
 
 

 
 
 
 
 

Kode Technology Modification of 
Nanofibres to Capture Particulates 

 

 

Ankita Poudyal 

 

 

2019 

 

 

Centre for Kode Technology Innovation  

School of Engineering, Mathematical and Computer Sciences  

Faculty of Design & Creative Technologies  

Auckland University of Technology  

 

 

A thesis submitted to Auckland University of Technology  

in fulfi lment of the requirements for the degree of Doctor of Philosophy  

  



ii 
 

Abstract 

With the continual rise in the levels of urban and industrial pollution, there is increased 

contamination of air and water by small particulate matter. Most of the current filtration 

methods can capture such particles by trapping through size exclusion, that is by filtration 

through membranes, which have pores smaller than the particles. This approach is 

problematic because small pore dimensions block flow. If particles could be captured by 

surfaces with larger pores, it would be possible to achieve a membrane that could remove 

pollutants and have a good flow characteristic at the same time. Attempts to make such 

activated capture membranes have been done earlier but are limited. Nanofibre mats 

made up of fibres less than 1000 nanometres in diameter are one of the extensively used 

advanced materials for air and water filtration.  However, surface functionalization of 

nanofibres is complicated. Most procedures are complex involving multiple steps that can 

damage surfaces. 

Kode Technology is a surface engineering technology that has the potential to modify 

membranes in a single step without significantly changing the structure of the surface. 

The extension of this technology to modify nanofibre surfaces could potentially create 

high-efficiency filters capable of capturing air and water particulates with minimal 

compromise in flow characteristics. The main aim of this research was to establish 

whether coating nanofibres with Kode constructs could enhance the adsorption and 

filtration of air and water particles. The research included a study of the modification 

mechanism, comparison of various functional heads and construct designs, limitations 

and extension to capture cells such as red cells and bacteria.  A variety of Kode constructs 

were applied to nanofibres made from various polymers. For water particle capture, in-

house synthesised silver nanoparticles were used as surrogates of pollutants. UV-Vis 

spectroscopy was used as a main quantitative tool and SEM, EDS and FTIR were used for 

qualitative analysis. For air particle capture, aerosols were generated using sources such 

as diesel combustion, wood-burning and incense combustion. Laser particle counters 

were used for quantification and size distribution analysis and were further analysed by 

SEM and EDS for morphological and chemical signatures. Additionally, modification of 

nanofibres was studied by applying Kode constructs during fabrication (electrospinning) 

and after electrospinning.  
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It was observed that surface modification of nanofibres by Kode constructs can 

significantly enhance the adsorption and filtration efficiencies of nanofibres and that the 

technology has the potential to be utilised for the capture of nanoparticles as compared 

to aerosols. After the successful coating and capture of air and water particles, the 

research was proof-of-concept, extended to capture biological particles such as microbes 

and RBCs. The conclusions from this research are that Kode Technology has the potential 

to be used for actively capturing pollutants and other contaminants.   
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Chapter 1: Introduction 

Pollutant particles are diverse in size, ranging from large to nanoscale, which means that 

conventional filtration membranes which use size-exclusion must have small pores to 

capture most pollutant particles. However, small pores cause a high constriction in 

airflow. What is needed are membrane that are able to capture nanoparticle pollutants 

and have high air-flow characteristics and this can be potentially achieved using modified 

membranes with large pores that actively capture pollutants. This research focuses on 

this mechanism by modifying the surface of nanofibre membrane (with large pores) so 

that the modified membranes actively capture nanoparticles while maintaining high flow 

through characteristics. Because traditional surface functionalisation techniques are 

complicated and use harsh chemicals, this study explored the use of Kode Technology to 

modify nanofibres to capture pollutants. The approach taken was to use charged Kode 

constructs applied on surface as a thin-film coating and measure their ability to capture 

charged particles. Charged nanoparticles were synthesised as pollution surrogates 

because in contrast to the various air pollutants generated using combustion methods, 

the performance of the modified membranes to capture charged nanoparticles could be 

validated and characterised. A high level of capture of nanoparticles and combustion 

generated particles was achieved using Kode-modified nanofibres. The conclusions of this 

thesis were positive and can be used as a basis to explore more varieties of Kode 

constructs to capture a wider range of environmental pollutants including toxic gases and 

viruses.  

1.1 Nanofibres 

Nanofibres are defined as fibres with diameters less than 1000 nanometres. Diameters 

of 50-500 nanometres are typical for most nanofibres 1. They are notable for their 

characteristic features such as large surface-area-to-volume ratio, extremely small pore 

dimensions and superior mechanical properties. Due to these features, nanofibres have 

a wide range of applications in areas such as high-performance filtration, battery 

separators, wound dressing, vascular grafts, enzyme immobilisation, electrochemical 

sensing, composite materials, reinforcements, blood vessel engineering and tissue 

engineering 2. A comparison of a nanofibre mat with a single strand of human hair and a 

pollen grain is shown in Figure 1. 
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Figure 1: Comparison of nanofibre with pollen grain and a single strand of human hair 3.   

 

Several methods are used to fabricate nanofibres such as self-assembly, phase 

separation, template-based methods and electrospinning. In most of these processes, 

the fibres are collected as nonwoven random fibre mats known as nanowebs, consisting 

of fibres having diameters from several nanometers to hundreds of nanometers 4. 

Different methods for fabrication are described below: 

1) Self-assembly 

2) Phase separation 

3) Template method 

4) Electrospinning 

1.1.1 Self-assembly method 

Self-assembly is a bottom-up technique where individual molecules arrange themselves 

in certain patterns to form, for instance, macromolecular nanofibres. Several 

intermolecular forces and the structure of smaller units determines the shape of 

nanofibres. The building blocks of nanofibres can assemble into ordered structures such 

as superlattices, monolayers, honeycomb or tubes. The self-assembly method is used in 
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nano-structuring and nano-fabrication because of its simplicity, versatility, spontaneity, 

low cost and high yielding 5. 

The self-assembly process involves various driving forces such as electrostatic force, 

hydrogen bonding, hydrophobic interactions, pi (π) interactions, π–π interactions and van 

der Waals force. Additionally, it can also be affected by different conditions such as pH 

and ionic strength 6. Self-assembly requires the components to be mobile and often the 

building block molecules in the fluid carrier medium move randomly under Brownian 

motion. Therefore, there is less precise control over the transport and contact of the 

building blocks on the molecular scale. In attempts to achieve control, the solution of 

building blocks is often agitated with changes in temperature and viscosity 7. 

The self-assembly process is most commonly used to generate peptide nanofibres and 

peptide amphiphiles. Specific peptide amphiphiles can self-assemble into nanostructure 

under certain physiological conditions.  The resultant structures are highly bioactive and 

used for biomedical applications such as tissue engineering, regenerative medicine and 

drug delivery 8. 

1.1.2 Phase separation method 

In the phase separation method, the nanofibres are formed due to the instability of the 

polymer within the solvent. Two different phases are formed due to physical 

inconsistency of the components used and nano-matrices form by precipitation of 

polymer-poor phase and polymer-rich phase 9. Important steps involved in this technique 

are polymer dissolution, gelation, solvent extraction, freezing and freeze-drying. Firstly, 

the polymer is dissolved in solution and the phase separation is induced, either thermally 

or through the addition of a non-solvent to the polymer solution, to create a gel. The 

polymer solution under this condition becomes thermodynamically unstable and tends 

to separate into two phases. Water is then used to extract the solvent from the gel. The 

polymer-rich phase then solidifies on reducing the temperature to a 3-D microporous 

structure. The process of a general phase separation method for fabrication of nanofibres 

is shown in Figure 2. The advantage of this method is that it does not require specialized 

equipment with consistency in batches. Moreover, constructs can be produced in a 

mould to achieve a specific geometry. However, this method is effective with only a select 

number of polymers and with a low yield 10. 
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Figure 2: Process of phase separation for the fabrication of nanofibres 11. The thermodynamic instability of 
the homogenous solution can be introduced either thermally or by addition of a non-solvent.   

 

Various polymers have been used to fabricate nanofibres using phase separation. Among 

the various scaffold fabrication techniques, thermally induced phase separation (TIPS) is 

one of the most versatile methods to produce porous polymeric scaffold and it has been 

largely used for its capability to produce highly porous and interconnected nanofibre 

membranes 12. Polymers such as poly-L-lactide acid (PLLA), poly-lactic-co-glycolic acid 

(PLGA), and poly-DL-lactic acid (PDLLA) can form fibre diameters from 50–500 nm, and 

porosities up to 98.5% 13.  PLLA is a widely used biodegradable scaffolding material.  A 

series of biodegradable amphiphilic poly(hydroxyalkyl(meth)acrylate)-graft-poly(L-lactic 

acid) (PHAA-g-PLLA) copolymers have been synthesised and fabricated into nano-fibrous 

scaffolds using thermally induced phase separation. For example, PLLA-based 

macromonomers were first prepared using functional hydroxyalkyl (meth)acrylates 

(HAA). The PHAA-g-PLLA copolymers were then synthesised using free-radical 

copolymerization of PLLA-based macromonomers and HAA 14. The resulting nanofibrous 

scaffold showed great potential to be applied for biomedical applications. Recently, 

fabrication of chitosan membranes was done by low temperature-induced phase 

separation that produced very thin nanofibres in the range of 40-60 nm 15. In the research 

work, phase separation was used to overcome the shortcomings of other methods such 

as electrospinning and freeze-drying that required the use of organic acids such as 

concentrated acetic acid or trifluoroacetic acid to fabricate chitosan. Such solvents are 

highly corrosive, toxic and have an unpleasant odour. The resultant fibres demonstrated 

high adsorption of copper ions with possibility to be applied for heavy metal removal. 

1.1.3 Template-based method 

In template-based synthesis, firstly a nanostructured ceramic or polymeric membrane is 

prepared to serve as the template. Then the targeting material is added in contact with 
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the nanostructure to form nanofibres and finally, the template is removed to leave free 

nanofibres. The other fabrication methods are generally dependent on low-temperature 

chemical or physical processes. Therefore, the template-based technique can be a good 

alternative to fabricate nanofibres without the dependency on temperature. Templates 

can be derived from synthetic as well as natural substances and based on the structure 

of the template, the process can be divided into hard and soft template methods 16. 

Anodized aluminium oxide (AAO) is a popular ceramic hard template that has been widely 

used 16,17. Anodic aluminium oxide (AAO) template is fabricated by aluminium anodizing 

in given electrolytes (oxalic, sulphuric or phosphoric acid) solution. It has a hexagonally 

ordered pore array that is considered ideal for fabrication. However, it is limited by the 

difficulty to monitor the pore size 18.  

Soft templates do not have rigid structures. Surfactants, polymers and biopolymers are 

some commonly used soft templates. It is mainly based on the micellar action that can 

form organic and inorganic templates during the reactions and is comparatively easier to 

build and remove. Polyaniline (PANI) nanostructures were obtained by oxidative 

polymerization in the presence of sucrose octaacetate as a soft template, and ammonium 

peroxydisulfate (APS) acting as an oxidizing agent 19. The resultant nanofibre showed 

more thermal stability and electrical conductivity due to its higher crystallinity and highly 

ordered structure. The use of zinc oxide as a soft template to synthesise PANI nanofibres 

to make gas sensors was also reported 20. The results showed that the fabricated fibres 

had a significant enhancement in sensing of ammonia gas at room temperature and was 

least affected by humidity. 

