 min. The 

removed IS percentage of the PCL/CS fibrous absorbent was used to evaluate the 

performance of the absorbent and calculated using the following equation: 

Removed IS percentage =
𝐶𝑃 − 𝐶𝐹

𝐶𝑃

 × 100% (Equation 11) 

where 𝐶𝐹  (mg/L) and 𝐶𝑃  (mg/L) were the IS concentrations in post-tube filtered IS 

solution and pre-tube unfiltered IS solutions, respectively. 

5.2.4 Statistics 

The error bars are obtained based on the standard errors of the measurements. The 

significance of the IS absorption test results from the PCL/CS absorbents using different 

PCL/CS weight ratios at a specific initial IS concentration were analyzed and validated 

using the one-way ANOVA test in Origin (Origin Pro 2017, OriginLab Co., USA). 

Statistical difference was taken at a p-value of less than 0.05. 
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5.3 RESULTS & DISCUSSIONS 

5.3.1 Microstructure of absorbent 

The PCL/CS fibrous absorbent was successfully fabricated by the 2D-controlled close-

range electrospinning setup. Such polymeric PCL/CS fibrous mesh readily adhered onto 

aluminium foil and was able to be cut into pieces, indicating the PCL/CS fibrous 

absorbent has the potential to be re-shaped. The PCL/CS fibrous absorbent demonstrated 

flexibility as the flat mesh could be rolled into an absorbent column (Figure 5-3). 

 

Figure 5-3. The PCL/chitosan composite absorbent appearance.The fibrous mesh was 

successfully deposited onto (a) glass and (b) the aluminium foil. The PCL/chitosan 

nanocomposite absorbent was rolled into an absorbent tube for further tests as shown in 

(c) for crosswise view and (d) for lengthwise view. 

The SEM images of the PCL/CS fibrous absorbent with different PCL/CS weight ratios 

(i.e. from CS4 to CS20) were taken and analysed for the microstructure, pore width, and 

fibre size distribution of the electrospun fibrous meshes (Figure 5-4). It was found that 

CS20 has a broad variation of the pore width, which is not beneficial for the size-

controlled property of the absorbent. Therefore, the CS20 (PCL/CS weight ratio = 70/20) 

was not considered in further FTIR and TGA characterisations and indoxyl sulfate 

absorption tests. 
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Figure 5-4. The SEM images and size distribution analysis of the PCL/chitosan fibrous 

absorbent.(a) CS4, (b) CS6, (c) CS8, (d) CS10, (e) CS12, (f) CS14, (g) CS20. 
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All PCL/CS absorbents were found to have a fibrous structure with a smooth fibre surface. 

These PCL/CS meshes have an average 300 nm pore width and 170 nm fibre diameter, 

corresponding to the log-normal distribution (Figure 5-4), which allows IS (Mw = 251Da, 

molecule dimensions = 0.79 × 0.11 × 0.54 nm (Wernert et al., 2005)) and human serum 

albumin (Mw = 61kDa, molecule dimensions = 8.0 × 8.0 × 3.0nm (Sugio et al., 1999)) to 

readily pass through, while cellular contents such as red blood cells (average disc 

diameter = 7.8µm (Cetin and Sahin, 2019)) and platelets (disc diameter ≥ 1µm (Paulus, 

1975)) could not penetrate. The electrospinning quality decreased with the increase of the 

chitosan content in the electrospinning precursor solutions. This quality decrease could 

be observed from the SEM image since CS14 (PCL/CS weight ratio = 70/14), which 

reduced the consistency of the samples; thus, the PCL/CS weight ratio in the tested 

absorbents was restricted below CS14. 

5.3.2 FTIR analysis 

The FTIR spectra of all PCL/CS fibrous absorbents are compared with that of pure 

chitosan and pure PCL for the identification of chitosan content in the fibrous absorbent 

via the absorption peaks of the hydroxyl group at 3300 cm-1 wavenumber and amine 

group at 1580 cm-1 wavenumber (Figure 5-5). The amine group and hydroxyl group were 

both observed in the FTIR spectrum of the PCL/CS absorbent as a validation of the 

chitosan content. 
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Figure 5-5. The FTIR spectra of pure PCL, pure chitosan and the PCL/CS fibrous 

absorbents with different weight ratios. 

5.3.3 TGA analysis 

The TGA curves of all PCL/CS fibrous absorbents are compared with that of pure 

chitosan and pure PCL to identify chitosan content in the PCL/CS fibrous absorbent. The 

degrading points of the pure PCL and pure chitosan used to fabricate the PCL/CS fibrous 

absorbent were identified at 373°C and 245°C, respectively (Figure 5-6). The degradation 

of the PCL/CS fibrous meshes was observed at 246°C and 350°C by the TGA analysis, 

validating the PCL and chitosan content in the absorbents (Figure 5-7). Meanwhile, the 

PCL degrading point in the PCL/CS absorbents was found lower than the pure PCL 

degrading point because the formic acid is a degrading solvent for the PCL, causing a 
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PCL degradation during absorbent fabrication, resulting in PCL degrading temperature 

reduction. 

 

Figure 5-6. TGA curves of pure PCL and pure chitosan used to fabricate the PCL/CS 

fibrous absorbent. 
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Figure 5-7. TGA curves of PCL/CS fibrous absorbents with different PCL/chitosan 

weight ratios.(a) CS4, (b) CS6, (c) CS8, (d) CS10, (e) CS12, (f) CS14. 

 



146 

 

5.3.4 Water absorbability of PCL/CS absorbents 

The water absorbability of the PCL/CS fibrous meshes with different PCL/CS weight 

ratios has been summarized in Figure 5-8. It was found that the water absorbability of the 

PCL/CS absorbents had a significant variance. However, increasing the chitosan content 

could generally enhance the absorption of the water droplet into the PCL/CS mesh. 

 

Figure 5-8. The water absorbability of the PCL/CS absorbents.The mean contact angle 

of each image was labelled accordingly. 

5.3.5 Degradation by SEM/EDS elemental mapping 

The oxygen and nitrogen EDS elemental maps of the PCL/CS fibrous absorbent with a 

PCL/CS weight ratio of 70/10 are shown in Figure 5-9. A colour map was used to 

visualize the location and intensity of the oxygen and nitrogen elements on the PCL/CS 
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absorbent mesh, which are correspondent to the location and abundance of hydrolysis 

reactions and amine contents (i.e. chitosan). The PCL/CS fibres became thicker in the 

first week, and there was no significant aggregation of oxygen and nitrogen elements on 

the fibrous network. From week 2, small aggregated regions became visible on the fibrous 

mesh, and these aggregated regions had a high EDS signal intensity of oxygen element, 

while nitrogen still distributed evenly on the mesh, which indicated that the hydrolysis of 

PCL started at these aggregated regions. At week 3, a much bigger aggregated region 

could be observed on the fibrous network, which was related to changes in the fibrous 

structure. It was supposed that the PCL/CS fibrous mesh could retain its fibrous structure 

in the SBF environment for more than three weeks. Chitosan content would move to the 

hydrolysis sites from the third week, reducing the uniformity of chitosan distribution. 

 

Figure 5-9. Degradation evaluation of the PCL/CS absorbent (CS10) based on oxygen 

and nitrogen EDS elemental mapping. 
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The PCL/CS fibrous mesh was found degrading in the SBF environment but could retain 

its function in the SBF environment for a minimum of two weeks. Therefore, the PCL/CS 

absorbents should be single-used as a disposable absorbent for indoxyl sulfate removal 

due to hygiene and health and safety concerns. The designed life span of the PCL/CS 

fibrous absorbent was two weeks in the SBF environment. 

5.3.6 Evaluation of indoxyl sulfate absorption performance 

The IS absorption performance of the PCL/CS absorbents with different PCL/CS weight 

ratios were evaluated (Figure 5-10 and Figure 5-11) by comparison using an aluminium 

foil tube with the same dimensions as the PCL/CS absorbent tube as a negative control to 

determine IS absorption. The pure PCL fibres could not absorb IS molecules, which was 

tested as the CS0 group (Figure 5-10), proving that the PCL functioned as the supportive 

content in the PCL/CS composite. 

5.3.6.1 Free-form indoxyl sulfate absorption 

It was found that the percentage IS removed was significantly related to the PCL/CS 

weight ratio from CS0 to CS6 at both 40mg/L and 5mg/L initial IS concentration. Starting 

from CS6 to CS14, the percentage IS removed reached a saturation level of around 28%, 

with no significant difference using IS solutions of 5 and 40 mg/L (Figure 5-10), 

suggesting a non-physical equilibrium regulating the absorption interactions between CS 

and IS.  
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Figure 5-10. IS absorption performance of the PCL/CS absorbents with different PCL/CS 

weight ratios at 40mg/L and 5mg/L initial IS concentration. (N = 3, ns = no significant 

difference) 

The interaction between chitosan and IS was different from the physical adsorption 

provided by highly porous materials (e.g. porous carbon and zeolite) as a similar 

percentage IS removal and time course were observed at different starting IS 

concentrations (Figure 5-10). The exact mechanism of this absorption interaction has yet 

to be fully established, but it has been proposed to between the amine groups and other 

conjugated chemical structures, as CS can absorb conjugated compounds in aqueous 

solutions, including bisphenol A and quinones (Yong et al., 2015). 
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5.3.6.2 Albumin-bound indoxyl sulfate absorption 

The PCL/CS fibrous absorbents have a limited albumin-bound IS absorption (Figure 

5-11). The CS14 sample can only absorb less than 1% albumin-bound IS in an hour, 

which is far less than the removed IS percentage of free-form IS. There was no significant 

difference between the removed IS percentage of CS6, CS10, and CS14. Nevertheless, 

the average removed IS percentage of each PCL/CS weight ratio increased from CS6 to 

CS14, which means that the increased chitosan content in the PCL/CS fibrous absorbent 

from CS6 to CS14 can enhance the removal of albumin-bound IS a little, but this 

enhancement was not statistically significant. 

 

Figure 5-11. Albumin-bound IS absorption performance of the PCL/CS absorbents with 

different PCL/CS weight ratios at 40mg/L initial IS concentration. (N = 3, ns = no 

significant difference) 



151 

 

In other words, if the chitosan content had a more considerable increase, for example, the 

PCL/CS weight ratio increased to 70/70, the removed IS percentage of the albumin-bound  

IS would be significantly enhanced. However, the PCL/CS weight ratio was limited by 

the electrospinning process that higher PCL/CS weight ratio results in worse quality (i.e. 

pore width and fibre size distribution) of the electrospun mesh (Figure 5-4). Therefore, 

further modifications, such as porous fibre surface and additional IS absorptive 

composites, are in demand to enhance the albumin-bound IS absorption of the electrospun 

PCL/CS fibrous absorbent.  
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5.4 SUMMARY 

A flexible PCL/CS fibrous absorbent has successfully demonstrated for flowing free-form 

indoxyl sulfate absorption as a proof of concept. A single unit of the PCL/CS absorbent 

has achieved free-form IS molecules absorption at a maximum of 28% at both 40mg/L 

and 5mg/L initial IS concentration in a single pass model within 1 hour. However, the 

albumin-bound IS absorptions of PCL/CS absorbents were limited. The IS absorbability 

of PCL/CS absorbent can be optimized in the future by increasing the porosity of the fibre 

surface or composing other IS absorptive compounds. This flexible PCL/CS absorbent 

could be used for continuous filtration applications that require low filtration intensity 

and biocompatibility at the same time, especially suitable for miniaturized devices, for 

example, wearable artificial kidney (WAK) and slow continuous ultrafiltration (SCUF) 

via microfluidics. Moreover, this also initiates new thoughts on the design of bio-toxin 

removal based on flexible absorbents and their viability.  
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Chapter 6 | Electrospun PCL/CS Porous Fibre to Improve Indoxyl 

Sulfate Absorption Performance 

6.1 INTRODUCTION 

The indoxyl sulfate (IS) absorbability of chitosan-based fibrous absorbents via 

interactions between the amine groups on chitosan and the conjugated IS rather than size-

matching adsorption like porous materials has been demonstrated in both free-form and 

albumin-bound indoxyl sulfate conditions in the previous chapter, generating new 

thoughts on uraemic toxin absorbent design. As one of the main protein content in the 

blood plasma, albumin has involved in extracellular antioxidation as “suicide scavenger” 

sites (Halliwell, 1988, Halliwell and Gutteridge, 1990) and molecular transporter for 

hormones (McKinnon et al., 2005, Czub et al., 2019), drugs (De Vries and Völker, 1990, 

Musteata et al., 2006), and endogenous toxins (Sakai et al., 1995, Bammens et al., 2006, 

Vanholder et al., 2003). It was reported that more than 90% of indoxyl sulfate was bound 

with albumin in the blood plasma of kidney patients (Meijers et al., 2008b), so that 

albumin-bound IS clearance becomes a big challenge for the polycaprolactone/chitosan 

(PCL/CS) fibrous absorbents. The conjugative interactions between chitosan and IS were 

supposed to be restricted by the equilibrium of this interaction and easily affected by the 

chemical environment, such as the pH value and other competitors (e.g. albumin), which 

resulted in limited albumin-bound IS absorption performance of the PCL/CS absorbents. 

A porous surface could be an excellent approach to improve the albumin-bound indoxyl 

sulfate absorption performance since it provided extra indoxyl sulfate attractive feature 

into the fibrous absorbent besides the interactions between the chitosan and the IS. 
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Highly porous materials have become popular in IS absorbent design due to their 

excellent capability in protein-bound uraemic toxin (PBUT) clearance. Zeolite and porous 

carbon were studied for uraemic toxin clearance, providing promising clearance results 

and acceptable hemocompatibility (Pavlenko et al., 2017, Sandeman et al., 2014, 

Sandeman et al., 2017, Wernert et al., 2005, Lu et al., 2015). Zirconium-based metal-

organic frameworks (MOFs) also presented desirable absorption of protein-bound 

indoxyl sulfate by applying size-matching adsorption and specific binding site at the same 

time (Kato et al., 2019). The zeolite, porous carbon, and MOFs have a very high specific 

surface area beneficial for molecule attraction. 

The conventional electrospun fibres usually have a smooth fibre surface with a high space 

to volume ratio but low specific surface area because the solvents are evenly evaporated. 

The fibres are regulated by the surface tension during the fibre formation of 

electrospinning. These dense electrospun fibres could be surface modified by applying 

phase separation or sacrificed nanoparticles during the fibre formation process to form 

porous fibre (Huang and Thomas, 2019). The porous poly(lactic acid) fibres electrospun 

with phase separation approaches were found to have enhanced oil sorption performance 

than dense fibres (Huang and Thomas, 2018). 

Sacrificed nanoparticle approach is a traditional porous surface modification approach. 

During the electrospinning, some suspended nanoparticles would be relocated to the 

interface between the polymer jet and air due to their insolubility and surface tension 

change while solvent evaporating, forming electrospun fibres with nanoparticles 

decorating on the fibre surface. These nanoparticles on the fibre surface would be 

removed to form porous electrospun fibres. 
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In this chapter, a porous fibre surface was introduced onto the PCL/CS fibrous mesh to 

improve the albumin-bound IS absorption performance. A series of porous fibre surface 

introduction approaches were attempted to optimize the porous fibre fabrication process, 

including phase separation approaches and sacrificed nanoparticle approaches. The 

porous fibrous structure was investigated by the SEM. The albumin-bound IS removal 

performance of the porous PCL/CS fibrous absorbents were tested  and compared with 

non-porous PCL/CS fibres to evaluate the influence of the porous fibre surface on the 

albumin-bound IS absorption.  
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6.2 MATERIALS & METHODS 

6.2.1 Fabrication of porous PCL/CS fibres via phase separation 

6.2.1.1 Preparation of precursor solutions for electrospinning 

6.2.1.1.1 Vapour induced phase separation (VIPS) approach 

Dimethylformamide (DMF) (Analytical reagent grade, ≥ 99.5%, Fisher Scientific, 

D/3841/17) and formic acid (ACS reagent, Sigma-Aldrich, 33015-1L-M) were mixed 

according to the solvent volume ratio listed in Table 6-1, forming solvent systems with a 

total volume of 10mL. 0.14g Chitosan (deacetylation = 80.0 ~ 95.0%, SCR, 69047436-

100g) powder was mixed with 0.70g polycaprolactone (Mn = 80,000, Sigma-Aldrich, 

440744-125G) and dissolved into the solvent systems in a glass vial, and stirred at 40°C 

for 24 hours, forming homogenously transparent and slightly yellow viscous precursor 

solutions for the electrospinning of porous PCL/CS fibres applying VIPS mechanism 

(Table 6-1). 

Table 6-1. The precursor solution list for the electrospun porous PCL/CS fibres via the 

VIPS mechanism. 

Sample ID PCL Chitosan Solvent ratio (v/v) Total volume 

V−CS14−91 0.7g 0.14g DMF/formic acid = 9/1 10mL 

V−CS14−73 0.7g 0.14g DMF/formic acid = 7/3 10mL 

V−CS14−55 0.7g 0.14g DMF/formic acid = 5/5 10mL 

6.2.1.1.2 Non-solvent induced phase separation (NIPS) approach 

Dichloromethane (DCM) (ACS reagent grade, Sigma-Aldrich, 32222-2.5L-M) and 

dimethyl sulfoxide (DMSO) (anhydrous, ≥ 99.9%, Sigma-Aldrich, 276855-1L) were 

mixed according to the solvent volume ratio listed in Table 6-2, forming solvent systems 
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with a total volume of 10mL. Chitosan (deacetylation = 80.0 ~ 95.0%, SCR, 69047436-

100g) powder weight from 0g to 0.14g was mixed with 0.70g polycaprolactone (Mn = 

80,000, Sigma-Aldrich, 440744-125G) and dissolved into the solvent systems in glass 

vials, and stirred at 40°C for 24 hours, forming homogenously transparent and slightly 

yellow viscous precursor solutions for the electrospinning of porous PCL/CS fibres 

applying NIPS mechanism (Table 6-2). 

Table 6-2. The precursor solution list for the electrospun porous PCL/CS fibres via NIPS 

mechanism. 

Sample ID PCL Chitosan Solvent ratio (v/v) Total volume 

N−CS10−91 0.7g 0.10g DCM/DMSO = 9/1 10mL 

N−CS10−82 0.7g 0.10g DCM/DMSO = 8/2 10mL 

N−CS10−73 0.7g 0.10g DCM/DMSO = 7/3 10mL 

N−CS10−64 0.7g 0.10g DCM/DMSO = 6/4 10mL 

N−CS10−55 0.7g 0.10g DCM/DMSO = 5/5 10mL 

N−CS6−82 0.7g 0.06g DCM/DMSO = 8/2 10mL 

N−CS14−82 0.7g 0.14g DCM/DMSO = 8/2 10mL 

6.2.1.2 Electrospinning of the PCL/CS porous fibres 

The precursor solutions prepared in section 6.2.1.1 were used to fabricate the porous 

PCL/CS fibre mesh with phase separation approaches by using the 2D-controlled close-

range electrospinning process described in Chapter 4. The detailed fabrication process 

used to produce porous fibres via phase separation approaches in this thesis is illustrated 

in Figure 6-1. The spinneret was programmed and travelled above the collector repeatedly 

between 2 coordinates: A(X80, Y30) and B(X110, Y30), with a speed of 3000 mm/min 

in the programmed area. The collector was fixed at 2.5 cm beneath the spinneret and 

encapsulated with an aluminium foil (14µm, ALUPAL®, Alupal, Sainte-Sigolène, 

France). A +5.0kV static voltage (Brandenburg Alpha Serier III, Genvolt, UK) was 
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applied between the spinneret nozzle (19 Gauge) and the collector. The precursor 

solutions were supplied with a flow rate at 0.254 mL/h controlled by a syringe pump. The 

PCL/CS porous fibres were electrospun at room temperature with a deposition time of 

100 minutes to obtain an adequate amount of absorbent materials and then trimmed into 

strips and rolled into hollow tubes with dimensions of Φ2.0 mm × L20 mm (diameter × 

effective length). These PCL/CS porous fibrous absorbent tubes with aluminium foil 

outer layer and PCL/CS porous fibre inner layer were tested in further indoxyl sulfate (IS) 

absorption tests. 

 

Figure 6-1. The fabrication steps of the PCL/CS porous fibres with phase separation 

approaches. 