1.1.4 Electrospinning 

Electrospinning is the most commonly used method to fabricate nanofibres because of 

its simplicity and suitability for a variety of polymers and ceramics 21,22. In comparison to 

conventional methods, it has advantages of low cost, more capability, and high speed. In 

the electrospinning process, a polymer solution held by its surface tension at the end of 

a capillary tube is subjected to an electric field. A charge is induced on the liquid surface 

by an electric field. Mutual charge repulsion causes a force directly opposite to the 

surface tension. As the intensity of the electric field is increased, the hemispherical 

surface of the solution at the tip of the capillary tube elongates to form a conical shape 

known as the Taylor cone 23. When the electric field reaches a critical value at which the 
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repulsive electric force overcomes the surface tension force, a charged jet of the solution 

is ejected from the tip of the Taylor cone. Since this jet is charged, its trajectory can be 

controlled by an electric field. As the jet travels in air, the solvent evaporates, leaving 

behind a charged polymer fibre, which lays itself randomly on a collecting metal screen. 

Thus, continuous fibres are laid to form a non-woven fabric. Figure 3 illustrates the 

electrospinning process. 

 

Figure 3: Process of electrospinning 24. A charge is induced on a polymer solution using a high voltage and 
a jet of polymer is ejected as fibres. 

 

The parameters affecting the process can be described as solution properties including 

viscosity, conductivity, and surface tension; controlled variables including hydrostatic 

pressure in the capillary, electric potential at the tip, and the distance between the tip 

and the collection screen; and ambient parameters including temperature, humidity, and 

air velocity in the electrospinning chamber 23.  

Electrospun nanofibres can have various applications. Research on biomedical 

applications has focused on (i) the generation of fibrous scaffolds for tissue engineering, 

(ii) wound dressing, (iii) drug delivery mechanisms and (iv) enzyme immobilisation to 

achieve faster reaction rates in biological reactions 25,26. In addition to biomedical 

applications, they have been widely studied as a potential filter material in the 

environmental protection field 27. The properties of some commonly used polymer types 

for nanofibres fabrication and their uses in filtration are discussed in the following 

section. 
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PCL (Polycaprolactone)   

PCL is generally used for low-temperature filtration 28. It has a low melting point of 60oC 

and is cohesive. The main benefits of PCL are its biodegradability and insolubility so that 

it can be used for both filtration and biomedical applications. 

PA66 (Nylon 6, 6)  

PA66 is generally used for high-temperature air and liquid filtration because it has a high 

melting point of around 248-258°C and is extremely cohesive 29. It is insoluble in water 

due to which it can achieve a high filtration efficiency with relatively low depositions.  

PMMA (Poly Methyl Methacrylate) 

PMMA is used for high flow air and liquid filtration. It is readily scalable and is insoluble 

in water making it applicable for air and water filtration. It is more suitable for low-

pressure applications such as antipollution facemasks that require maximum 

breathability. The main limitation is its relatively low durability 30. 

PVOH (Polyvinyl Alcohol) 

PVOH is commonly used for both air and water filtration but is generally cross-linked with 

other polymers 31. It is cohesive in nature and melts at 200°C. It is soluble in water and 

thus proposes a challenge in filtration scale up, as suitability for filtration is limited to dry 

and non-humid air. However, it can be readily cross-linked by maleic acid and sulphuric 

acid as catalyst 32.   

PEO (Polyethylene Oxide)   

PEO is also used for low-temperature air filtration 30. It is slightly lofty and melts at 65°C. 

It is also soluble in water, which means its usage, and scalability is limited. It is commonly 

used in combination with other polymers. 

PVDF (Polyvinylidene fluoride) 

PVDF is an extremely cohesive polymer and it melts at 177°C. The PEO electrospun 

nanofibres are scalable and commonly utilised as water filters due to their insolubility, 

inertness and porosity. It can also be used with corrosive solutions and in relatively high 

temperatures 33. 
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TPU (Thermoplastic Polyurethane) 

TPU is highly elastic and the melting temperature ranges from 55°C to 220°C. It is currently 

used in some commercial facemasks. However, it requires the use of toxic solvents for 

electrospinning. Therefore, it is hard to produce the polymer on an industrial scale. TPU 

has a moderate pressure drop and is extremely elastic and durable. The limitation of TPU 

includes its unsuitability in high-pressure applications due to air/liquid overcoming the 

elastic forces that result in an increase of pore size 33,34. 

PVAc (Polyvinyl Acetate) 

PVAc is generally used for low-temperature air filtration due to its low melting 

temperature of 60°C. It is often used in combination with other polymers for nanofibre 

fabrication 35. 

PES (Polyethersulfone) 

PES has a melting temperature of 220°C and is slightly resilient in nature. It is effective for 

high-temperature filtration and is resistant to most of the solvents 36. 

PAN (Polyacrylonitrile) 

PAN is highly cohesive and has a melting temperature of greater than 300°C, which makes 

it very suitable for high-temperature air and liquid filtration. The fabrication of PAN 

nanofibres is highly scalable. It is commonly used within membrane filters for biomedical 

purifications 37,38. 

1.2 Polymer surface modification techniques 

Polymers have diverse applications in areas such as adhesion, printing, food packaging, 

membrane separations and ion exchange including medical uses such as cell culture, 

biosensors, diagnostic assays, drug delivery and many more 39. Synthetic polymers can be 

designed and fabricated to have suitable mechanical properties and functionalities. Some 

materials have excellent bulk chemical and physical properties. However, they do not 

have suitable surface properties required for specific applications.  

Surface modification or functionalisation is a technique that can be used to introduce 

modifying agents on polymer surfaces to enhance their surface properties or specificity 

towards a desired molecule 40. They are usually modified to increase or decrease 

hydrophilicity, ionic charge, adsorption, roughness, and other electrical and optical 
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properties. A well-engineered surface modification process allows for optimizing 

functionality, chemical interactions with ligands and biocompatibility without changing 

the mechanical features of polymers 41. 

Generally, there are three ways to modify a surface: remove material from the surface, 

add material to the surface or change the material of the surface. As reviewed in Ratner’s 

paper 41, the main considerations for choosing a modification technique are surface 

chemistry, structure and chemical properties of modifying agent and the ability of the 

modifying agents to remain denatured. Reproducibility, cost and difficulty of the 

immobilisation process also need to be considered.  

As reviewed by various authors 26,42,43, depending on the nature of modification 

techniques, they can be broadly categorized into the following. 

a) Pre-treatment by physiochemical methods 

b) Modification by immobilisation of molecule 

1.2.1 Pre-treatment by physicochemical methods 

Physicochemical treatment of surface constitutes treatment using active gases, vapours 

or radiation or solution treatments to improve the surface properties. It is usually done 

prior to modification by immobilising active agents 41. It provides active sites on the 

otherwise inactive surface by introducing functional groups, chemically reactive ions or 

free radicals. It is commonly done to achieve improved hydrophilicity and adhesion 44. 

Physical treatments include active gas treatments such as ion beam, corona discharge, 

crosslinking surface molecules by ionising radiation, UV, radio-frequency gas discharge 

(RFGD) etching, etc. Solution or chemical treatments include polymer coatings and 

oxidization, sulfonation, chlorination, acetylation and salination using various reagents. 

Similar treatment protocols have been used for nanofibre modification. However, some 

common techniques are listed below. 

Plasma treatment 

Plasma treatment improves the wettability and adhesion by introducing polar groups on 

the nanofibre surface. It can be done using air or typical gases including hydrogen or other 

gases such as nitrogen and oxygen that produce functional groups such as carbonyl 

(>C=O), carboxyl (–COOH), hydroxyl (–OH), hydroperoxides (HOO–), and amines (–NH2) 

that depend on the nature of plasma. Such functional groups are crucial for the further 
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physisorption and chemical interaction of active molecules 45. Plasma treatment based 

on non-thermal methods is a convenient and cost-effective way to tailor the surface 

properties of polymers such as PCL 46.  PCL is a polymer that has good chemical stability 

and is biocompatible which makes it usable for applications such as tissue generation and 

particulate filtrations. However, it lacks adhesion due to high hydrophobicity. Polymers 

such as chitosan, gelatin and collagen are blended with PCL to improve wettability but it 

deteriorates the excellent mechanical properties of PCL. Poly(methyl methacrylate) 

(PMMA) electrospun fibres have also been treated with O2 plasma to introduce polar 

functional groups such as hydroxyl and carboxylic acid groups, resulting in improved 

hydrophilicity 47. The advantage of plasma treatment is that it serves the purpose without 

significant change in the scaffold morphology and mechanical properties. However, the 

requirement of a vacuum system is a major disadvantage of this method as it increases 

the cost of operation.  

UV treatment 

It provides similar effects of plasma but the process is dependent on the UV absorption 

coefficients of surfaces at specific wavelengths.  Therefore, it is limited in the number of 

surfaces it can be used to modify. However, UV treatment can process wide areas as well 

as small spots, unlike plasma treatments. Nanofibres treated with UV have been proved 

to achieve change in polarity, chemistry, charge, roughness and morphology of 

nanofibres 48. UV irradiation in the presence of a reactive gas has also been mentioned 

by a study 49. The enhancement of adhesion of surfaces induced by UV irradiation has 

been reported in many studies 50,51.  

Surface graft polymerization 

Surface graft polymerization is a chemical modification method where the modification 

is achieved by grafting monomer on the surface of materials. The key advantage of these 

techniques is that the surface of the materials can be modified uniquely with different 

grafting monomers while maintaining the intrinsic properties 52. As reviewed in the paper, 

this technique is easy and more stable due to the strong attachment of graft to the 

surface. It also offers controlled introduction of grafts with high density without changing 

the bulk properties. It includes two steps: a) surface activation and b) graft 

polymerization. Because of the absence of chemically reactive functional groups on most 

substrate surfaces, a surface activation process is needed to create reactive sites on them 
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that can generate further grafting processes. Reactive groups can be generated through 

chemical reactions, plasma treatment, ozone exposure or irradiations. This method has 

been used to prepare nanofibre surfaces for inducing antibacterial properties. For 

example, polyurethane (PU) nanofibres were modified with poly(4-vinyl-N-hexyl 

pyridinium bromide) after treatment with argon plasma to produce surface oxide and 

peroxide groups on surface 53. Then the nanofibres were immersed in 4-vinylpyridine 

monomer solution with exposure of UV irradiation. Hexylbromide was further used for of 

grafted pyridine groups for antibacterial activity. This technique has also been utilized for 

improving water solubility of surface. Graft polymerization of acrylic acid (AA) was done 

on chitin nanofibre and the resultant nanofibre showed improved dispersibility in basic 

water 54. Similarly, various other kinds of monomers have been attached to nanofibres 

for different applications 55,56 

1.2.2 Modification by immobilisation methods 

The recent developments on surface modification through the attachment of biologicals 

and non-biologicals to solid surfaces has advanced it’s application in medical and 

environmental sectors 57,58. The choice of surface or support matrix is also an important 

criterion to achieve optimum immobilisation because the morphological and 

physicochemical properties of a surface can affect the activity of immobilized molecules. 

One of the desired properties of support matrix is mesoporous structure where the large 

surface area can permit higher loading of molecules 42. Since the pore dimensions and 

total surface area can critically affect the binding capacity, nanofibre surfaces are 

considered as excellent candidates for immobilisation as they have high surface area to 

volume ratio with highly macroporous morphology.  

 A properly oriented molecule can help in proper exposure of active sites. Therefore, 

consideration should also be made while choosing the spacer arm between the surface 

and the immobilised or modifying molecule. Longer and flexible spacers can provide more 

mobility to the immobilised molecule resulting in better sensitivity of the technique 59. 

High efficacy immobilisation must also fulfil requirements such as easy and rapid 

modification, stable and high-density attachment of molecules and no significant change 

in structure of molecules as well as the modified surfaces. As reviewed by Mohamad et 

al., the main techniques of immobilisation on nanofibres can be categorised as the 

following 42 
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1) Non-covalent bonding   

2) Covalent bonding 

3) Entrapment 

Figure 4 represents the schematics of the immobilisation techniques as reviewed by 

Mohammad et al. Although comprehensive, the list is not definitive as they have been 

classified differently by various authors 59,60. 

 

Figure 4: Schematic representation of different methods of immobilisation of molecules. Non-covalent 
bonding is formed without any chemical bond between the support or surface, entrapment is the process 
where the modifying agent is trapped inside a 3D polymeric material and covalent bonding involves the 
process of forming an irreversible bond between the immobilised agent and the surface 42.  

 

Non-covalent bonding 

Non-covalent bonding is a process of physical attachment to the surface through 

different mechanisms such as hydrogen bonding, van der Waals interactions, ionic and 

electrostatic interactions 61. Adsorption was one of the first immobilisation methods that 

were used for non-covalent attachment of biomolecules such as enzymes, antibodies and 

glycans 41. It can be simply carried out by mixing the molecule with suitable adsorbent 

surface under appropriate conditions of ionic strength, pH, temperature and incubation 

period. The excess of loosely bound molecules can then be washed off and the 

adsorbents can be directly used. However, due to weak binding, the adsorbed molecules 
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can desorb, resulting in lower stability of modification. The surfaces are also susceptible 

to non-specific binding and therefore the technique can be difficult to control. Some 

commonly immobilised agents through non-covalent interactions are discussed below. 

a) Drugs and biomolecules 

Nanofibre surface is used for release of drugs for controlled dosage of therapeutic agents. 

Drugs such as peptides, proteins (including antibodies) can be loaded on the surface using 

simple physical adsorption. Hydrophobic drugs are mixed with the polymer solution 

before electrospinning. However, due to harsh conditions of electrospinning some drugs 

can be less effective after the release 62. Therefore, modification can be done by simply 

attaching drugs post-fabrication. Heparin is a glycosaminoglycan that has a strong affinity 

towards growth factors. Nanofibres such as PEO and PLGA have been immobilised with 

low molecular weight heparin 62. These modified surfaces have potential applications in 

local delivery of growth factors with enhanced therapeutic efficacy. Cancer therapy is a 

common application of drug-loading technique. Drugs such as fluorouracil and oxaliplatin 

have been loaded onto polylactide (PLA) nanofibres to suppress tumour growth 63. 

Chitosan/PEO nanofibres have been loaded with paclitaxel (PTX) which is a well-known 

mitotic inhibitor and a radio sensitising agent by simple adsorption and the resultant 

fibres showed chemotherapeutic activity 64. Drug-loaded nanoparticles with unique drug-

releasing profile have also attracted attention lately. Nanoparticles are used to enhance 

the solubility of hydrophobic drugs, increase stability, provide controlled release and 

deliver higher concentrations through enhanced permeation 65,66. Such nanoparticles can 

be embedded during electrospinning 67 or after electrospinning 68. Nanoparticle 

decorated fibres have been explored for wound care, regenerative medicine and dental 

engineering 68.  

b) Self-assembled monolayers (SAM) 

Self-assembled monolayers (SAM) are formed by spontaneous adsorption of highly 

ordered molecular assemblies on the surfaces of various substrates. The process is 

initially driven by physical adsorption through van der Waals or hydrophobic interactions 

but stable monolayers are formed by chemical interaction between the adsorbate and 

the surface 69. The molecules are attached to the surface by strong covalent-like 

interactions that are extremely stable. The weakly attached molecules can then be 

washed out easily after SAM formation. One of the common classes of SAMs is based on 
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strong adsorption of compounds such as thiols, sulphides and related moieties on 

elements such as gold, silver, copper and platinum 70. According to the paper, the self-

assembly of alkanethiols on gold is a commonly studied self-assembly process. The 

interaction is reversible and is simply formed by dipping gold into a solution of 

corresponding alkanethiols. Monolayers of fatty acids on silver surfaces and 

alkylchlorosilanes, alkylaminosilanes on hydroxylated surfaces have also been studied. 

SAMs have been widely applied to biosensors, neural prosthetic devices, protein 

microarrays and microfluidics 71.   

Covalent bonding 

The covalent bond is a strong molecular bond made by sharing of electrons in the atoms. 

It includes interactions such as metal-to-metal bonding, σ-bonding, π-bonding, bent 

bonds and can be simply divided into two types of bonding - polar bond and non-polar 

bond 42,72. Chemical groups such as carboxyl, hydroxyl, thiol and amino groups are 

commonly utilised for binding of modifying molecule to the surface. However, such 

groups are not required for the functional activity of the molecule. Covalent methods 

provide more stable immobilisation with very less chance of desorption from the surface 

but due to harsh conditions required for the process, the structure and activity of the 

molecule can be affected. Some examples of the functionalities that can be utilised are 

epoxides, amines, aldehydes, thiols, maleimides, azides, hydrazides and N-

hydroxysuccinimide (NHS) esters 73. Some common techniques of covalent modification 

are listed below. 

a) Cross-linking 

Crosslinking is the process of chemically joining two or more molecules through a 

covalent bond. It is a frequently used technique, which provides a more stable 

attachment than adsorption. Functional groups such as primary amines (–NH2), carboxyls 

(–COOH) sulfhydryls (–SH), carbonyls (–CHO) and hydroxyls (-OH) can be utilised for cross-

linking of modifying agent with the surface 74. Various synthetic and natural molecules 

have been used for functionalisation to improve the chemical and mechanical features of 

nanofibres and other surfaces. Some of these are discussed below. 

Laminin is a component of extracellular matrix protein that helps in differentiation of 

neural cells. Covalent modification of nanofibre using laminin through series of chemical 

reactions has been widely studied. For example, the proliferation of Schwann cells on the 

https://en.wikipedia.org/wiki/Metallic_bonding
https://en.wikipedia.org/wiki/Sigma_bond
https://en.wikipedia.org/wiki/Pi_bond
https://en.wikipedia.org/wiki/Bent_bond
https://en.wikipedia.org/wiki/Bent_bond
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laminin-modified PCL-chitosan nanofibre substrate was investigated where cross-linked 

laminin showed better activity than adsorbed laminin 75. Covalent cross-linking was also 

explored for modifying silica by surface grafting of (3-aminopropyl) trimethoxysilane, 

which was subsequently reacted with 4-(N-maleimidomethyl) cyclohexane-1-carboxylic 

acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (sulfo-SMCC) 76. The resulting 

surface was finally cross-linked with laminin with covalent thiol-maleimide linkage of 

laminin to silica nanofibre.  

Gelatin and collagen are good candidates to create tissue-engineered scaffolds as they 

are biocompatible. However, they dissolve in aqueous media making them unsuitable. By 

cross-linking the carbonyl groups on the glutaraldehyde and the amine groups of the 

gelatin, the nanofibres can be made water-stable 77. Insolubility is also an important 

requirement for filtration applications. As reviewed by various authors, water-soluble 

nanofibres can be modified by cross-linking to improve hydrophobicity and 

glutaraldehyde is predominantly used for stabilising water-soluble nanofibres because it 

offers a simple, low cost and effective technique for modification. Many studies show 

successful modification of polyvinyl alcohol (PVA) nanofibres with glutaraldehyde 

resulting in improved water stability along with enhanced mechanical properties 78–80.  

Genipin is one of the newly studied cross-linking agents for polymers such as chitosan, 

gelatin, PVP and PEO 81,82. The papers reported improved chemical and mechanical 

stability of chitosan nanofibres by spontaneous reaction of genipin with the NH2 group 

chitosan or a protein with a reactive amino-group. 

An epoxide is a cyclic ether composed of a three-atom ring. This ring makes it highly 

reactive. Ethylene glycol diglycidyl ether (EGDE) is a diepoxy cross-linker with two epoxide 

groups on either end. It has been used to react with an amino group on the amino acid 

at the end or in the middle of the keratin to improve the water-resistance 83. The study 

also reports improved crystallinity and thermal stability after cross-linking. It has also 

been cross-linked on chitin beads to enhance adsorption of copper ions by improving 

stability on acidic and basic solutions 84. This technique can be extended to modify chitin 

nanofibres in a similar way.  

The isocyanate groups on cross-linking agents can react with hydroxyl groups on the 

surface to improve the mechanical properties of nanofibres. Diisocyanate is a commonly 

used agent for such cross-linking reactions. It has been used for the modification of silica 

https://en.wikipedia.org/wiki/Ether
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aerogel with subsequent incorporation of carbon nanofibres. It was found to increase the 

stability of the product without changing the density and porosity 85. 

b) Click chemistry  

The click chemistry concept was introduced by Sharpless and colleagues in 2001 86. Ever 

since the relevance of this concept and its applications has been widely increasing 87–89. 

Click reactions offer advantages such as the ease in conducting a reaction with no side 

products and its broad applicability in modular approaches 90. The reactions can be 

conducted in mild conditions.  

The copper (I)-catalyzed 1,3-dipolar cycloaddition of azides and alkynes has been 

extensively used as “click” reactions for various applications. A promising and efficient 

way of obtaining clickable nanofibrous scaffolds was explored using commercially 

available PCL nanofibre. It was reported that this method was high yielding and non-

destructive as compared to other commonly used techniques such as saponification or 

aminolysis 91. Introduction of antimicrobial properties using click chemistry has also been 

explored. For example, Polyacrylonitrile (PAN) nanofibre was modified using sodium 

azide (NaN3) and silver nitrate (AgNO3) as a catalyst to yield antibacterial activity. The 

resultant product was also found to exhibit excellent stability 92. Nitrile click (i.e. –CN + 

alkyne) chemistry was used to modify PAN nanofibres with silver ions with the assistance 

of microwave radiation. It was also successful in producing an excellent antibacterial 

material 93. 

The copper initiated click chemistry has potential drawbacks of toxicity. Therefore, metal-

free click chemistry has also been explored. Strain-promoted azide-alkyne cycloaddition 

(SPAAC) has been used to modify biomolecules for use in living systems 94.  It works on 

the concept of ring strain, which provides dramatic rate acceleration between azide and 

cyclooctynes compared to normal unstrained alkynes.  

The series of thiol-based reactions that meet the “click” criteria, particularly, radical-

mediated reactions are the most commonly used metal-free modification technique used 

for tissue engineering applications. However, they require UV source that could induce 

damage 95. Therefore, base/nucleophiles–mediated thiol-X reactions including thiol-

Michael, thiol-isocyanate, thiol-epoxide and thiol-halide reactions have gained increasing 

attention. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ring-strain
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/azide
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Entrapment  

Entrapment is a common technique of immobilising biomolecules inside a 3D structure 

by polymerising material network around it. It is the most effective way of immobilising 

active agents such as vitamins, biocatalysts due to the stabilising and protective effect. 

The retention and release of entrapped molecules can also be controlled with ease, 

making it suitable for therapeutic purpose. One of the desired properties of polymers for 

entrapment is a mesoporous structure with large surface area. Therefore, nanofibres are 

considered an excellent support matrix for this technique.  

Coaxial electrospinning is one of the commonly used methods for entrapment, which is 

a modified form of electrospinning that involves an arrangement of multiple concentric 

spinnerets to co-spin compound fibres. It offers an advantage of duo-phase production 

of nanofibres by blending their properties while allowing their individual identities to be 

maintained. This technique has been used to produce core-shell fibres useful in many 

applications including drug delivery and material encapsulation. Molecules such as genes, 

proteins and growth factors have been entrapped in core-shell fibres 96.  

Healing agents such as dicyclopentadiene (DCPD) and isophorone diisocyanate (IPDI) 

were encapsulated in PAN nanofibres using co-axial electrospinning. Results showed 

excellent recovery of agents. Lee and co-workers also used a similar method to produce 

self-healing composites by encapsulating dimethylsiloxane in PAN 97,98. Several groups 

have reported the entrapments of biological organisms/cells into electrospun nanofibres. 