6.2.2 Fabrication of porous PCL/CS fibres via sacrificed nanoparticle approach 

6.2.2.1 Preparation of precursor solutions for electrospinning 

5.0mL Acetone (HPLC grade, Sigma-Aldrich, 34850-2.5L-M) was mixed with 5.0mL 

formic acid (ACS reagent, Sigma-Aldrich, 33015-1L-M), forming a 50/50 (v/v) solvent 

system. 0.10g Chitosan (deacetylation = 80.0 ~ 95.0%, SCR, 69047436-100g) powder 
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was mixed with 0.70g polycaprolactone (Mn = 80,000, Sigma-Aldrich, 440744-125G) 

and dissolved into the solvent system, and stirred at 40°C for 24 hours, forming 

homogenously transparent and slightly yellow viscous precursor solutions. Either 0.05g 

silicon oxide nanoparticles (SiO2) (nanopowder, 10-20 nm particle size, Sigma-Aldrich, 

637238-50G) or 0.05g aluminium oxide nanoparticles (Al2O3) (nanopowder, < 50 nm 

particle size, Sigma-Aldrich, 544833-10G) was added as the pore makers and dispersed 

in the precursor solutions priory to the electrospinning of nanoparticle containing PCL/CS 

fibrous mesh with PCL/CS weight ratios of 70/10. There pore maker nanoparticles will 

be removed by pore open solutions after electrospinning. The contents of the precursor 

solutions are listed in Table 6-3 in detail. 
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Table 6-3. The precursor solution list for the electrospun porous PCL/CS fibres applying 

sacrificed nanoparticle approach. 

Sample ID 
PCL/CS 

weight ratio 

Solvent ratio 

(v/v) 

Pore maker 

(nanoparticles) 

Pore open 

solution 

Sonication 

(10 min) 

S−Si−aq−0 70/10 (CS10) 
acetone/formic 

acid = 5/5 

SiO
2 

(5 mg/mL) 
H

2
O  

S−Si−aq−1 70/10 (CS10) 
acetone/formic 

acid = 5/5 

SiO
2 

(5 mg/mL) 
H

2
O √ 

S−Si−OH−0 70/10 (CS10) 
acetone/formic 

acid = 5/5 

SiO
2 

(5 mg/mL) 

5 mol/L 
NaOH 

(aq) 
 

S−Si−OH−1 70/10 (CS10) 
acetone/formic 

acid = 5/5 

SiO
2 

(5 mg/mL) 

5 mol/L 
NaOH 

(aq) 
√ 

S−Al−aq−0 70/10 (CS10) 
acetone/formic 

acid = 5/5 

Al
2
O

3 

(5 mg/mL) 
H

2
O  

S−Al−aq−1 70/10 (CS10) 
acetone/formic 

acid = 5/5 

Al
2
O

3 

(5 mg/mL) 
H

2
O √ 

S−Al−OH−0 70/10 (CS10) 
acetone/formic 

acid = 5/5 

Al
2
O

3 

(5 mg/mL) 

5 mol/L 
NaOH 

(aq) 
 

S−Al−OH−1 70/10 (CS10) 
acetone/formic 

acid = 5/5 

Al2O3 

(5 mg/mL) 

5 mol/L 
NaOH 

(aq) 
√ 

S−Al−H−1 70/10 (CS10) 
acetone/formic 

acid = 5/5 

Al2O3 

(5 mg/mL) 

5 mol/L 
HCl (aq) 

√ 
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6.2.2.2 Preparation of the PCL/CS porous fibres 

The precursor solutions prepared in section 6.2.2.1 were used to fabricate the porous 

PCL/CS fibre mesh via sacrificed nanoparticles approach (Figure 6-2). The precursor 

solutions were firstly electrospun by using the 2D-controlled close-range electrospinning 

setup illustrated in Chapter 4. Briefly, the spinneret was programmed and travelled above 

the collector repeatedly between 2 coordinates: A(X80, Y30) and B(X110, Y30), with a 

speed of 3000 mm/min to produce a “thick strip” in the programmed area. The collector 

plate was fixed at 2.5 cm beneath the spinneret and encapsulated with a copper foil (8µm, 

Purity: 99.9%, Goodfellow, CU000220). A +4.5 ~ +5.0 kV static voltage (Brandenburg 

Alpha Serier III, Genvolt, UK) was applied between the spinneret nozzle (19 Gauge) and 

the collector plate. The precursor solutions were supplied with a flow rate at 0.254 mL/h 

controlled by a syringe pump. The PCL/CS meshes with nanoparticles were electrospun 

at room temperature with a deposition time of 100 minutes to obtain an adequate amount 

of absorbent materials. These nanoparticle-containing (pore makers) PCL/CS meshes 

were then washed and sonicated with pore open solutions accordingly in a sonic bath 

(Table 6-3) for 5 minutes. After pore maker removal, the washed PCL/CS meshes were 

dried in the air and rolled into a hollow tube with the copper foil as the outer layer, and 

the PCL/CS meshes as the inner layer. These PCL/CS absorbent tubes were tailored to 

Φ2.0 mm × L20 mm (diameter × effective length) and tested in further indoxyl sulfate 

(IS) absorption tests. The overview of the pore maker addition and removal process has 

been explained in Figure 6-2. 
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Figure 6-2. The fabrication steps of the PCL/CS porous fibres with selective removal 

approach. 

6.2.3 Porous fibre characterizations 

6.2.3.1 Surface morphology analysis by SEM 

The PCL/CS porous fibres were gold-coated (Q 150R ES, Quorum, UK) to a depth of 

15nm before characterisation by scanning electron microscopy (SEM) (EVO LS15, Carl 

Zeiss AG, Germany). The SEM images of PCL/CS porous fibres fabricated under 

different conditions were compared to investigate the relationship between the parameters 

of PCL/CS electrospinning solutions and the porous fibre production. 
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6.2.3.2 Composition validation 

The composition of the PCL/CS porous fibres was characterized using a combination of 

the Fourier-transform infrared spectroscopy (FTIR) (Spectrum Two, PerkinElmer, 

Beaconsfield, UK) and the thermogravimetric analyser (TGA) (TGA 4000, PerkinElmer, 

UK) on the PCL/CS porous fibre samples. 

The FTIR spectra of the PCL/CS porous fibres were obtained from a 5-minute scan 

ranging from 4000cm-1 to 400cm-1 wavenumbers with a 2.0 cm-1 resolution. Absorption 

peaks of the hydroxyl and amine groups were used to identify the chitosan content. 

The TGA test was conducted on: 1) pure PCL; 2) pure chitosan; and 3) PCL/CS porous 

fibres. The test temperature ranged from 30°C to 500°C. The sample temperature was 

increased from 30°C to 100°C rapidly at 35°C/min, then held at 100°C for 15min to 

remove all water and oxygen. The temperature was then increased from 100°C to 500°C 

at 10°C/min. Nitrogen was used with a gas flow rate of 20mL/min. The three materials 

were tested under the same conditions in order to obtain comparable TGA curves. 

6.2.4 Indoxyl sulfate absorption performance evaluation 

6.2.4.1 Albumin-bound indoxyl sulfate solution preparation 

250 mg indoxyl sulfate potassium salt (for HPLC, ≥ 99%, Sigma-Aldrich, I3875-1G) was 

dissolved into the simulated body fluid (SBF, purchased from Heart Biological 

Technology Co. Ltd, China) to make 50 mL concentrated solution ([IS] = 5 g/L) in a 

Falcon tube. 2.5 g human serum albumin (HSA, purchased from MP Biomedicals) was 

added into a 50 mL Falcon tube. 0.4 mL concentrated IS solution ([IS] = 5 g/L) was 

subsequently added into the Falcon tube with HSA powder. Subsequently, more SBF was 

added to make 50 mL solution ([IS]total = 40 mg/L, [HSA]total = 50 g/L). This HSA-IS 
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solution was then incubated at 37°C for 24 hours. After incubation, the solution was 

stored in the fridge at 4°C, ready for testing as the HSA-IS precursor solution. 

6.2.4.2 Test protocol 

The albumin-bound IS absorption performance of these porous PCL/CS absorbents with 

porous fibre surface were evaluated by the single-pass system (Figure 6-3) established in 

Chapter 5. Briefly, the HSA-IS precursor solution (prepared in section 6.2.4.1) was 

pumped through the porous PCL/CS fibrous absorbents with porous fibre surface using a 

syringe pump and collected by a glass vial for 1 hour. During the test, the flow rate of the 

HSA-IS precursor solution was controlled at 5.95 mL/h. The IS concentrations in the 

filtered solution after passing through the absorbents fabricated under different conditions 

were compared with initial IS concentration. 

 

Figure 6-3. The IS absorption test setup for the PCL/CS porous fibres. 

6.2.4.3 Indoxyl sulfate concentration measurement 

To measure IS concentration in the sample solutions, 10 mL ice-cold acetonitrile was 

added to 5 mL of the sample solution to precipitate all protein content completely. 

Precipitated solutions were vortexed and centrifuged at 3000 rpm 25°C for 10 min. 

Supernatants were then extracted for the IS concentration measurement using a high 
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performance liquid chromatography (HPLC) (Flexar, PerkinElmer, USA) equipped with 

a C18 column (Hypersil, 3µm C18, 130Å, LC Column 250 × 4.6 mm, Thermo Scientific, 

Massachusetts, USA). Mobile phase A (66%): acetonitrile, and mobile phase B (34%): 

de-ionized water was pumped through the column with a flow rate of 1.0 mL/min between 

0-8 min. The injection volume of sample solutions was 20 µL. IS was detected at 278 nm 

using a UV-vis detector. The absorption peak of IS was identified at 0.9 min. The 

removed IS percentage of the porous PCL/CS fibrous absorbents was used to evaluate the 

performance of the absorbents and calculated using the following equation: 

Removed IS percentage =
𝐶𝑃 − 𝐶𝐹

𝐶𝑃

 × 100% (Equation 12) 

where 𝐶𝐹  (mg/L) and 𝐶𝑃  (mg/L) were the IS concentrations in post-tube filtered IS 

solution and pre-tube unfiltered IS solutions, respectively. 

6.2.5 Statistics 

The error bars are obtained based on the standard errors of the measurements. The 

significance of the IS absorption test results of the PCL/CS porous fibres was analyzed 

and validated using the one-way ANOVA test in Origin (Origin Pro 2017, OriginLab Co., 

USA). Statistical difference was taken at a p-value of less than 0.05. 
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6.3 RESULTS & DISCUSSIONS 

6.3.1 Surface morphology by SEM 

6.3.1.1 Vapour induced phase separation (VIPS) approach 

In the VIPS mechanism, water vapour would penetrate the hydrophobic polymeric blend 

during the slow solvent evaporation. The contact between the water vapour and 

hydrophobic polymer would trigger the phase separation process, solidifying the polymer. 

It was found that the electrospinning precursor solutions with the VIPS approach (Table 

6-1) were sensitive to the water vapour in the air, resulting in fast solidification of the 

PCL/CS composite even at a moderate humidity (~30%RH). This phase separation 

proceeded so fast that the solidified polymer would block the electrospinning precursor 

solution supply system, stopping the fabrication of porous PCL/CS fibres with the VIPS 

approach. The VIPS approach was not suitable for PCL/CS porous fibre electrospinning 

but might be helpful for the production of other PCL/CS porous structures, such as 

membrane and gel. 

6.3.1.2 Non-solvent induced phase separation (NIPS) approach 

A “porous beads on fibre” structure was observed in the SEM images of the PCL/CS 

porous fibrous mesh with the NIPS approach (Figure 6-4). Compared with the dense 

PCL/CS fibres synthesized in Chapter 5, the PCL/CS porous fibrous meshes had porous 

beads evenly distributed on the fibrous mesh. The pores formed by phase separation were 

concentrated on the surface of those beads. 

The electrospinning process has been optimized on two aspects: the solvent/non-solvent  

volume ratio and the PCL/CS weight ratio. The SEM images (Figure 6-4) has suggested 

that the solvent/non-solvent volume ratio was the key factor to affect the outcome of 
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porous electrospinning, while the PCL/CS weight ratio had little influence on the porous 

fibre structure. The best porous fibre structure was obtained under the solvent/non-solvent  

volume ratio of 8/2 (i.e. DCM/DMSO volume ratio = 8/2). It had the highest pore count 

per bead, and the beads and fibres were all visually porous. 

 

Figure 6-4. The microstructure of the PCL/CS porous fibres fabricated with different 

PCL/CS weight ratios and DCM/DMSO volume ratios. 

In the NIPS mechanism, water vapour is mixed with non-solvent after the evaporation of 

good solvent to initiate phase separation. Porous electrospinning already has restricted 

solvent conditions that porous fibres could only be produced in the solvent system with a 

specific solvent/non-solvent volume ratio due to the complicated interactions between the 

polymer, solvent, and the water vapour in the air (Katsogiannis et al., 2015). Thus, further 

modifications or optimizations on these porous fibres would be limited. 

6.3.1.3 Sacrificed nanoparticles approach 

The sacrificed nanoparticle approach was not able to produce PCL/CS fibres with 

desirable porous fibre surface because the nanoparticles intended to self-aggregate during 

the electrospinning and have difficulties in removal. As shown in Figure 6-5, instead of 
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covering the fibre evenly, the nanoparticles had a higher chance to aggregate with other 

nanoparticles forming clusters during the electrospinning process, which prevented the 

formation of the porous fibre surface. Nanoparticle removal was another problem because 

the removal process would either damage the fibrous structure or do nothing on the porous 

surface modification. The sonication during the washing process could accelerate the 

reaction between the washing solution and the sacrificed nanoparticles and generate heat 

from the reactions, which damaged the fibres. 5 mol/L HCl was also used to wash out the 

Al2O3 (S−Al−H−1), resulting in severe damage to the fibrous network (Figure 6-6), which 

was even worse than PCL/CS fibres treated by NaOH. 

 

Figure 6-5. The influence of pore maker choices and pore open approaches on the 

microstructure of the PCL/CS porous fibres. 

 

Figure 6-6. The damage on the microstructure of the PCL/CS porous fibres when using 

HCl as the pore open solution for Al2O3 nanoparticles. 



169 

 

6.3.2 Composition validation 

The FTIR spectra of all PCL/CS porous fibres are compared with that of pure chitosan 

and pure PCL to identify chitosan content in the fibres via the infrared absorption peaks 

of the hydroxyl group at 3300 cm-1 wavenumber and amine group at 1580 cm-1 

wavenumber (Figure 6-7). However, the amine group was not observed in the FTIR 

spectrum of the PCL/CS porous fibres, indicating that the amount of chitosan composed 

into the porous fibres was neglectable.  

 

Figure 6-7. The FTIR spectra of pure PCL, pure chitosan and the porous PCL/CS 

absorbents with different PCL/CS weight ratios and solvent volume ratio in the NIPS 

approach. 

The TGA curves of all PCL/CS porous fibres are compared with that of pure chitosan and 

pure PCL to identify chitosan content in the PCL/CS porous fibres. The degrading points 

of the pure PCL and pure chitosan used to fabricate the PCL/CS porous fibres were 

identified at 373°C and 245°C, respectively (Figure 6-9h). The degradation of the 

PCL/CS porous fibres was observed at 350°C and 275°C by the TGA analysis (Figure 
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6-9), supposed to be PCL and chitosan content in the porous fibres. However, the 

degradation point of chitosan increased while that of PCL decreased . The reason for these 

degradation point changes are still unknown, but it was supposed to result from the 

DMSO residual. The DMSO is a non-volatile solvent with a boiling point of 189°C, which 

cannot evaporate completely and will store within the porous beads in the PCL/CS porous 

fibrous network after electrospinning. These DMSO residuals would stay with the 

PCL/CS composite within the TGA chamber until 189°C, as a nucleophile reaction media 

for aminolysis (Figure 6-8) between PCL (ester) and chitosan (amine), which extended 

the chain length of chitosan and reduced the chain length of PCL. Associating the FTIR 

and TGA analysis, it was concluded that the PCL/CS porous fibres had limited chitosan 

content. 

 

Figure 6-8. The reaction mechanism of aminolysis between amine and ester. 
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Figure 6-9. TGA curves of PCL/CS porous fibres with different PCL/CS weight ratios 

and solvent volume ratio in NIPS approach.(a) N−CS10−91, (b) N−CS10−82, (c) 

N−CS10−73, (d) N−CS10−64, (e) N−CS10−55, (f) N−CS6−82, (g) N−CS14−82, (h) 

pure PCL and CS. 
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6.3.3 IS absorption performance 

The albumin-bound IS absorption performance of the PCL/CS porous fibres fabricated 

via the NIPS approach was evaluated (Figure 6-10). Compared with the dense PCL/CS 

fibres, the PCL/CS porous fibres fabricated via the NIPS approach could not significantly 

improve the albumin-bound IS absorption performance. Although the N−CS10−82 

sample had the best porous electrospinning outcome, there was no significant difference 

in the IS absorption performance between different PCL/CS porous fibre samples, 

indicating that the introduction of porous fibre surface was difficult to improve the IS 

absorption performance of the PCL/CS composite fibrous mesh. 

 

Figure 6-10. Albumin-bound IS absorption performance of the PCL/CS porous fibres 

fabricated under different PCL/CS weight ratios and DCM/DMSO volume ratio. (N = 3, 

ns = no significant difference) 

The adsorption effects of pores are dependent on the size matching between the adsorbate 

molecule size and the adsorbent pore size. The pores created by the NIPS approach had a 

pore size in the submicron scale, which was far bigger than the IS molecules. Thus the 

adsorption effect from these pores introduced via the NIPS approach was not able to 

enhance the IS molecule affinity of the PCL/CS composite fibres. Meanwhile, these 
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porous beads would possibly store more water than dense fibres, resulting in a rise of IS 

concentration and giving negative numbers in the HAS-bound IS removed percentage. 

Reducing the pore size on the PCL/CS porous fibres might give better IS absorption, but 

pore size control in the PCL/CS composite porous electrospinning system was difficult 

because the introduction of pores was affected by random factors, such as the distribution 

of residual non-solvent and the water vapour in the air. 

The compatibility of the PCL/CS composite in the solvent system was another problem. 

Composite electrospinning materials have more complicated interactions with the solvent 

system than pure electrospinning materials, which restricts the solvent choice and reduces 

the electrospinnability. The porous electrospinning was usually conducted on pure 

polymer materials instead of the composite due to the restrictions provided by the solvent 

system. Chitosan is only soluble in acidic solvents, such as formic acid and acetic acid. 

However, these organic acidic solvents were not so volatile, which was the reason why a 

DCM/DMSO solvent system was used instead in the NIPS approach. In the DCM/DMSO 

solvent system, chitosan powder was suspended in the solution and condensed to the 

bottom of the precursor solution feeding syringe during electrospinning, resulting in 

chitosan lost in the electrospun fibres (Figure 6-11). Only a small amount of chitosan 

content could be deposited onto the PCL/CS porous fibres with this DCM/DMSO solvent 

system and challenging to be validated via TGA and FTIR. Besides, the DMSO residual 

was another problem for chitosan content retainment. 
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Figure 6-11. The chitosan settlement during the porous electrospinning process. 

The hollow tube design of the PCL/CS fibrous absorbent was re-thought and considered 

to affect the IS absorption performance of the PCL/CS composite. The IS solution flow 

was laminar so that the motion and exchange of molecules within the flow were slow and 

dependent on diffusion. The electrospun PCL/CS mesh only covered the inner surface of 

the hollow absorbent tube, leaving a large cavity in the middle of the tube. When the 

laminar IS solution flowed through the hollow absorbent tube, the IS molecules located 

at the outer stream would be able to contact and interact with the PCL/CS mesh while the 

IS molecules at the centre of the stream could only diffuse slowly to the outer stream 

under the concentration difference (Figure 6-12). However, the binding effect of albumin 

to IS would slow the IS diffusion in the stream again. Thus, the hollow absorbent tube 

was not the best design for the albumin-bound IS absorption from a flowing stream due 

to the limited contact between the chitosan and IS. There were two alternative approaches 

proposed to enhance the contact between chitosan and IS: 1) to establish a porous and 

permeable structure allowing the IS solution to flow within and through; 2) to increase 

the thickness of the electrospun PCL/CS mesh to reduce the centre cavity space in the 

hollow absorbent tube if this alternative porous structure could not give a better albumin-

bound IS absorption performance. 
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Figure 6-12. The internal flow illustration of the electrospun PCL/CS absorbent tube. 

6.4 SUMMARY 

The electrospun PCL/CS fibres have been modified by a series of phase separation and 

sacrificed nanoparticles approaches to introduce porous fibre surface for albumin-bound  

IS absorption performance improvement. The non-solvent induced phase separation 

(NIPS) approach could give porous fibre structure to the PCL/CS composite. The PCL/CS 

porous fibres fabricated via the NIPS approach could achieve a maximum albumin-bound  

IS absorption of 1.4% at 40mg/L IS concentration in a single pass model within 1 hour, 

similar to the PCL/CS dense fibres. The poor pore quality of the PCL/CS porous fibres 

and the difficulties in the contact between chitosan and IS was proposed to be the main 

reasons why electrospun PCL/CS meshes had limited albumin-bound IS absorption 

performance. Although the PCL/CS porous fibres fabricated via the NIPS approach failed 

to improve the albumin-bound IS absorption significantly, this experience has provided 

hints on the absorbent design imperfections and enlightenments on further improvement.  
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Chapter 7 | Sponge-Like Chitosan Based Porous Monolith for 

Uraemic Toxins Sorption 

7.1 INTRODUCTION 

Conventional haemodialysis (HD) has limited performance in clearing protein-bound 

uraemic toxins (PBUTs) (Leong and Sirich, 2016), resulting in PBUTs accumulation with 

progressive CKD (Meijers et al., 2009, Leong and Sirich, 2016, Wu et al., 2011) and 

increased risk of cardiovascular disease (Meijers et al., 2008b, Chiu et al., 2010, 

Lekawanvijit et al., 2012, Ito and Yoshida, 2014). As conventional dialysers do not 

effectively remove these PBUTs, newer absorbent materials (Pavlenko et al., 2017, 

Sandeman et al., 2017, Kato et al., 2019, Lu and Yeow, 2017) and approaches (Krieter et 

al., 2017) to remove PBUTs have drawn attentions to researchers. 