Encapsulation of bacterial viruses as an alternative to antibacterial antibiotics and gene 

delivery vectors has been reported 99,100.  The entrapment of eukaryotic cells is also used 

for the delivery of therapeutic molecules to diseased sites. Human umbilical vein 

endothelial cells (HUVECs) were entrapped in PEO/PCL shell nanofibres. The modified 

nanofibres were found to exhibit improved cell viability 101. 

1.3 Pollutants 

1.3.1 Air pollutants 

Air pollution is the presence of excessive quantities of harmful substances in the 

atmosphere that is detrimental to human health and the whole planet. Such substances 

could be released by various sources such as described below 102–105.   
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a) Man-made sources: fossil fuel power stations, manufacturing facilities, biomass 

combustion, waste deposition, vehicles, aircraft and nuclear weapons etc. 

b) Natural sources: dust, methane production by animals, radioactive decay, wildfires and 

volcanic activity etc. 

Some common contaminants found in the air are listed below.  

Particulate matters 

Particulate matter or PM is a mixture of solids and liquid matter found in the atmosphere. 

Some particles are released directly from a specific source, while others form in 

complicated chemical reactions. Particles come in a wide range of sizes and chemical 

composition. The size of the particle is an important parameter as it controls the dynamic 

behaviour of particles as well as their chemical and physical impacts upon the 

environment. It is also certainly an important parameter for the health consequences of 

the respective human exposure as particle size determines: (i) the deposition of particles 

within the human respiratory system; (ii) the amount of surface area that can contact 

tissues; and (iii) the rate of particle clearance from lungs 106. Based on size, PMs can be 

divided into: 

a) PM of size 2.5-10 µm (PM10)  

b) PM of size 2.5 µm or less (PM2.5)  

Figure 5 shows the comparison of PM10 and PM2.5 with human hair and fine beach sand. 

Different sources of PMs are farming, mining, and dust storms, pollen, mould, and 

combustion processes, such as petrol and diesel vehicles, wood burning, coal burning for 

power generation, and industrial activities 107.  
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Figure 5: Comparison of particulate matter with human hair and beach sand 108. 

 

The health effects of inhalable PM are well documented 109. They are due to exposure 

over both the acute short term (hours, days) and chronic long term (months, years). A 

huge spike in the occurrence of diseases such as asthma, cancer, high blood pressure, 

birth defects and many other cardiovascular and respiratory problems in the past couple 

of decades is directly proportionate to the increased PM level all over the world 110,111. 

Ambient (outdoor) air pollution in both cities and rural areas was estimated to cause 4.2 

million premature deaths worldwide per year in 2016. This mortality is due to exposure 

to small particulate matter PM2.5 112,113. Recent studies have also associated PM2.5 with 

skin damage and aging 114,115.  

Based on their transport to different regions of our respiratory system, they can be 

divided into a) inhalable fraction, which is less than 100 µm and can enter our throat b) 

thoracic fraction, which is less than 10 µm and can enter our bronchi c) respirable 

fraction, which is less than 4 µm and can reach our alveoli 116. They have different health 

impacts depending on what part of the respiratory organ they can reach.  Figure 6 

describes these fractions and their health effects. 



20 
 

 

Figure 6: Health effects of different fractions of PM based on size 117. 

 

Volatile organic compounds and toxic gases 

Volatile organic compounds (VOCs) are a wide-ranging group of organic molecules that 

are considered as major contributors to air pollution. They have high vapour pressure, 

which contributes to their volatile nature. They can cause acute symptoms such as 

irritations of the nose, eyes, throat, headache, nausea, allergic skin reactions and serious 

damage of internal organs such as kidney and liver 118. Sources such as industrial plants, 

vehicles and aircraft emit these pollutants into the atmosphere causing harm to human 

health and the ecosystem 119. International concerns regarding VOCs arise due to their 

toxic nature, their ability to travel great distances and their tendencies to accumulate and 

distribute in the environment. Polycyclic aromatic hydrocarbons (PAH) such as 

anthracene, phenanthrene and pyrene are considered as the most dangerous VOCs, 

posing multiple threats. They are produced by incomplete combustion of organic matter. 

They can originate from natural processes such as biomass combustion and volcanic 

eruptions. However, anthropogenic activities like wood burning, petrol and diesel 

combustion and industrialisation release large amounts of PAH into the atmosphere 120. 

VOC such as methane is considered to be less harmful but can contribute to global 

warming, whereas, more harmful VOCs such as benzene can lead to photochemical smog 
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when combined with other gases such as nitrogen oxides (NOx) 121,122. Photochemical 

smog is the chemical reaction of sunlight, NOx and volatile organic compounds (VOCs) in 

the atmosphere, which results in the formation of airborne particles (particulate matter) 

and ground-level ozone.    

1.3.2 Water pollutants 

Water pollution is the introduction of contaminants into water sources. Water pollutants 

can come from many different sources such as industry, waste treatment plants, 

pesticides, rainwater runoff. The pollutants can be organic, inorganic, radioactive or 

acidic/basic in nature, which can have severe health impacts 123. For example, the World 

Health Organization (WHO) has reported that 842,000 deaths occur every year due to 

diarrhoea 124. Water pollution can be considered a major factor in the realisation of these 

grim statistics. Water contaminants can be categorised as: 

Particulate matter 

Suspended particulate matter are heterogeneous aggregates of organic matter, 

microbiological particles and mineral fragments. They can interact with other pollutants 

in water and induce more harmful effects. The atmospheric PM is one of the major 

sources of water PM. When the insoluble particulate matter are exposed to water, they 

cannot readily dissolve and later settle under the water bodies 125. Particulate 

contaminant filtration is dependent on factors such physicochemical properties of 

particles and particle size.  

Nano contaminants 

There is a huge surge in the use of nanoproducts (1-100 nm) for various applications. The 

unique physiochemical properties of nanomaterials such as larger surface to mass ratio 

and greater surface reactivity make them ideal to be used as components of any 

commercial product 126. For example, titanium dioxide nanoparticles are being 

extensively used for better UV protection utilising their enhanced light absorption and 

scattering properties 127. Silver nanoparticles are used in clothing and detergent 

manufacturing due to their antimicrobial properties 128,129. The use of nanomaterials can 

also be found in food packaging, processing and development of food additives as they 

can increase the stability and enhance the delivery and bioavailability of nutrients 126. 

Nanoparticles from these sources can enter air, soil or water affecting the aquatic 
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ecosystem. Most particles are released as domestic waste during cleaning and 

contaminate the surface waters. Apart from harming aquatic organisms, they also cause 

human health hazards when those surface waters are used for drinking water 130.  The 

conventional treatment technologies such as activated sludge, reverse osmosis and 

nanofiltration are not very efficient in removing complex nano pollutants released as 

pharmaceutical products, industrial additives and other personal products 131. Moreover, 

there is a lack of knowledge of toxic effects and behaviour of nanoparticles and there are 

no adequate analytical techniques for the measurement of nanoparticles. Therefore, 

there is a need for efficient removal of nanoparticles. 

Nutrients 

Nitrates and nitrites are major sources of nutrient pollution of water sources. Mostly, 

commercial fertilisers and animal manure contribute to nitrogen and phosphorus 

contamination 132. The increase in levels of nutrients could encourage algae and weed 

growth, which further deteriorates the quality of water.  

Pesticides and chemicals 

Pesticides are used to protect crops against insects, weeds, fungi, and other pests. They 

also help in increasing the food yield. Some commonly used pesticides are fungicides and 

insecticides. However, some are toxic to humans and can have both acute and chronic 

health effects 133. Pesticides can remain in the soil and water for years. Farmlands are the 

major source of pesticide contamination. The water from rainfall and irrigation is 

transported to the groundwater and freshwater, resulting in their contamination. Other 

chemicals such as oils and spills from agricultural and horticultural industries also 

contaminate water sources.  

Heavy metals 

Heavy metals are naturally occurring elements that have high atomic weights and 

densities. They are important constituents of several key enzymes and play important 

roles in various oxidation-reduction reactions. However, they carry major health risks if 

found in excess. Some toxic heavy metals include arsenic, lead, mercury, cadmium and 

chromium 134,135. 
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1.4 Application of nanofibres in filtration applications 

Filtration is traditionally the leading, and today the most developed industrial sector 

involved in the application of polymer nanofibres 136. Nanotechnologists have discovered 

new filtering media for effective filtrations. Nanofibrous media have low basis weight, 

high permeability and small pore size that make them appropriate for a wide range of 

filtration applications. In addition, nanofibre membrane offers unique properties like high 

specific surface area, good interconnectivity of pores and potential to incorporate active 

chemistry or functionality on nanoscale. Therefore, nanofibrous membranes are 

extensively being studied for air and liquid filtration where high-performance purification 

is needed such as in hospitals, healthcare facilities, research labs, electronic component 

manufacturers, military and government agencies, food, pharmaceutical and 

biotechnology companies.  

The first sub-micron sized fibre filtration media was commercialized in the USA by 

Donaldson co., in the 1980s. The technique has since been adopted by many industries 

and research groups and has undergone massive improvements to suit different filtration 

markets 137. The increasing number of warnings from health organisations and agencies 

combined with increasingly stringent government regulations and health and safety 

concerns from the public are pushing the development of next-generation filter media 

with more efficient filtration capabilities. Modified or functionalised nanofibres are being 

widely studied as such advanced filter media 137. Some examples of their applications are 

discussed below. 

1.4.1 Use of modified nanofibres in air filtration applications 

Air pollutants are comprised of volatile organic compounds (VOCs), sulphur dioxides, 

nitrogen dioxides, ozone, viruses, dust and smoke, etc. Polycyclic aromatic hydrocarbons 

(PAHs) are other commonly occurring toxic airborne pollutants, and are produced by the 

incomplete combustion of organic matter  138,139. Dust particles or pathogens typically 

occur as liquids, solids, or combinations. For example, dust particles and pathogens 

develop a liquid outer phase when they hit the surface of filtration media that has been 

humidified by atmospheric moisture or from the moisture from human respiration. An 

interfacial tension, therefore, develops between the particle and the filter media.  

These complexities of the composition of airborne pollutants have led to increases in 

demand for high-efficiency filtration media consisting of multiple layers for capturing 
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particulates of different sizes, forms and compositions. Unfortunately, multilayers filter 

media is often hindered by poor breathability and high-pressure drop, which is 

undesirable for filters. Thus, researchers are trying to develop single layer multi-

functional nanofibre filtration media to address the issues of poor breathability and poor 

filtration efficiency. It is also possible to utilise the inherently large surface areas of the 

nanofibres and to chemically modify and functionalise the nanofibre surfaces so that they 

are able to adsorb larger amounts. Moreover, nanofibre fabrication process often allows 

for the incorporation of functional molecules within the fibres to better capture target 

particulates, viruses and hazardous gases with greater efficiency. 

The use of modified nanofibres to remove different kinds of air pollutants are discussed 

below. 

 

Particulate matter removal 

Many variables influence the efficiency of filter media in capturing particulates, including 

duct size, fan strength, air velocity and environmental conditions such as humidity. 

However, PM filtration is dependent on two important mechanisms: surface filtration and 

depth filtration. Simply put, surface filtration occurs when particles are too large to pass 

through the pores of a filter and are trapped on the surface of the filter media. The 

general mechanisms for the surface filtration of PMs include diffusion, interception, 

intermolecular interaction, straining, inertial impaction, gravitation and electrostatic 

interaction of particles on the filter surface 140. 

Diffusion and interception can be the most important particle capture mechanisms of 

nanofibres. Diffusion results in the capture of fine particles below 0.5 µm on the fibre 

surface due to Brownian motion whereas particle interception occurs, when the distance 

between fibre surface and the particle centre is equal to or less than the radius of the 

particle 141.  

If particles contaminants are not removed efficiently through these mechanisms, they 

tend to clog filter media and significantly reduce airflow. In addition to these attributes, 

nanofibre membranes exhibit strong van der Waals forces, which enable them to attract 

sub-micron sized particles. The good interconnectivity of the pores also results in 

improvements in inertial impact and interception of particles. In addition, there is great 
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potential to modify the nanofibre filtration media by incorporating additional 

functionality on the nanofibre surfaces that could enhance the chemical interaction and 

electrostatic attraction with particle contaminants. In general, such functional filter 

membranes work on the principle of creating an affinity for a molecule based on its 

physical/chemical or biological properties. Relying on the specific ligands immobilised at 

the surface, the nanofibres capture and separate molecules selectively. On the other 

hand, depth filtration occurs when particles are small enough to fit into the pores of the 

filtration media but are trapped during their journey through the material. Consequently, 

the particle size distribution and the pore size of the filtration media determines whether 

surface or depth filtration occurs. Thus, in both surface filtration and depth filtration 

situations, the particles that are small enough to enter the filter structure are collected 

by chance interactions with the fibres of the filter. The selection of the ideal filter material 

for surface and depth filtration requires knowledge of the interfacial energies at the 

surface between the fibres and the particulates as well as surface interaction 

mechanisms.  

In the case of nanofibre air filters, dust particles and airborne pathogens can have 

relatively wet surfaces when compared to the dry nanofibre material. Thus, when 

airborne pollutants touch the surface of the nanofibre, an interfacial tension will arise at 

the solid-liquid or solid-solid boundary/interface from the polarity disparity of the solid 

phase of the fibre and moisture-containing pollutant particles. Due to this interfacial 

tension, the adherence between solid nanofibres and relatively wet particles are 

increased. It is possible to enhance such interactions and adherence between the 

nanofibres and the particulates by introducing polar molecules to the nanofibre polymer 

backbones. A polar nanofibre, owing to the unevenly distributed charge on its molecular 

backbone, experiences high interfacial tension when in contact with another polar or 

non-polar surface of a different phase (when compared to non-polar fibres).  This 

phenomenon makes polar nanofibres particularly suitable for surface and depth 

filtration.  

Polyacrylonitrile (PAN) is a polar polymer that is commonly used in nanofibre air filters. 

The polar nature and small fibre diameters make PAN nanofibres highly suitable for use 

in facemasks that are required to remove PM2.5 particles. Electrospun nanofibres made 

from PAN are also strong and can withstand conversion into filters 142. Liu et al. have 
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mentioned that PM2.5 particles are often electrically charged, thus enabling bonding 

between the particles and the nanofibres by means of dipole interactions. The PM2.5 

particles typically have sticky amorphous carbon-like morphologies with cores containing 

condensed solid matter and outer surfaces containing light organic matter with polar 

functional groups (C-O, C=O and C-N)143. In such situations, filtration materials that have 

high dipole moments are more efficient at attracting particulate pollutants.  

Figure 7 shows the functionalised PAN filter with high adhesion of particles as compared 

to commercial filters. According to Liu et al.143, such surface-modified filters can be made 

very thin, almost transparent, allowing for maximum air and light to pass through.   

 

Figure 7: Comparison of different air filters 143. a) Schematic of a porous air filter capturing PM particles by 
size exclusion. b) Schematic of a bulky fibrous air filter capturing PM particles by constraint. c) Schematic 
of an air filter that captures PM particles by strong surface adhesion whilst allowing high light and air 
penetration. Red boxes in c) indicate surface adhesion.  

 

It has also been proved that high dipole moments can be created on the surface of PAN 

nanofibres with the addition of an ionic liquid in the form of diethyl ammonium 

dihydrogen phosphate (DEAP) 144. The resultant PAN nanofibre was found to be more 

hydrophilic with greatly enhanced particle capturing efficiency due to the enhanced 

surface roughness and the associated increase in the number of adsorption sites. 

Moreover, the filters showed high levels of air permeability. Since PAN nanofibres are 

currently being electrospun for air filtration applications on a commercial scale, this 

simple modification technique has great potential to be translated into commercial 

products. 

In addition to high filtration efficiency, an ideal filter should manifest high breathability. 

The packing density of the nanofibres greatly influences the breathability of the filtration 

media. Packing density is often referred to as solidity, which is the volume of solids in the 
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medium per unit volume. A high nanofibre packing density results in smaller pore sizes 

and lower breathability, but higher filtration efficiency. Inversely, a low nanofibre packing 

density results in larger pore sizes and higher breathability, but lower filtration efficiency. 

It is, therefore, possible to engineer the nanofibre component to best suit the filter 

performance requirements. Another important consideration for the design of 

nanofibres air filters is thermal stability. Some filter applications involve the filtration of 

hot air or gases (e.g. vehicle exhausts) or even exposure to steam. Zhang et al. recently 

developed polyimide (PI) nanofibre filters that are able to withstand temperatures of up 

to 370°C 145. These filters were shown to have a 99.98% removal efficiency of 0.3 µm 

sized particles and achieved the standard requirements of high-efficiency particulate air 

(HEPA) filters 145. Similarly, incorporation of SiO2 particles into PI nanofibre membranes 

resulted in filtration media with high porosity, excellent electrolyte wettability, enhanced 

ionic conductivity and outstanding thermal stability 146. 

 

Volatile organic component removal 

Activated carbon has traditionally been the material of choice for capturing volatile 

organic component (VOC) and photochemical smog. Most of the commercially available 

VOC filtration materials contain activated carbon. In recent times, cyclodextrins have 

been utilised by researchers to modify electrospun nanofibre materials to enhance the 

capture of VOCs. Cyclodextrins are produced from starch and are naturally occurring non-

toxic cyclic oligosaccharides. Cyclodextrins are a family consisting of three major 

compounds: α-cyclodextrin (α-CD), β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-CD). Each 

of the cyclodextrins is crystalline and homogenous substances which consist of torus-like 

macro-rings built up from glucopyranose units α-CD is comprised of six glucopyranose 

units, β-CD is comprised of seven such units, and γ-CD is comprised of eight such units. 

Because of their specific conformation, cyclodextrins are able to become hydrophobic 

hosts for intermolecular interactions and therefore are able to form non-covalent 

inclusion complexes with various other molecules. They are recognized for their 

complexation capacities with hazardous chemicals and are used in many industrial 

applications 147,148. Kayaci et al., have incorporated all three major forms of cyclodextrins 

into polyester (PET) nanofibres for entrapment of aniline vapour. They showed that 

electrospinning PET with cyclodextrins also improved the mechanical properties and 
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produced bead-free nanofibres. γ-CD functionalised PET nanofibres exhibited the 

greatest aniline capture efficiency when compared to those functionalised with α-CD and 

β-CD 149. Previously, the researchers had successfully functionalised poly (methyl 

methacrylate) PMMA nanofibres with different concentrations of β-CD to entrap aniline, 

styrene and toluene volatiles 150.   

Celebiogl and Uyar were the first to report the electrospinning of cyclodextrin inclusion 

complexes (CD-IC) without using a carrier polymer matrix and were successful in 

electrospinning hydroxypropyl-β-cyclodextrin (HPβCD) and its inclusion complexes with 

triclosan (HPβCD/triclosan-IC) 151. Further tests were performed to compare the 

molecular entrapment of volatile organic compounds (aniline and benzene) by HPβCD 

and HPγCD 152. It was found that HPβCD was more successful at encapsulating the VOCs 

than HPγCD, and both compounds showed a higher affinity for the encapsulation of 

aniline over that of benzene.   

Another emerging and commercially scalable technology for the removal of VOCs 

involves the use of Metal Organic Framework (MOF) particles. MOFs have incredibly high 

surface areas and their properties can be modified to enable them to capture different 

VOCs. While traditionally used activated carbon can efficiently capture VOCs, one 

shortcoming is the difficulty in attaching functional molecules to the carbon to enable 

broad-spectrum protection. Since MOFs allow for the covalent anchoring of functional 

groups, they can be extensively used in the capture of various classes of chemicals.  

Functionalisation of nanofibre with MOF could result in a new generation of 

functionalised air filter materials that can remove particulate matter as well as VOCs. It 

has been shown that the surface area of nanofibre can be increased by incorporating 

MOF’s into the material, thus enhancing the filtration efficiency and active surface area 

of the nanofibres. The performance of PAN nanofibres was analysed after modification 

with ZIF-8 MOFs. The BET surface area of the PAN nanofibre was improved from 115 m2/g 

to 1024 m2/g with the incorporation of ZIF-8 nanoparticles at a mass ratio of 60% 153. The 

authors predicted that the defects and unbalanced metal ions on the surfaces of the 

MOFs offer positive charges that can polarise airborne particles.  This results in increased 

electrostatic interactions that can enhance the capture of SO2 and particulate matter. 

When tested in hazy environments in Beijing, the composite nanofibres outperformed 

unmodified nanofibre filters in terms of PM2.5 and PM10 particle removal efficiency. The 
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ZIF-8/PAN composite filter layer was shown to selectively adsorb toxic gases such as SO2 

when exposed to a SO2/N2 mixture. After SO2 adsorption, the modified filter was 

regenerated by exposing it to a stream of N2 gas, thus showing that MOF modified filters 

can also be re-used and recycled. 

Other kinds of MOF particles that have been proven to capture VOCs and other toxic 

gases are MOF-199, Mg-MOF-74 and UiO-66-NH2. Recent research involves synthesis of 

indium-based MOFs and their ability to adsorb CO2 
154. Such MOFs are structurally rigid 

and stable with open metal sites and have great potential to provide active gas adsorption 

sites in electrospun nanofibre materials. Furthermore, Vellingiri et al., analysed three 

MOFs (MOF-5, Eu-MOF, and MOF-199) to determine the adsorption capacities of a 

mixture of 14 volatile and semi-volatile organic gaseous species 155. The results showed 

that MOF-199 had highest equilibrium adsorption capacity of the three MOFs and 

showed the presence of strong π-π interactions. It was also noted that the polarity of the 

guest molecule greatly affected the absorption behaviour of the MOFs  155.   

Rare earth metal oxides (RE) are also evolving as active materials that are suitable for the 

removal of VOC’s. Some of these oxides include Ce2O3, CeO2, La2O3, Pr2O3, Nd2O3, Sm2O3 

and Er2O 
156 recently utilised rare earth oxide powders to modify nanofibre. The authors 

showed that the addition of RE powders increased the tensile strength of the nanofibre 

mats, and more importantly, increased the adsorption efficiency of several different 

VOCs. 

Bioremediation is another interesting technology that can be utilized for VOC removal. It 

involves the biodegradation of organic contaminants into carbon dioxide, water, 

inorganic compounds and cell proteins and includes the transformation of complex 

organic contaminants to other simpler organic compounds by microbial activity 157.  

Fungal strains, mostly members of the dematiaceous fungi group, were tested to 

determine whether or not the fungi could utilise VOCs as the sole carbon and energy 

source for growth 158. The results were promising, but this research is still in its infancy 

and has yet to be fully explored. Bacterial species such as Pseudomonas spp., 

Sphingomonas spp., Flavobacterium spp., Burkholderia spp. (Gram-negative), and 

Rhodococcus spp., Mycobacterium spp., and Bacillus spp. (Gram-positive) have 

successfully been used to degrade polycyclic aromatic hydrocarbons (PAHs) and VOCs, 

including naphthalene, phenanthrene, pyrene, anthracene and benzopyrene 157. 
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However, bioremediation processes have yet to be combined with nanofibres for active 

filtration applications, and there appears to be great scope for further work in this field. 