Currently researches on uraemic toxin sorbent materials are focused on porous material 

development, such as zeolite (Lu et al., 2015), mesoporous carbon (Sandeman et al., 

2017, Pavlenko et al., 2017), and metal-organic frameworks (MOFs) (Kato et al., 2019), 

and a high adsorption performance to PBUTs (i.e., via the physical adsorption) has been 

achieved. Although these putative uraemic solute absorbents have been studied, how best 

to deliver the absorptive materials and stabilise them in dialysers or cartridges to allow 

for effective blood contact remains to be determined.  

The supportive material in a sorbent matrix is important for the immobilisation of 

absorptive/adsorptive materials and will determine the effective surface area for contact 

with uraemic toxins. Electrospun fibres (Lu et al., 2015) and carbonised monoliths 

(Sandeman et al., 2017, Sandeman et al., 2014) have been explored in previous researches 
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as sorbent courier for uraemic toxin clearance. In previous chapters (Chapter 5 and 

Chapter 6), electrospun fibres were also considered as a means of sorbent courier for 

chitosan to absorb indoxyl sulfate. However, the absorption performance of albumin -

bound IS was limited due to the limited contact with target toxins and chitosan abundance 

in the electrospun mambrane, even though the electrospun PCL/CS fibre was modified 

with porous surface (Chapter 6). The ideal sorbent courier would be an easy-to-fabricate, 

cost-effective water-permeable porous structure with compatibility of multiple sorptive 

compounds. 

Vapour induced phase separation (VIPS) is a well-established fabrication strategy for 

polymeric porous membranes (Benhabiles et al., 2019, Fan and Peng, 2012) which 

utilises the water vapour to trigger the phase separation process, creating symmetrically 

distributed internal and external micro pores in the hydrophobic polymeric structure 

(Ismail et al., 2020). The VIPS approach is compatible with casting fabrication at room 

temperature and atmosphere, thus reducing costs, and this approach is also compatible 

with combining multiple additives, thereby providing composites with multiple functions. 

Therefore, the VIPS approach could be used to fabricate polymeric porous monolith 

compatible with multiple sorptive compounds for uraemic toxin clearance. 

In this chapter, a sponge-like polycaprolactone/chitosan (PCL/CS) porous monolith 

fabricated by VIPS mechanism was reported as a single-use absorbent for uraemic toxins 

sorption. As a multiple absorptive materials courier, the creatinine and albumin-bound IS 

absorption capacity of this PCL/CS monolith has been tested as a proof-of-concept. 

Porous carbon was incorporated into the PCL/CS monolith to evaluate the feasibility of 

multi-additives into this monolith.  
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7.2 MATERIALS & METHODS 

7.2.1 Preparation of PCL/CS porous monolith casting solutions 

Anhydrous dimethylformamide (DMF) (Analytical reagent grade, ≥99.5%, D/3841/17, 

Fisher Scientific, Loughborough, UK) and formic acid (FA) (ACS reagent, 33015-1L-M, 

Sigma-Aldrich, Gillingham, UK) were mixed in a 7/3 volume ratio. Chitosan (CS) 

(deacetylation = 80.0 ~ 95.0%, 69047436-100g, Sinopharm Chemical Reagent Co., Ltd., 

Shanghai, China) powder and polycaprolactone (PCL) (Mn = 80,000, 440744-125G, 

Sigma-Aldrich, Gillingham, UK) were mixed and dissolved into the DMF/FA solvent in 

a glass vial, and stirred at 40 °C for 24 h, forming the homogenous PCL/CS casting 

solutions. When the PCL and CS were completely dissolved, additive powders (graphene 

nanoplatelets (25μm particle size, surface area 120–150 m2/g, 900413-100G, Aldrich, 

Gillingham, UK) and NORIT® (E Supra USP, 8030-7, CABOT Corporation, Alpharetta, 

GA, USA) were added into the homogenous PCL/CS casting solutions and stirred for a 

further 15 min prior to casting. Details of the casting solutions are listed in Table 7-1. 

Table 7-1. The precursor solution list for the fabrication of PCL/CS porous monolith. 

Sample ID PCL Chitosan Additives Solvent ratio (v/v) 
Total 

volume 

G−CS0 0.7 g 0 g No DMF/formic acid = 7/3 10 mL 

G−CS12 0.7 g 0.12 g No DMF/formic acid = 7/3 10 mL 

G−CS24 0.7 g 0.24 g No DMF/formic acid = 7/3 10 mL 

G−CS24−G 0.7 g 0.24 g 
0.24 g 

graphene 
nanoplatelets 

DMF/formic acid = 7/3 10 mL 

G−CS24−N 0.7 g 0.24 g 
0.24 g 

NORIT® 
DMF/formic acid = 7/3 10 mL 
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7.2.2 Preparation of the PCL/CS porous monolith  

The casting solutions were poured into removable 2 mL cylindrical casting moulds in a 

fume hood. The casting process took 24 h at room temperature and atmosphere until the 

monoliths were completely solidified and the surfaces were porous and dry. The solidified 

PCL/CS porous monoliths were then de-moulded and washed with NaOH aqueous 

solution (pH = 10) for 3 h to further coagulate the polymer and replace the DMF and 

formic acid residuals with water for opening pores. The washed PCL/CS porous 

monoliths were finally freeze-dried at −51 °C and 0.024 mbar to sublime the ice, forming 

dried PCL/CS porous monolith (cylindrical shape). These cylindrical PCL/CS porous 

monoliths were then cut into cuboids with an average dimension of 8.0 × 10.0 × 4.0 mm 

(width × length × height) and weighed prior to absorption testing. The overview of the 

PCL/CS porous monolith fabrication process is illustrated in Figure 7-1. 
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Figure 7-1. The fabrication steps of PCL/CS porous monoliths. 

7.2.3 Surface morphology 

The PCL/CS porous monoliths were then cut into slices and gold-coated (Q 150R ES, 

Quorum Technologies Ltd., Laughton, UK) to a depth of 15 nm before characterisation 

by scanning electron microscopy (SEM) (EVO LS15, Carl Zeiss AG, Jena, Germany) to 

determine their surface morphology. 

7.2.4 Composition validation by TGA and FTIR 

The composition of the PCL/CS porous monoliths was characterised using a combination 

of a Fourier-transform infrared spectroscopy (FTIR) (Spectrum Two, PerkinElmer, 

Beaconsfield, UK) and a thermogravimetric analyser (TGA) (TGA 4000, PerkinElmer, 
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Beaconsfield, UK). The FTIR spectra of the PCL/CS porous monoliths were obtained 

from a 5-min scan ranging from 4000 cm−1 to 400 cm−1 wavenumbers with a 2.0 cm−1 

resolution. Absorption peaks of the hydroxyl and amine groups were used to identify the 

chitosan content. The TGA test was conducted and compared among (1) pure PCL, (2) 

pure chitosan, and (3) PCL/CS porous monoliths, with a test temperature ranging from 

30 °C to 500 °C. The sample temperature was increased from 30 °C to 100 °C rapidly at 

35 °C/min, then held at 100 °C for 15 min to remove all water and oxygen. The 

temperature was then increased from 100 °C to 500 °C at 10 °C/min. Nitrogen was used 

with a gas flow rate of 20 mL/min. The three materials were tested under the same 

conditions in order to obtain comparable TGA curves. 

7.2.5 Porosity analysis by BET method 

The specific surface area of the porous monoliths was measured using Brunauer–

Emmett–Teller (BET) equipment (NOVA Touch, Quantachrome Instruments, Boynton 

Beach, FL, USA). The sample was trimmed into small pieces and dried under vacuum at 

30 °C for 20 h and then weighed. The BET analysis was then conducted using nitrogen 

as the adsorbate gas at a bath temperature of 77.35 K. The bath thermal delay was set to 

600 s with helium backfill mode. The adsorption isotherm (BET plot) was obtained to 

calculate the specific surface area of the monoliths. The half pore width distribution was 

modelled by the density-functional theory (DFT) method. 

7.2.6 Uraemic toxin absorption performance evaluation 

7.2.6.1 Albumin-bound indoxyl sulfate (IS) solution preparation 

First, 250 mg IS potassium salt (for HPLC, ≥99%, I3875-1G, Sigma-Aldrich, Gillingham, 

UK) was dissolved into the simulated body fluid (SBF, Xi’an Hat Biotechnology Co. 
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Ltd., Xi’an, China) to make a 50 mL concentrated solution ([IS] = 5 g/L) in a Falcon tube 

(50 mL, High-clarity polypropylene conical tube, Corning Science, Reynosa, Mexico). 

Then, 2.5 g human serum albumin (HSA Fraction V, MP Biomedicals, Irvine, CA, USA) 

was added into a 50 mL Falcon tube, and a 0.4 mL concentrated IS solution ([IS] = 5 g/L) 

was subsequently added into the Falcon tube with HSA powder. Subsequently, more SBF 

was added to make a 50 mL solution. This HSA-IS solution was then incubated at 37 °C 

for 24 h. After incubation, the solution was stored in the fridge at 4 °C, ready for testing 

as the HSA-IS precursor solution ([IS]total = 40 mg/L, [HSA]total = 50 g/L). 

7.2.6.2 Creatinine solution preparation 

First, 40 mg creatinine (anhydrous, ≥98%, Sigma-Aldrich, C4255-10G) was dissolved 

into 10 mL simulated body fluid (SBF, Xi’an Hat Biotechnology Co. Ltd., Xi’an, China) 

to make a concentrated creatinine solution ([creatinine] = 4 g/L) in a Falcon tube. About 

38.8 mL SBF was subsequently added into 0.2 mL concentrated creatinine solution to 

make a 40 mL solution. After vortex, the solution was ready for testing as the creatinine 

precursor solution ([creatinine] = 20 mg/L). 

7.2.6.3 Test protocol 

The uraemic toxin absorption performance of these PCL/CS porous monoliths was 

evaluated using the single-pass system, as shown in Figure 7-2. The PCL/CS porous 

monolith was firstly connected onto the uraemic toxin precursor solution supply nozzle 

tip by inserting the nozzle into the monolith with a depth of 2 mm. The uraemic toxin 

precursor solution (prepared in sections 7.2.6.1 and 7.2.6.2) was pumped through the 

fixed PCL/CS porous monolith by using a syringe pump and collected by a glass vial for 

1 h. During the test, the flow rate of the uraemic toxin precursor solution was controlled 

at 5.95 mL/h. The uraemic toxin concentrations in the filtered solution after passing 
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through the absorbents fabricated under different conditions were compared with the 

initial uraemic toxin concentrations. The uraemic toxins absorption test setup for the 

PCL/CS porous monolith is illustrated in Figure 7-2. 

 

Figure 7-2. The uraemic toxins absorption test setup for the PCL/CS porous monoliths. 

7.2.6.4 Uraemic toxin concentration measurement 

To measure uraemic toxins (IS and creatinine) concentration in the sample solutions, 10 

mL ice-cold acetonitrile was added to 5 mL of the sample solution to precipitate all 

protein content completely. Precipitated solutions were vortexed and centrifuged at 3000 

rpm 25 °C for 10 min. Supernatants were then extracted for the uraemic toxins 

concentration measurement using a high performance liquid chromatography (HPLC) 
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(Flexar, PerkinElmer, Beaconsfield, UK ) equipped with a C18 column (Hypersil, 3µm 

C18, 130 Å, LC Column 250 × 4.6 mm, Thermo Scientific, Waltham, MA, USA). Mobile 

phase A (66%): acetonitrile, and mobile phase B (34%): de-ionized water, were pumped 

through the column with a flow rate of 1.0 mL/min between 0–8 min. The injection 

volume of sample solutions was 20 µL. The IS and creatinine were detected at 278 nm 

and 234 nm, respectively, using a UV-vis detector. The absorption peaks of IS and 

creatinine were identified at 0.9 min and 1.0 min, respectively. 

The unit uraemic toxin absorbability of the PCL/CS porous monoliths was calculated 

based on the weight and volume aspects by using the following equations: 

Unit weight absorbability =  
(𝐶0−𝐶𝐹 ) × 𝑉𝐹

𝑚𝑎
, (Equation 13) 

Unit volume absorbability =  
(𝐶0−𝐶𝐹 ) × 𝑉𝐹

𝑉𝑎
, (Equation 14) 

where 𝐶𝐹 (mg/L) and 𝐶0 (mg/L) were the uraemic toxin concentrations in post filtered 

solution and the initial unfiltered uraemic toxin solutions, respectively; 𝑉𝐹  (mL) was the 

volume of filtered uraemic toxin solution; 𝑚𝑎 (g) and 𝑉𝑎 (cm3) was the weight and 

volume of the tested PCL/CS monolith. 

7.2.7 Statistics 

The error bars are obtained based on the standard errors of the measurements. The 

significance of the uraemic toxins absorption test results from the PCL/CS composite 

sponge-like absorbents was analysed and validated using the one-way ANOVA test in 

Origin (Origin Pro 2017, OriginLab Corporation, Northampton, MA, USA). Statistical 

difference was taken at a p-value of less than 0.05.  
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7.3 RESULTS & DISCUSSIONS 

7.3.1 PCL/CS porous monolith demonstration and morphology analysis 

The PCL/CS porous monoliths had a soft, geometrically tailorable, sponge-like porous 

structure (Figure 7-3). Due to its internal porosity, the PCL/CS porous monoliths were 

permeable for aqueous solutions (Figure 7-3e). The IS solution was perfused through the 

PCL/CS composite monolith, ensuring excellent contact between chitosan, carbon, and 

IS. 

 

Figure 7-3. The appearance of the PCL/CS porous monoliths.(a) G−CS12; (b) G−CS24; 

(c) G−CS24−G; (d) G−CS24−N; and (e) the water flushing on the G-CS24 monolith. 

The G-CS0 ratio had difficulties dissolving in the DMF/formic acid solvent, resulting in 

no monolith formation, while the other composites (G−CS12, G−CS24, G−CS24−G, and 

G−CS24−N) successfully formed porous PCL/CS composite monoliths. The cross-

sectional view of the PCL/CS porous monoliths demonstrated a uniform and symmetric 

distribution of both internal and external pores. The G−CS24 samples had less uniform 
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pore distribution than the G−CS12 samples, and there were some visible cracks at the 

bottom of the monolith.  

A porous structure was observed in the SEM images (Figure 7-4), which indicated that 

the porosity of these monoliths came from the folding of cloth-like polymer layers, while 

the surface of these cloth-like polymer layers was still smooth. The space sandwiched 

between these polymer layers would allow liquid perfusion, providing contact between 

the absorptive materials and the target toxins. 

 

Figure 7-4. The microstructure of the PCL/CS porous monoliths.(a) G−CS12; (b) 

G−CS24; (c) G−CS24−G; (d) G−CS24−N. 

Different drying approaches were attempted, resulting in a different microstructure of the 

PCL/CS porous monoliths (Figure 7-5). The air dry and freeze-dry approaches produced 
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similar porous structures in microscale. However, the freeze-dried PCL/CS porous 

monolith had a fluffier porous configuration than the air-dried porous monolith due to the 

support from solid ice, which potentially reduced the difficulties of water perfusion in 

such a bulk structure. If the solvent in the PCL/CS monolith were not washed out or dried 

completely, the pores would not be formed. 

 

Figure 7-5. The influence of different drying processes on the microstructure of the 

PCL/CS porous monoliths (G−CS12). 

The G−CS24 monoliths had less uniform pore distribution than the G−CS12 samples, and 

there were some visible cracks at the bottom of the monolith (Figure 7-3). It was 

suspected that the G−CS24 samples by containing more chitosan were able to retain more 

water after the washing process, and so would spend more time on ice formation, allowing 

water to condense and form ice cores at the bottom of the monolith, which could sublime, 

forming pores with a high density, resulting in the visible cracks at the bottom of the 

monolith. 
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According to the vapour induced phase separation (VIPS) mechanism, the water vapour 

would penetrate the polymer/solvent blend and be miscible with the residual solvent 

droplet, initiating the phase separation at the interface to the hydrophobic polymeric phase 

to form pores. At this moment, the pores were unstable due to the presence of both water 

and solvent, so that the washing process was required to replace the solvent with water to 

strengthen the porous structure. 

7.3.2 Composition validation 

The FTIR and TGA tests were compared among all PCL/CS porous monoliths to validate 

the composition of chitosan and carbon content. In the FTIR spectra (Figure 7-6), an 

absorption peak at 1580 cm−1 can be observed in all PCL/CS porous monoliths and not in 

the pure PCL control group, which confirms the composition of chitosan content. The 

carbon content does not have an identical FTIR absorption peak, but its general absorption 

on the infrared light could be shown on a gradual absorption baseline reduction from 1300 

cm−1 to 400 cm−1. This baseline reduction was only observed in the PCL/CS porous 

monolith with carbon content, indicating the presence of carbon content. 

 

Figure 7-6. The FTIR spectra of the PCL/CS porous monoliths. 



189 

 

The residual content fraction and degradation temperature are also considered to validate 

the chitosan and carbon content in the PCL/CS porous monoliths. The PCL/CS porous 

monoliths with carbon content (Figure 7-8c and Figure 7-8d) have a much higher residual 

weight at 500 °C than those with chitosan only (Figure 7-8a and Figure 7-8b), indicating 

the presence of carbon content. Meanwhile, the degradation points of the PCL/CS 

monoliths could be found at around 240 °C and 340 °C (Figure 7-8a and Figure 7-8b), 

validating the PCL and chitosan content in the monoliths by comparing it with the TGA 

curves of pure chitosan and PCL, which were degraded at 245 °C and 373 °C, respectively 

(Figure 7-7). The degrading point of PCL content was shifted to a lower temperature 

because formic acid is a degrading solvent for PCL, which reduced the molecular weight 

of the PCL molecules during the monolith fabrication. It was found that the addition of 

porous carbon content could further reduce the degrading temperature of PCL to around 

325 °C (Figure 7-8c and Figure 7-8d). 

 

Figure 7-7. The TGA curve of pure chitosan and polycaprolactone (PCL). 
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Figure 7-8. The TGA curves of the PCL/CS porous monoliths.(a) G−CS12; (b) G−CS24; 

(c) G−CS24−G; (d) G−CS24−N. 

7.3.3 Porosity analysis 

The porosity of the PCL/CS porous monoliths was analysed by the BET method, while 

the half pore width distribution was modelled by the DFT method. The specific surface 

area and the average half pore width of the PCL/CS monoliths are listed in Table 7-2. The 

detailed half pore width distribution curves of the monoliths are included in Figure 7-9. 

The addition of carbon helped to increase the overall porosity of the PCL/CS composite 

monoliths by introducing smaller pores within the monolith structure because there were 

two types of pores with 1.8 nm and 2.8 nm pore width found in the monoliths with carbon, 

while there was only one type of pore with a 2.6 to 2.8 nm pore width found in the 

monoliths without carbon content (Table 7-2). 



191 

 

Table 7-2. The porosity analysis for the PCL/CS porous monoliths 

Sample ID Specific surface area Pore types Average pore width 

G−CS12 53.86 m2/g Structure (s) 2.6 nm (s)  

G−CS24 45.89 m2/g Structure (s) 2.8 nm (s)  

G−CS24−G 108.99 m2/g 
Structure (s) 

+ 
carbon (c) 

1.8 nm (c) 2.8 nm (s) 

G−CS24−N 80.17 m2/g 
Structure (s) 

+ 
carbon (c) 

1.8 nm (c) 2.8 nm (s) 

 

 

Figure 7-9. The half pore width distribution curve of the PCL/CS porous monoliths via 

DFT modelling.(a) G−CS12; (b) G−CS24; (c) G−CS24−G; (d) G−CS24−N. 
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7.3.4 Uraemic toxin absorption performance 

The absorbability on creatinine and albumin-bound IS of the PCL/CS porous monoliths 

were tested and normalised with the weight and volume of the monoliths for comparison 

(Figure 7-10). The G−CS24 (PCL/CS weight ratio = 70/24) without carbon additives was 

found to have the best unit weight IS absorbability of all the PCL/CS porous monoliths 

(Figure 7-10a and Figure 7-10b), while the unit volume IS absorbability of all CS24 

porous monoliths had no significant difference, which indicated that  the addition of 

porous carbon particles could not improve the albumin-bound IS absorption performance 

of the PCL/CS porous monolith, and the additional weight from these carbon particles 

would reduce the unit IS absorbability of the PCL/CS porous monoliths. On the other 

hand, carbon-containing samples (G−CS24−G and G−CS24−N) had higher unit 

creatinine absorbability than the chitosan only samples (G−CS12 and G−CS24), 

indicating that the addition of porous carbon could enhance the creatinine absorption of 

the PCL/CS porous monoliths, while increasing the chitosan content in the composition 

failed to improve the creatinine absorption of the monoliths when comparing the unit 

creatinine absorbability of G−CS12 and G−CS24 samples (Figure 7-10c and Figure 

7-10d). 
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Figure 7-10. The comparison of unit (a, c) weight and (b, d) volume absorbability on the 

(a, b) albumin-bound indoxyl sulfate and (c, d) creatinine between the PCL/CS porous 

monoliths.(N = 3, ns = no significant difference). 