1.4.2 Use of modified nanofibres in water filtration applications 

The large surface area to volume ratio of the nanofibrous scaffolds offers a great capacity 

to adsorb toxins, such as viruses, dyes, heavy metals and other micro and nano 

particulates from liquids. In addition, the high porosity of electrospun nanofibres provides 

a good permeation flux as water molecules can transport through the membrane with 

low hydraulic resistance. Electrospun nanofibres can serve the dual purpose of 

adsorption and filtration due to such advantageous physical properties. Filtration of 

particulates is a pressure-driven process.  The pore size distribution of membranes can 

be controlled during fabrication. A good porosity results in high hydraulic permeability. 

Such feature makes the nanofibre membranes suitable for filtration technologies such as 

microfiltration, ultrafiltration, nanofiltration, reverse osmosis, forward osmosis and 

membrane fabrication 159.  

Different polymer materials can be used for liquid filtration. However, based on the 

properties of the polymer, they can be broadly divided into hydrophobic and hydrophilic. 

Membrane distillation (MD) is one of the low cost and energy-saving microfiltration 

technologies that are widely being investigated. It is a thermally driven process where 

vapour is transported through hydrophobic membranes. The partial vapour pressure 

across the two sides of the membrane acts as the driving force 160. Since, the membrane 

acts as the barrier between the two phases, the productivity and energy efficiency of the 

process is highly depended on the properties of membrane. Various hydrophobic 

nanofibre membranes fabricated through electrospinning are being studied for this 

purpose 161,162. Such membranes have been used for desalination of seawater and 

brackish water. Some common examples of hydrophobic membranes include PVDF, PS 

and PES. They are suitable for MD as well as other conventional microfiltration. On the 

other hand, hydrophilicity of membranes is reported to exhibit anti-fouling properties. A 

hydrophilic polymer such as cellulose acetate (CA) is often blended with hydrophobic 

polymers to enhance their wettability property 161.  

Various modification methods such as physical coating or chemical grafting have been 

applied to enhance adsorption of various pollutants as well as their antifouling properties. 

Some of them are discussed below. 
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Dye removal 

Treatment methods for dye removal from water include adsorption, coagulation and 

biological treatments 163. However, dye removal can be challenging due to their complex 

molecular structures and slow degradation rates 164. Electrospun nanofibre membranes 

have the potential to be used in alternative methods of dye removal. Despite having 

pores that are too large for the size exclusion of dye particles, the large surface areas of 

the nanofibres and the ability to functionalise the nanofibre surfaces can be utilised for 

dye removal.  

Nanofibres synthesised from biopolymers are increasingly gaining favour as adsorbents 

for dye removal due to their environmental and sustainability benefits  165–168. Cellulose 

nanofibres have been successfully used in the removal of dye particles from the water as 

they contain reactive hydroxyl (–OH) functional groups on their surfaces that adhere to 

dye molecules 169. A commonly used method for cellulose membrane modification 

involves an oxidative surface treatment using (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 

(TEMPO). However, TEMPO is a toxic substance and thus it has a limited suitability for 

large scale use 170. Recently, a more environmentally friendly solvent-free method has 

been reported using Meldrum’s acid to modify cellulose-based polyvinylidene fluoride 

(PVDF) membranes. This treatment resulted in the enhanced adsorption of crystal violet, 

a positively charged (cationic) dye, from contaminated water 171. Furthermore, Aziz et al. 

reported the removal of negatively charged (anionic) dyes, using silk fibroin 

(SF)/polyacrylonitrile (PAN) double-layer nanofilters with the addition of polyaniline 

(PANI)/TiO2 nanoparticles as modifying agents 172. The nanoparticles were also found to 

increase the strength and elasticity of the fibres in the nanofilters. 

Amine-functionalisation is also an effective modification treatment for nanofibres due to 

the pollutant-chelating capacity of the amine functional groups 173. For example, cobalt-

ferrite nanofibres (Co-ferrite NF) were recently modified by L-arginine to complex with 

both anionic and cationic dyes. It was shown that the adsorption of the anionic dye 

decreased as the pH was increased due to reductions in electrostatic attractive forces. 

Alkaline conditions also encouraged the adsorption of a cationic dye due to the negative 

charge of the adsorbent surface. Cyclodextrins have also been utilized for dye removal. 
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For example, a simple filtration method for the functionalization of carbonaceous 

nanofibres with β-CD has proven to remove fuchsine acid 148.   

 

Heavy metals removal 

Molecular imprinted polymers (MIPs) are polymer particles that are being utilised for the 

removal of heavy metals. MIPs can be created to have a “memory” of the shape and the 

functional groups of a template molecule. Therefore, they can be designed to have high 

selectivity and affinity for a target molecule. They are synthesised by complex formations 

between template molecules and functional monomers by either covalent or non-

covalent interactions 174 and provide the advantage of high selectivity and specificity 

towards a given analyte 175. However, the presence of significant hydrophobic 

interactions between the MIPs and the template molecules lead to being driven by 

hydrophobic interactions with nonspecific bindings in pure aqueous media. To solve this 

problem, G. Pan et al., synthesised MIPS with ultrathin hydrophilic shells that showed 

greater water compatibility 176. Luo et al. have reported the preparation of Pb (II) ion-

imprinted polymers with hydrophilic bi-component polymer brushes. The polymer 

showed high Pb (II) specificity as well as anti-clogging properties 177. Arsenic and selenium 

removal have also been reported with the use of MIPs 178. Not many studies have been 

performed to date to investigate the functionalization of electrospun nanofibres with 

MIPs, especially for the removal of heavy metals from wastewater. This is seen as an 

emerging technology with great potential, and further research in this area is anticipated.  

Charge modification is another common technique to prevent heavy metal particles from 

binding to membranes. For example, amines have been used to modify TiO2 

nanoparticles to carry a positive charge. The resultant modified nanoparticles have been 

used to functionalise PAN/CNT for chromium removal from wastewater. Chromium exists 

in two oxidation states, namely Cr (VI) and Cr (III). Cr (VI) is more toxic, carcinogenic and 

mutagenic to living organisms when compared to Cr (III) 179,180. Such charge modified 

PAN/CNT shows a remarkable removal proficiency for Cr (VI) 181. In the paper, the removal 

was predicted to be based on both mechanisms of adsorption and reduction, which is 

noteworthy as the reduction of Cr (VI) to Cr (III) can decrease the toxicity largely. In 

addition, the paper also showed that the adsorption capacity remained at 80% even after 

5 times usage, indicating a good reusability factor. The researchers have achieved further 
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success in using the same membrane for arsenic As (III) and As (V) removal 182. However, 

SEM imaging showed that the pores of the membrane were largely blocked after 

modification, indicating that despite the good heavy metal affinity, they would have poor 

permeability if used as filtration membranes. 

 

Figure 8: SEM images of (a) PAN nanofibres and (b) PAN-CNT/TiO2-NH2  

 
Furthermore, Kumar et al. have applied a simple oxidation modification technique to 

polyaniline/g-C3N4 (graphitic carbon nitride)nanofibres using a ternary mixture of H2SO4, 

HNO3 and H2O2 183
. The nanofibres developed a net positive charge on their surfaces, 

which provided the resultant nanofibre composite with selective binding capacity for Cr 

(VI). Oxidation with TEMPO can also enhance the absorption affinity of Copper (II), as the 

introduced carboxylate groups have an affinity for Cu++ ions. The authors further 

demonstrated that these oxidized membranes could also be used for other metals such 

as Ni (II), Cr (III) and Zn (II). However, as stated previously, the toxicity of TEMPO should 

be taken into consideration.   

In summary, current methods for purifying heavy metal ions are based on methods that 

are typically expensive and toxic and there is a great need for new cost-effective and bio-

compatible approaches. 

 

 

Antimicrobial removal and antifouling effects 

Various pre-functionalised membranes are used for the detection and removal of 

pathogens, where the modification agents are either simply immobilised or covalently 

bonded to the membranes 184. Different kinds of nanofibres have been electrospun and 

studied for the purpose of pathogen removal. Some active agents that have been used 
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to modify nanofibre surfaces include metal nanoparticles, antibiotics, triclosan, 

chlorhexidine and biguanides 185. 

The incorporation of silver nanoparticles into filtration membranes can result in good 

antibacterial properties. The use of silver nanoparticles has been gaining a lot of recent 

attention as they are very effective antimicrobial agents, even when used at lower 

concentrations. They are also considered to be non-toxic, have FDA approval, are widely 

accepted in filtration products, and are easy and inexpensive to synthesise 185. Dubey et 

al. encapsulated silver nanoparticles into a hydrophilic-hydrophobic polymer blend of 

poly(ethylene oxide) and polycaprolactone (PCL) 186. Apart from the antibacterial 

resistance by E. coli, the addition of silver nanoparticles also reduced the fibre diameter 

from an average of 150-300 nm to an average of 70-150 nm and enhanced the surface 

roughness. A recent study is worth a mention because of the use of a low-cost iron (Fe) 

powder to supplement the use of the more expensive silver (Ag) particles. β-cyclodextrin 

and cellulose nanofibres were used in the ratio of 1:1 polymer concentration to achieve 

bead-free nanofibres to which they added Fe and Ag particles 187. The particle modified 

nanofibre membrane showed antibacterial activity against 12 pathogenic bacterial 

strains, showing the greatest antibacterial activity against E. faecalis and P. mirabilis.  

Membrane fouling can cause severe reductions in the flux and quality of filtered water. 

Cyclodextrins are often used as antifouling agents in membranes as they have the ability 

to provide hydrophilisation 151,188. Hydrophilicity is a desired property of a filtration 

membrane that increases permeation and provides an anti-fouling effect. However, 

methods to make membranes more hydrophilic can be complex. Yu et al.  reported a 

simple method of dip coating PVDF membranes in a boron-cadmium solution to make 

them more hydrophilic 189. The resultants membranes showed an increase in water flux 

and as well as remarkable antifouling properties.  

1.5 Kode Technology modification 

Kode Technology is a surface engineering technology that enables modification of various 

biological and non-biological surfaces 190,191. The modification is achieved by Function-

Spacer-Lipid (FSL) or Kode constructs that are amphiphilic molecules able to disperse in 

water and then self-assemble into biological membranes or onto solid surfaces. 

Modification by these constructs is very easy and is achieved by simple contact of the 

surface with an appropriately buffered solution containing one or more FSLs. FSLs have 
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already been used in a variety of techniques including antibody specificity mapping, 

antibody/toxin neutralization, diagnostic assays, immune system manipulation, and 

animal modelling of transfusion reactions 191.  

As reviewed in the papers by Barr and Williams et al., FSL constructs are made of three 

parts that play different roles in surface functionalisation 192,193. The hydrophobic lipid 

structure (L) helps in anchoring the constructs to the membrane or surfaces. The spacer 

(S) provides the distance between the functional head surface, providing optimised 

orientation. It also imparts solubility to the construct. The functional head group (F) can 

be comprised of any functional moiety that can actively modify surface properties.  

The most commonly used lipid for FSL construct is dioleoylphosphatidylethanolamine 

(DOPE). It is a membrane phospholipid that works efficiently with biological assays. Sterol 

and ceramide are examples of few other lipids that have been used. The spacers are 

either short adipate linker (1 nm) or a longer carboxymethylglycine (CMG) motif (7 nm). 

They help in increasing the distance of the functional group from the surface providing 

flexibility to the construct 191. The functional head groups can include different molecules 

such as polyamine, carbohydrates, peptides, fluorescent markers and antimicrobial 

agents. The three distinct parts of FSL constructs can be compared to a Lego structure (a 

building block toy figure) where ‘F’ is comparable to head that gives functionality, ‘S’ is 

similar to the body that separates head from the leg and provides some flexibility in the 

body and L is comparable to leg that helps in firm attachment. Figure 9 illustrates the 

schematic of different FSL constructs, compared with Lego toy figures. 
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Figure 9: Schematic representation of different FSL constructs. The upper image shows a generic 
Kodeconstruct based on a carboxymethylglycine (CMG) spacer linked to a DOPE lipid tail. The ‘building 
block toy figure’ representations beneath show a yellow head representative of a single type of functional 
head, the red body represents a spacer, and the grey legs represent a lipid tail. The 9 structures shown at 
the bottom of the figure are space-filling molecular models of the building block toy figures with each 
having the same tetrasaccharide blood group A functional head except model which has an (8-mer) 
hyaluronic acid functional head. Variation representations shown are (a) short 1 nm adipate spacer, (b) 
CMG 7 nm spacer, (c) sterol lipid instead of DOPE, (d) clustered head, (e) trimeric CMG template, (f) linear 
repeating functional heads, (g) double length linear CMG spacer and (h) functionalised CMG spacer where 
the spacer can undertake a secondary function, in this example, the fluorophore BODIPY is attached, 
secondarily attached functional head. Figure copyright of Kode Biotech and reproduced with permission190. 
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Initially, Kode Technology was mostly used to modify surfaces with glycans 191. Regarding 

surface modification of nanofibre, Barr et al. reported the first application of glycan-

based Kode constructs to functionalise different nanofibre surfaces including PA66, CA 

and PVB 192. The blood group glycans were printed on a nanofibre surface in 

alphanumeric form using a bioprinting method. Then, enzyme immunoassay was done by 

adding antibodies, followed by a phosphate labelled anti-immunoglobulin conjugate and 

a chromogenic substrate. The glycans were then easily detected with monoclonal 

antibodies, identified by the appearance of alphanumeric codes. Figure 10 represents an 

enzyme immunoassay (EIA) done on blood group antigen A printed on nanofibres with 

16 different monoclonal anti-A reagents.  

Other non-glycan functional moieties have also been explored over the years 194,195. 

However, this thesis reports the first example of modification of nanofibres with charged 

constructs such as FSL-SPM that has polyamine functional head and FSL-Z that has a 

simple functional head and the charge is provided by its spacer. Unlike blood groups 

containing FSLs, the constructs used in this thesis do not have the ability to be bound with 

a chromogenic substrate to be identified through EIA methods. Therefore, other 

detection methods have been attempted. It is also the first time that the FSL modified 

nanofibres have been used for adsorption or filtration of particulate matter.  

 

 

 

Figure 10: Anti-A enzyme immunoassay on nanofibres. Result of a printed FSL enzyme immunoassay on the 
three different nanofibre membranes and tested against different monoclonal anti-A reagents 196 . 
Different FSL glycan constructs were printed as unique codes onto nanofibre membranes, which were then 
constructed into microplates. Different antibodies were then added to each well, followed by a 
phosphatase labelled anti-immunoglobulin conjugate and a precipitating chromogenic substrate (with 
appropriate washing steps). Printed FSL codes only become visible if they have reacted with the primary 
antibody. 

 

There are some limitations of Kode Technology that should be considered. Although, 

Kode constructs are known to coat all biological and non-biological surfaces 193,197, the 

exact mechanism(s) that allows these constructs to modify surfaces is variable and 
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depends on the variable properties of the surface being modified. Almost certainly a 

variety of different mechanisms must occur on the same surface including formation of 

bilayers, multi-layers, aggregation and self-association, all driven by the amphipathic 

design of the Kode construct and the unique properties of the surface being coated. 

Therefore, being able to measure or describe the coating mechanism is complicated, and 

further compounded by many factors including the diversity in functional heads, spacer 

and lipid components of Kode constructs. Methods such as NMR, AFM and other tools 

have been applied to try and quantify the amount of Kode constructs on the surfaces and 

have been used for characterisation of surface modification. However, no firm 

conclusions have been able to be derived as to the mechanisms of coating. However 

coating procedures are usually followed by a washing step, where it is believed that only 

the surface bound layer is reasonably firmly attached, while the additional coating layers 

are less firmly bound and are easily lost during washing, with the consequence that 

washed surfaces probably only have a monolayer coating.  Unfortunately, monolayers 

are very difficult to directly measure, or even detect, and therefore most methods of 

detection are through secondary measurements, such as EIA or binding assay.  

Additionally, as Kode Technology is based on non-covalent modification of surfaces it is 

not as robust as covalent attachment modification. Non-covalent coatings can usually be 

reversed with changes in environmental parameters such as temperature, moisture or 

pH, and the Kode compounds are more susceptible to degradation due to their partial 

biological composition (i.e. lipids tails, amino-acid spacers, biological bonds). Further, in 

this study, the coating methods and potential impacts on stability of Kode constructs on 

surfaces were done with very little optimisation. Previously, stability studies have been 

done using various Kode constructs on different surfaces, showing that Kode constructs 

are stable on nanofibre surfaces for up to 8 months 192. Having in this research established 

the proof-of-concepts relating to coating, further development is still needed to optimise 

the coating parameters in conjunction with developing appropriate storage conditions 

for potential products. All the same the stability achieved without optimisation is 

compatible with product design, and following optimization, it is anticipated product 

appropriately package and stored would be stable for at least 6-12 months, if not much 

longer. 
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1.6 Rationale and significance of the study 

The rationale and significance of this research can be justified from the following aspects: 

1. The need for modified membranes 

Fine particulate matter in air and water cause various health hazards and 

detrimental environmental impacts. Conventional filters capture pollutants based 

on size exclusion. Such filters have a small pore size and do not provide good flow 

rate. Surface modification techniques can be used to functionalise membranes so 

that filtration does not only depend on the pore-size but also on the active 

functions of the filters. This could potentially help to develop efficient filters 

where good capture and good flow rate are not mutually exclusive.  Nanofibres 

are thin non-woven fibres with diameters less than 1000 nm. They are considered 

as advanced materials for use as filtration media. The surface properties of 

nanofibres can be greatly enhanced due to their advantageous property of large 

surface area. Modifying these nanostructures can help to trap pollutants based 

on an active capture mechanism with maximization of functions. The growing 

need for advanced material filters capable of filtering diverse kinds of pollutants 

without having to compromise in the flow rate calls for the need to functionalise 

filtration membranes. 

2. The challenges of modification: 

Not many technologies have been recognized to date as being able to coat 

surfaces without prior treatment of the surface. Functionalisation of membranes 

can be done using various techniques but most modifying procedures are 

complex and depend on harsh conditions. Regarding nanofibres, modifications 

have been done in the past using various molecules and techniques 137,198,199. 

However, they come with several limitations such as introduction of multistep 

processes, bio-incompatibility, denaturation of the bioactive compounds, 

entrapment of biomaterials inside the fibres, corruption of fibre integrity and 

poor anchoring of active compounds 196. Electrospinning is the most commonly 

used method for nanofibre manufacture and depends on various parameters one 

of which is charge. Therefore, functionalising them with charged molecules still 

stands as a challenge. Moreover, there is possible loss of functions during 
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production as described by studies of Lockwood and Ding 200, where adsorption 

capacity of nanofibre membranes were lost or reduced after surface modification. 

Additionally, in most cases where functional groups cannot be grafted directly 

onto any polymer surface, a linker molecule along with the desired exposed 

functional groups have to be tethered to the fibre. However, the involved 

procedures are complicated. Therefore, more research has to be done on such 

standardized designs so that functionalisation procedure can be more effective 

yet simple. 

 

3. An alternative approach to modification: 

KodeTechnology is a rapid surface engineering technology that is used to modify 

or functionalise any biological and synthetic surface. It is based on Function-

Spacer-Lipid (FSL) constructs. As implicit in the name, the constructs consist of a 

functional head supported by a spacer and a lipid tail which serve to make the 

construct amphipathic. It is a simple procedure where the constructs 

spontaneously self-assemble onto the surfaces without the need for pre-

treatment. It could be an effective approach to actively capture pollutants 

without the need for complex modification strategies. 

1.7 Aim 

The aims of this research are: 

1. To investigate the suitability of Kode Technology in functionalising nanofibres to 

create surface-modified filters. 

2. To synthesise and characterise micro and nano-sized pollutants or surrogates in 

air and water. 

3. To assess the ability of modified nanofibres to capture synthesised pollutants by 

process of adsorption and filtration. 

4. To analyse the potential of modified nanofibres to capture biological particles.  
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Chapter 2: Liquid particulates capture – methods and results 

One of the aspects of this research was to address whether FSL modification of nanofibres 

could be applied to capture nanoparticles in liquid phase through two different processes 

of adsorption and filtration. This chapter will firstly concentrate on characterisation of 

different nanofibre surfaces and FSL or Kode constructs and the success and limitations 

of surface modification using the constructs. Secondly, the application of Kode modified 

surfaces to capture contaminants will be shown. This chapter will also compare and 

analyse the process of adsorption or filtration using parameters such as types of 

nanofibre surface, types of Kode constructs, types of nanoparticles, types of 

contaminants, concentrations of constructs and contaminants, solvents for construct 

dilution and other physiological conditions such as time and pH.  

2.1 Nanofibre characterisation 

Electrospun nanofibres were supplied by Revolution Fibres Ltd, NZ. Different polymer-

based nanofibre mats were received and were modified using Kode constructs in the lab. 

Polycaprolactone (PCL), polyamide 6,6 (PA66) or nylon, poly (methyl methacrylate) 

(PMMA) and polyvinyl butyrate (PVB) are some examples of polymers that have been 

used for this study. Scanning electron microscopy was used for characterisation of fibre 

thickness, morphology and Kode modification.  Contact angle measurement was done for 

the analysis of hydrophobicity of surfaces. 

2.1.1 Scanning electron microscopy (SEM) analysis 

Method overview 

Hitachi SU-70 was used for SEM. Figure 11 shows SEM images of different nanofibres at 

different magnifications observed at 5.0 kV voltage of an electron beam. Platinum sputter 

coating was done for 40s to improve the conductivity of fibres that aided in better 

visualisation.  
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Figure 11: SEM characterisation of different nanofibres.  
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Results and interpretations 

The fibre diameter was observed to be less than 1000 nm for all samples analysed. 

Morphologies of all fibres were found to be similar to each other. There was no significant 

difference in structures or surface roughness. The fibres were smooth and uniform 

throughout the area of sample analysed.  However, we can observe the difference in fibre 

diameter among different types of fibres, which is a result of differences in polymer type 

and its effect during electrospinning. 

2.1.2 Contact angle measurement 

The wetting behaviour of materials is an important surface property that depends on the 

chemical composition and microstructure of the surface. Adhesive forces between a 

liquid and solid cause the liquid to spread effectively while the cohesive forces are 

responsible for the liquid to ball up. These forces can be analysed by recording the 

contact angles (CA) of the probing liquids on the sample surface. A contact angle higher 

than 90° indicates hydrophobicity of the surface 201. 

Optical tensiometer (Attention Theta) was used to measure water contact angles. Two 

microliters of MilliQ water was dropped on the surface of different nanofibres and CA 

was recorded by a high-speed camera at a different time in milliseconds of contact time. 

Values were averaged to get mean contact angles. Surface roughness affects the 

measurement of contact angles, which should also be accounted. For this study, it was 

assumed that water coats the microstructure of nanofibres equally and only static 

contact angle was recorded. However, it should be noted that a dynamic contact angle 

measurement that can be calculated by wetting and de-wetting methods could give 

results that are more reliable 202.  