Porous carbons have been reported to be adsorptive to small molecular water-soluble 

uraemic toxins, including creatinine, IS and hippuric acid, due to their porous surface 

(Pavlenko et al., 2017). Previous studies of chitosan showed that it had a limited capacity 

to absorb indoxyl sulfate with a non-physical equilibrium (Chapter 5, section 5.2.3.1) 

and theoretically limited affinity for creatinine because of the repellent effect of the 

positive charges on the chitosan and creatinine molecules in aqueous environments (Yong 

et al., 2015). Combining these two compounds with different absorptive characteristics 

in a stable PCL/CS monolith could potentially expand the removable variety of uraemic 
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toxins so as to enhance the overall sorbent efficiency for dialysate regeneration for 

wearable artificial kidney devices. 

The NORIT® porous carbon powder was reported to have a high creatinine (18,100 μg/g) 

and protein-bound indoxyl sulfate (3700 μg/g) adsorption capacity in static immersion 

tests (Pavlenko et al., 2017), which is higher than the PCL/CS porous monolith reported 

here because the fine powder could have better contact with the targeted toxin than the 

bulk PCL/CS monolith. However, the fine carbon powder could not be used directly in 

actual dynamic dialysis practice because of the concerns of the leakage of carbon powder 

into the bloodstream, which could be fatal. An absorbent courier is essential for real 

applications of these absorptive materials in powder form. 

The G−CS24 without carbon additives had the highest IS absorbability by weight of all 

the PCL/CS porous monoliths. The addition of porous carbon particles did not improve 

the albumin-bound IS absorption. However, carbon-containing samples had better 

absorption of creatinine than those containing chitosan, indicating that the addition of 

porous carbon could enhance the creatinine absorption of the PCL/CS porous monoliths. 

Thus, we have shown that combining two different sorbents could function stably within 

the PCL/CS porous monolith, improving different uraemic toxin clearances, which 

demonstrates the potential application of this PCL/CS porous monolith as an absorbent 

courier for multiple absorptive agents. 

Various absorptive materials have been developed for uraemic toxins clearance applying 

different principles and mechanisms, such as chitosan, zeolite, mesoporous carbon, and 

zirconium-based metal-organic frameworks (Zr-based MOFs), which gives them 

different advantages on uraemic toxins removal. Combining multiple absorbent materials 
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within one absorbent courier matrix would be beneficial for practical uraemic toxins 

removal applications. The PCL/CS porous monolith structure could provide a compatible 

and scalable composition environment with a wide choice and high abundance of active 

additives for wearable artificial kidney absorbents or other liquid purification sorbent 

applications. 

The dialysate generated in conventional haemodialysis (HD) is purified by nanofiltration 

technologies (Tarrass et al., 2008) to regenerate clean water. After a single use, the waste 

generated by the PCL/CS porous monoliths is the monolith itself and the immobilized  

toxins inside. The PCL and chitosan are both thermally degradable according to the TGA 

curve of the PCL/CS monoliths. In order to treat the used PCL/CS monoliths, the used 

monoliths could be heated up to 500 °C where the PCL/CS monolith degrades completely 

(Figure 7-8), and treat those carbonised ash and undegraded residuals in the same way as 

the waste filtered from the HD dialysate (Côté et al., 2004, Gerhart et al., 2006). 
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7.4 SUMMARY 

The PCL/CS porous monoliths have been successfully fabricated using the vapour 

induced phase separation (VIPS) approach. Porous carbon was successfully incorporated 

into the PCL/CS porous monolith, forming an absorbent matrix with multiple absorptive 

contents for the removal of uraemic toxin (i.e., IS and creatinine). A maximum unit 

weight absorbability of 436 μg/g on albumin-bound indoxyl sulfate and 2865 μg/g on the 

creatinine has been achieved by the PCL/CS porous monoliths in a single-pass perfusion 

model within 1 h. This PCL/CS porous monolith configuration could offer advantages in 

easy fabrication, cost-effectiveness, formability, and wide composition allowance for 

multiple absorptive contents, beneficial for toxin clearance applications in practice, such 

as wearable artificial kidneys. 
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Chapter 8 | Conclusions and future outlook 

8.1 GENERAL CONCLUSIONS 

The main goal of this thesis was to propose new approaches to absorb uraemic toxins, 

including novel absorptive material explorations and structural modifications on sorbent 

couriers. Hopefully, new thoughts on the uraemic toxin clearance approach, especially 

the absorbent design, could be generated to improve patients' quality of life with kidney 

diseases. Therefore, chitosan (CS) was proposed as a novel indoxyl sulfate absorptive 

material and fabricated into composite nanofibers and a porous monolith with PCL for 

continuous indoxyl sulfate clearance. It was different from those popular porous uraemic 

toxin adsorptive materials such as porous carbon and zeolite that chitosan absorbed 

indoxyl sulfate via non-physical interactions between amine groups and conjugated 

compounds in aqueous solution, offering uraemic toxin recognitions and absorptions 

based on chemical structures. However, the interaction between chitosan and indoxyl 

sulfate was weaker than the binding force between albumin and indoxyl sulfate, resulting 

in limited albumin-bound indoxyl sulfate absorption by the PCL/CS electrospun fibres. 

Porous carbon was reported to have an excellent protein-bound uraemic toxin adsorption 

performance due to its porous surface. Thus, pores were considered to be introduced onto 

the PCL/CS electrospun fibres via phase separation or selective removal approaches to 

improve the albumin-bound IS absorption. These porous surface modification approaches 

were not compatible with the PCL/CS composites, so that the albumin-bound indoxyl 

sulfate absorption performance failed to be improved. 

Moreover, the electrospun fibrous mesh structure was considered  as a less effective 

sorbent courier because the electrospun mesh could only be used as a membrane, which 
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lacked of contact with toxin solution in a continuous toxin removal process. Thus, a more 

robust porous structure for multiple composite sorbent materials was demanded to 

guarantee contact with toxin flow and stabilize sorbent materials with various sorption 

mechanisms. The vapour induced phase separation (VIPS) casting was successfully used 

to fabricate a sponge-like PCL/CS porous monolith with additional porous carbon 

composite. This PCL/CS porous monolith was compatible with various sorbent materials 

and high composition weight ratios and able to target and absorb multiple uraemic toxins 

with different chemical structures. Additionally, the albumin-bound indoxyl sulfate 

absorption performance had a chance to be further improved with a higher PCL/CS 

composition weight ratio in this porous monolith. 

In the current stage, the chitosan-based uraemic toxin sorbents demonstrated in this thesis 

are just proof of concept. It was proposed that the affinity of chitosan to conjugated 

structures could be used to recognize and absorb conjugated uraemic toxins in a non-

physical way, providing an alternative force to uraemic toxin clearance. Although the 

uraemic toxin absorption performance of chitosan is currently not comparable to well-

studied and optimized porous adsorbent materials, such as zeolite, porous carbon, and 

MOFs (Table 2-7), the chitosan-based sorbent could provide extra toxin absorption sites 

together with physical adsorption materials for multi-toxins targeting and clearance, 

which is also meaningful for the idea generation of new sorbent design. 
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8.2 KEY FINDINGS 

8.2.1 2D-controlled close-range electrospinning optimization 

• A programmable close-range electrospinning setup was optimized based on PCL 

to fabricate isotropic fibrous mesh with defined patterns. Briefly, the collecting 

distance was set to 2.5 cm with a +5.0 to +8.0 kV static DC voltage. A 19 Gauge 

nozzle was used to feed polymer solutions, which could be programmed to move 

in X and Y directions above the collector with a moving speed of 3000 mm/min. 

• The optimized pure PCL solution concentration for this electrospinning setup was 

6.0% to 7.0% (0.06 to 0.07 g/mL). But 7.0% PCL solution was considered more 

suitable for PCL based composite electrospinning. 

8.2.2 Indoxyl sulfate absorption by PCL/CS electrospun fibres 

• PCL/CS fibrous absorbent with smooth fibre surface was successfully fabricated 

by the 2D-controlled close-range electrospinning setup. 

• The chitosan fibres with smooth surface were found to absorb free-form indoxyl 

sulfate via a non-physical conjugated interaction. 

• A single unit of PCL/CS fibrous absorbent (Φ2.0 mm × L20 mm) has achieved a 

maximum removed free-form indoxyl sulfate percentage of 28% at both high (40 

mg/L) and low (5 mg/L) initial indoxyl sulfate concentrations within 1 hour in a 

single pass. 

• The PCL/CS smooth fibre has limited absorption performance on albumin-bound  

indoxyl sulfate. 
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8.2.3 PCL/CS porous fibres for HSA-bound IS absorption improvement 

• PCL/CS composite has difficulties forming porous fibres and retaining chitosan 

abundance during the surface modification process due to the compatibility with 

the solvent system. 

• The NIPS approach was applied to the PCL/CS fibres to modify the smooth fibres 

into a “porous beads on string” structure. 

• The “porous beads on string” structure failed to improve the albumin-bound  

indoxyl sulfate absorption performance of the PCL/CS composite. 

8.2.4 Sponge-like PCL/CS porous monolith as multi sorbent material courier 

• The PCL/CS composite was successfully fabricated into a sponge-like porous 

monolith with tailorable geometry via a VIPS casting process. 

• Porous carbon could be composed within the PCL/CS absorbent courier matrix to 

target both indoxyl sulfate and creatinine, which could be promoted to other 

uraemic toxins adsorptive/absorptive materials. 

• The PCL/CS porous monolith with additional porous carbon composites has 

achieved an albumin-bound indoxyl sulfate absorption of 436 µg/g and creatinine 

absorption of 2865 µg/g within 1 hour in a single perfusion model. 
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8.3 FUTURE WORKS 

Although current data has indicated that chitosan was capable of absorbing indoxyl 

sulfate, the absorption performance was still required to be improved for practical uraemic 

toxin removal applications. The future work could be focused on three aspects: 1) new 

sorptive material exploration, 2) sorbent courier development, and 3) engineering 

optimization of sorbent device. 

8.3.1 New sorptive material exploration 

The affinity between chitosan and indoxyl sulfate was currently not strong enough to 

compete the binding between albumin and indoxyl sulfate, resulting in limited albumin-

bound IS absorption. An absorbent material with higher indoxyl sulfate affinity is 

required to improve the indoxyl sulfate clearance of PBUT sorbents. 

8.3.1.1 Chitosan absorption mechanism study 

The absorption mechanisim of chitosan on conjugated compounds is still unknown. If the 

chitosan absorption mechanism on conjugated compounds could be clearly understood, 

we could either conduct a suitable chemical modification on the chitosan to increase its 

affinity to indoxyl sulfate or find new materials with higher indoxyl sulfate affinity so as 

to improve the albumin-bound IS absorption. 

In order to study the chitosan absorption mechanism on conjugated compounds, a free-

form indoxyl sulfate absorption test on chitosan with different deacetylation degrees 

could be conducted. This test was supposed to show the relationship between the 

deacetylation degree of chitosan (i.e. the amine group density) and the indoxyl sulfate 

absorption capacity, thereby, to validate that the absorption between chitosan and indoxyl 

sulfate was dependant on the amine groups. An X-ray photoelectron spectroscopy (XPS) 
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examination on the electrospun PCL/CS fibres after absorbing indoxyl sulfate would also 

be useful to identify the bonding between chitosan and indoxyl sulfate. 

8.3.1.2 Sorbent materials with stronger bonding to PBUTs 

Recent research on adsorbent materials for PBUTs was trending on establishing multiple 

toxin binding sites to increase the affinity and specificity to target toxins. It is worth 

finding new materials that can absorb/adsorb with more various but specific mechanisms, 

which would be beneficial for the specific sorption performance in an environment of 

multiple uraemic toxins. The alternative sorption mechanism was suggested to be focused 

on chemical precipitation and complexation, which could provide stronger bonding with 

target uraemic toxins. Ionic strength could be considered as a supplementary absorption 

enhancer in the sorbent complex because the increased blood plasma ionic strength has 

been proved to reduce the PBUTs’ binding fraction with albumin (Krieter et al., 2017). 

8.3.2 Sorbent courier development 

Sorbent courier is another important part for uraemic toxin removal as it determines how 

absorptive/adsorptive materials contact with the toxin solution, and a good contact could 

guarantee a good interaction as well as a good toxin sorption performance. Three sorbent 

courier improvement approaches are proposed to promote the PBUT sorbent performance.  

8.3.2.1 3D fibrous column by electrospinning 

With the development of 3D printing technologies, electrospun 3D fibrous column 

(Chung et al., 2018, Keirouz et al., 2020) could be used in preparing PCL/CS fibrous 

absorbent tube for PBUTs clearance because the PCL/CS fibre absorbent tubes fabricated 

in this thesis (Chapter 5 and Chapter 6) were deposited on a flat surface and rolled into 

an absorbent tube, which was difficult to be sealed and far away from real practice. The 

electrospun 3D fibrous column can make the absorbent tube more robust, which is 
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beneficial for the stability of absorption performance. The size of electrospun 3D fibrous 

column would be bigger than the PCL/CS absorbent tube demonstrated in this thesis and 

allow larger absorption capacity of target uraemic toxins. 

8.3.2.2 Carbonized electrospun fibre 

The electrospun fibres could be carbonized into porous carbon fibres with nanoscale 

surface pore size and great contact with flowing through uraemic toxin solution. 

Compared with carbonized resin for PBUT adsorption in previous researches (Sandeman 

et al., 2014, Sandeman et al., 2017), carbonized electrospun fibrous network might 

provide a more spacious microstructure, which would give larger allowance to water flux 

than bulky carbonized resin and rise the possibility of toxin solution flowing through the 

carbonized structure and hence to increase the contact between the porous carbon fibres 

and target toxins. The electrospun 3D fibrous column (section 8.3.2.2) could also be 

carbonized into a monolith with porous carbon fibres. 

8.3.2.3 Optimization of porous PCL/CS monolith 

The porous PCL/CS monolith has been proposed in this thesis (Chapter 7) and could be 

further optimized with a higher specific surface area for contact enhancement and more 

various PBUT sorptive additives for multiple uraemic toxins clearance. 

The porous monolith fabrication process could be improved by precisely controlling the 

humidity of the environment during the water vapour penaltration. Theoratically, the 

water vapour would have a lower chance to condense into larger water droplets under low 

environment humidity (40%RH) than under high humidity (>60%RH). Therefore, the 

VIPS under low humidity could give the PCL/CS porour monolith smaller pore size, 

hence higher specific surface area. This could be a way to improve the contact and 

interactions between the monolith and the uraemic toxin flow. 
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The hydrophilicity of the sorbent courier was also possible to influence the contact 

between the sorbent materials and toxins because a hydrophilic sorbent courier surface 

could accelerate the perfusion of toxin solution within the sorbent courier structure. PCL, 

a hydrophobic polymer, was used constantly as the supportive material in this thesis. 

Although it was found that the PCL/CS electrospun mesh could absorb water droplets 

within 1 minute, there were still frictions to absorb water when the PCL/CS weight ratio 

was lower than 70/8. The PCL/CS absorbent with higher water absorbability also had a 

higher IS absorption performance in correspondence. A hydrophilic and water-insoluble 

supportive material could be used in order to increase the hydrophilicity of the sorbent. 

8.3.3 Other pore open methods 

Although the sacrificed SiO2 and Al2O3 nanoparticle approaches proposed in Chapter 6 

did not give promising results on porous fibre formation, there are still some alternative 

pore makers and pore opening methods, which might provide better porous electrospun 

fibres. Since the electrospun porous fibres have a fibre diameter in submicron and even 

nanoscale, the pore makers have to be nanoparticles chosen from oxide, salt, and some 

organic nanoparticles. The chosen nanoparticle (i.e. pore makers) should not react with 

the electrospun fibre and have some different physical or chemical properties from the 

electrospun fibre for further removal (i.e. pore opening). These pore makers could be 

removed by dissolving, melting, and oscillation (e.g. sonication and microwave) for pore 

opening dependant on the chosen pore makers. Considering the chemical and physical 

properties of the electrospun PCL/CS fibres, it is suggested to use these two combinations 

for sacrificed nanoparticle approach: 1) dissolving oxide or organic nanopsrticles and 2) 

sonicating or microwave oxide nanoparticles. 
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When using melting as the pore opening method for PCL/CS electrospun porous fibres, 

PCL should be changed into other formic acid soluble polymers because PCL is in glass 

transition at room temperature and has a melting temperature of 60 °C which means the 

heating-up would liquify the PCL content and ruin the fibre morphology. Therefore, a 

formic acid soluble polymer with higher glass transition temperature and melting 

temperature could be used as the supportive material for chitosan-containing electrospun 

fibres such as polylactic acid (PLA). 

Salt nanoparticles as the pore maker should be electrospun under low humidity, otherwise 

the salt nanoparticles would be damped and generate heat to damage electrospun fibres. 

Additionally, it should be concerned that the salt would influence the dielectric properties 

of the electrospinning solution. Therefore, the solvent system of electrospinning solution 

should be redesigned. 

8.3.4 Engineering optimization on sorbent device 

The development of this PCL/CS composite absorbent for uraemic toxins is still on the 

proof-of-concept stage. Apart from improving the absorption performance, engineering 

optimizations on the sorbent device, including sorbent cartridge design, sorbent material 

stability, life cycles, and toxicity in clinical usage, are essential for practical applications 

in the future. The electrospun PCL/CS fibres and PCL/CS porous monolith proposed in 

this thesis are exposed in open air, which is not suitable for clinical applications. 

The absorbents should be sterilized and packed prior to the clinical usage. Sterilization is 

a general requirement for all medical devices in clinical usage. The package of the 

absorbents plays an important role in the prevention of leakage and the maintenance of 

blood pressure. The package of conventional haemodialyzers could be modified in shape 

to fit the electrospun PCL/CS fibrous absorbent and PCL/CS porous monolith. 
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The mechanical strength of both electrospun PCL/CS fibres and PCL/CS porous monolith 

would be part of the considerations for the sorbent durability in clinical usage because the 

blood flow rate in clinical dialysis treatment (average 250 mL/min) (Chang et al., 2016) 

is much higher than the flow rate (5.95 mL/h) in this thesis, giving higher mechanical 

stress on the absorbent materials. In order to match the blood flow rate in clinical 

applications, the material loss in 250 ml/min flow rate and mechanical strength of the 

electrospun PCL/CS fibres and PCL/CS porous monolith should be tested. These 

mechanical tests could also give an idea of the mechanical durability of the absorbents, 

in association with the cyclic absorption capability tests, the life cycle of these absorbents 

could be studied. 

Last but not least, the toxicity tests of the uraemic toxin sorbent device should be tested 

with blood, including the haemocompatiblity tests, complement activation test, platelet 

activation test, immune cells activation tests, and in vivo safety assessment.  
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Appendices 

APPENDIX A 

A.1 G-code for 3D system initialization and calibration 

G21 ; set units to millimetres 

G90 ; use absolute coordinates 

G28 ; home all axis 

 

G1 F3000 ; nozzle moving speed definition 

G1 Z22.00 ; collecting distance setup 

G1 X30 Y160 

G1 X30 Y30 ; nozzle starting point setup 

 

G1 F3000 ; nozzle moving speed definition 

         ; time for one way is 2*30mm/3000mm/min=0.02min=1.2s 

G1 X110 Y30 ; cycle 1 

G1 X80 Y30 

 

G1 X110 Y30 ; cycle 2 

G1 X80 Y30 



233 

 

 

G1 X30 Y30 ; back to starting point and ready for fabrication 

 

A.2 G-code for solution feeding nozzle moving 

G21 ; set units to millimetres 

G90 ; use absolute coordinates 

G1 F3000 ; nozzle moving speed definition 

         ; time for one way is 2*30mm/3000mm/min=0.02min 

G1 X30 Y30 ; back to starting point and ready for fabrication 

 

G1 X110 ; cycle 1 

G1 X80  

G1 X110  ; cycle 2 

G1 X80  

G1 X110 ; cycle 3 

G1 X80 

G1 X110  ; cycle 4 

G1 X80  

G1 X110  ; cycle 5 
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G1 X80  

G1 X110  ; cycle 6 

G1 X80  

G1 X110  ; cycle 7 

G1 X80  

G1 X110  ; cycle 8 

G1 X80  

G1 X110  ; cycle 9 

G1 X80  

G1 X110  ; cycle 10 

G1 X80  

 

G1 X30 Y30 ; back to starting point and ready for fabrication 