 

Results and interpretations 

Figure 12 shows that CA for all surfaces was measured to be above 90°, indicating that 

these surfaces are hydrophobic. Such surfaces are resistant to contact with liquid and 

therefore difficult to coat by modifying agents. A good surface modification technique 

requires a balance between the hydrophobic and hydrophilic aspects so that a wider 

range of modifying molecules can be utilised. If a surface were too hydrophobic, 

modifying solutions that are hydrophilic in nature would not be capable to spread evenly, 
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resulting in a non-uniformly modified surface. On the other hand, if a surface were too 

hydrophilic, there could be reduced interaction with hydrophobic modifying agents. The 

study did not focus on a specific range or value of contact angles of the surfaces used. 

However, the contact angle investigation was done to better understand how the water-

wetting property affected the coating process. 

 

Nanofibre  Waterdrop 

PCL    

 

Nylon  

 

 PMMA  

 

Figure 12: Images of a water droplet on different nanofibres and their average contact angles. PMMA is 
observed to be more hydrophobic, followed by PA66 and PCL. 
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2.2  Kode Technology modification of nanofibres 

2.2.1 Analysis of Kode constructs 

For this study, FSL with charged functional groups were used as major surface modifying 

agents. Charge plays an important role in adhesion of particles to filter surface. Based on 

the electrostatic forces, charge modified filters could potentially adsorb particles that 

possess charge on their surface. Harmful particulate matters usually exhibit highly polar 

functional groups that could interact with polar surface 203. Therefore, surface coating by 

polar molecules could potentially create filters that could actively attract more 

contaminants into the surface. Polyamines are good examples of such charged 

compounds that could be utilized for modification. They are organic compounds bearing 

more than two amino groups (primary and secondary, i.e. –NH2 and –NH-) and can be 

positively charged and therefore interact with negatively charged particles.  

All Kode constructs were obtained in a powdered form and were synthesised for this 

project by the laboratory of Carbohydrates, Shemyakin-Ovchinnikov Institute of 

Bioorganic Chemistry, Russian Academy of Sciences in Moscow by standardised 

procedures 191,197. Quality control of these compounds was primarily NMR, mass 

spectroscopy and thin layer chromatography as described elsewhere 191,197. All 

compounds were verified to as being >95% pure (results not shown). Firstly, a biogenic 

polyamine called spermine was analysed as a potential functional head. Spermine has 

two primary and two secondary amino groups. It is present in most organisms as an 

essential growth factor 204. Generally, it exists as a polycation at pH <7. It functions to 

stabilize the helical structure of nucleic acids, particularly in viruses. It also plays role in 

cellular metabolism and proliferation and has previously been utilized for modification of 

bio surfaces and proteins through covalent and non-covalent interactions for medical 

applications 204–206.  

Spermine was used as an active functional head the Kode construct and the molecule was 

called FSL-spermine (FSL-SPM). It constitutes an adipate (Ad) as a spacer to connect 

spermine residue with a dioleoylphosphatidylethanolamine (DOPE) lipid tail (Figure 13). 

It was expected that spermine would provide an overall positive charge to the construct 

and that FSL-SPM could modify nanofibre surfaces by adding a positive charge to the 

surface. This way, the surfaces could actively capture negatively charged particles. 

Additional physical forces acting between spermine and negatively charged particles 
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were assumed: 1) hydrogen bonding and 2) point-like hydrophobic interactions due to 

the –(CH2)3- and –(CH2)4- bridges between nitrogen atoms of spermine. 

FSL-SPM was utilised as a primary modifying agent against which all other constructs 

were analysed and tested for their ability to coat and capture particles. Although 

spermine has been used to coat surfaces for medical applications previously, this thesis 

presents the first example of its use in filtration applications. This is also the first time that 

any Kode construct has been used to modify nanofibre surfaces for pollutants removal.  

 

 

 

 

 

Figure 13: Structure of FSL-SPM illustrating three different parts of the construct. Spermine is the functional 
head; the spacer is made up of adipate and the lipid is made up of DOPE.  

 

Fourier-transform infrared spectroscopy (FTIR) characterisation of powdered form of 

FSL-SPM was done to confirm the presence of expected functional groups (Figure 14). 

The characteristic amide and amine stretch for N-H and C=O are observed as peaks in the 

regions of in 3700-3500, 3500-3300 and 1690-1630 regions as mentioned in the 

literature 207. The presence of peaks in these regions confirmed the presence of 

polyamine in the sample. Other peaks correspond to several C=O, O-H and C-H groups 

present in the construct. FTIR analysis has been further discussed in detail in section 2.2.5.  

 

Figure 14: FTIR characterisation of FSL-SPM. The polyamine spermine in FSL-SPM contributes to N-H 
stretches resulting in the appearance of their characteristics peaks. Amide stretch is attributed to two CO 
groups of adipate spacer.  

 

Function Spacer Lipid 
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Apart from FSL-SPM, a variety of other FSLs derived from FSL-polyamines were tested for 

their ability to capture negatively charged particles. The FSL-polyamines have been listed 

below in Table 1. 

 

Table 1: FSL-polyamines used for nanoparticle capture study. 

Polyamine code                         Chemical name 

31-1 DOPE-Ad-Triethylenetetraamine  

32-1 DOPE-Ad-1,2-Bis(3-aminopropylamine)ethane 

33-1 DOPE-Ad-pentaethylenehexamine  

36-1 DOPE-Ad-N,N’-Bis(3-aminopropyl)-1,3-propanediamine 

  

 
A thin layer chromatography (TLC) assay was further done to characterise all polyamines 

including spermine and FSL-SPM and their signatures were compared on a TLC plate. TLC 

solvent was prepared using ethyl acetate, pyridine, acetic acid and water in the ratio of 

3:1:1:1. After the TLC was run, ninhydrin (0.35%) was used to visualise polyamines on the 

plate. The principle behind using ninhydrin has been discussed in detail in section 2.2.4. 

In Figure 15, it is observed that spermine and FSL-SPM have only one spot which shows 

that they are pure compounds whereas other FSL-polyamines have separated into more 

than one spot, indicating they are made up of mixture of starting polyamine, aim FSL and 

isomeric FSLs where FS part is attached to an inner nitrogen atom of the amine. 

 

 

Figure 15: TLC characterisation of spermine and other FSL-polyamines. Spermine and FSL-SPM have only 
one spot, indicating their purity.  Other polyamines have more than one spot, indicating presence of side 
product of chemical synthesis. 

 

Another Kode Technology construct known as FSL-Z was also tested for the opposite 

effect, that is to adsorb positively charged particles. It is a family of FSL constructs each 

with a methyl molecule replacing the regular functional head. A variety of FSL-Z has been 
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engineered but the construct used for this study was made of two units of 

carboxymethylglycine (CMG) spacers linked with an adipate (Ad) group which is linked to 

a DOPE lipid tail (Figure 16a). Due to the presence of negatively charged carboxyl groups 

in the spacer, it was expected to provide an overall negative charge to the construct. FSL-

biotin is another FSL-construct that was compared with FSL-Z for its efficiency in capturing 

positively charged particles. FSL-biotin has a similar structure to FSL-Z with respect to the 

spacer and lipid group but with an additional small functional head called biotin. Biotin is 

a neutrally charged hydrophobic molecule. Therefore, it was expected that FSL-biotin 

would carry a charge similar to that of FSL-Z (Figure 16 b) and as large quantities of it 

were available and it had some unique characteristics, it was studied in parallel with FSL-

Z compounds.  

a)  

 

 

 

   

 

 

 

 

Figure 16: Structures of FSL constructs used to capture positively charged particles. a) structure of FSL-Z b) 
structure of FSL-biotin. 

 

Malvern zeta sizer was used to confirm the charge of FSL-SPM and FSL-Z. It was predicted 

that FSL-SPM would have an overall positive charge due to the presence of positively 

charged spermine.  FSL-Z and FSL-biotin were predicted to have a negative charge due to 

absence of a positively charged functional head and presence of a large negatively 
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charged spacer and several COOH groups. Zeta potential measurements validated these 

expectations (Figure 17). The charge of FSL-SPM was found to be 20 mV whereas the 

charge of FSL-biotin and FSL-Z was observed to be minus 25 and minus 30 respectively.  

 

Figure 17: Comparison of charge of FSL constructs. FSL-SPM has a positive charge of 20mV. FSL-biotin and 
FSL-Z have negative charge of -25 and -30 mV respectively.  

 

Table 2: List of FSL constructs used for the study. 

FSL construct   Active (charged) group  Charge  

FSL-SPM   Functional head  positive  

FSL-Z   Spacer  negative  

FSL-biotin   Functional head and spacer  negative  

FSL polyamine 31-1   Functional head  positive  

FSL polyamine 32-1   Functional head  positive  

FSL polyamine 33-1   Functional head  positive  

FSL polyamine 36-1   Functional head  positive  

 

2.2.2 Immobilisation of Kode constructs onto nanofibre 

The immobilisation or insertion of Kode constructs onto nanofibre surface was done by a 

standard coating method. A standard protocol was developed (referred to as Protocol 

2.2.2 hereafter) that has been described below: 
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Protocol 2.2.2: Standard coating method 

1. Nanofibre surface was washed with MilliQ water to remove any particles or 

contaminants on the surface and was allowed to dry at room temperature (RT). 

2. The dried surface was cut into strips of desired area by outlining finely with a 

pencil and cutting with scissors. 

3. Kode construct was diluted to desired concentrations (mg/mL) using a suitable 

solvent. 

4. 100 µL of Kode construct was then dropped to a glass slide using a micropipette. 

100 µL of solvent used to dilute the respective construct was also dropped 

alongside as control. 

5. The desired area or cut strip of nanofibre was immediately dipped into the drop 

and allowed to sit. Each strip was incubated for a total of 2 minutes with turning 

the strip over after 1 minute to ensure even coating.  

6. The coated strip was washed 3 times in MilliQ water to remove unbound Kode 

construct (potentially leaving a monolayer to remain on the surface). Washing 

was done by plating 2 mL of MilliQ water in 24 well plates and dipping the strip in 

different wells for 3 times. 

7. The washed surface was allowed to dry at RT before using for assays. 

 

Polycaprolactone (PCL) was chosen as a model polymer nanofibre to study the effect of 

FSL modification on fibre diameter and morphology. PCL is a biodegradable polymer 

commonly used in both air and water filtration. The thickness of the nanofibre mat was 

measured by weighing a meter square of the surface to be used. Considering even and 

smooth fabrication of nanofibres as determined by SEM, thickness was assumed to be 

same throughout the mat. A thickness of 4 gsm has been used for most assays in this 

study. Regarding FSL construct, FSL-SPM has been used to coat PCL surface for 

preliminary analysis of Kode Technology modification. 
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2.2.3 SEM and fibre diameter analysis 

Morphological properties such as fibre diameter, uniformity, orientation and surface 

roughness are important characteristics of electrospun nanofibre. Most conventional 

techniques use harsh chemicals to modify surfaces resulting in damaged surfaces, drastic 

change in fibre diameters and blocked pores. Therefore, it is necessary to assess the 

impact of Kode modification on the morphology of nanofibres.  

Measurement of mean fibre diameter and diameter distribution can provide information 

about how Kode constructs modify nanofibre surfaces. The most commonly used method 

for characterisation of nanofibre morphology has been manual measurement using SEM 

images and analysis tools such as Image J. However, it is time-consuming and systemically 

biased. Several imaging software has been developed in the past to get more precise data 

208 but due to non-uniformity in fibre structures even along the length of a single fibre, 

an advanced software capable of measuring at multiple points is required.    Diameter J 

is an added plugin or algorithm to Image J software that can run automated analysis on 

multiple images within 60 seconds 209. It can determine the fibre diameter at every pixel 

along the fibre to produce histogram diameters and therefore has been used in this study.  

 

Method overview  

SEM was used to visualize any change in fibre diameter of PCL after coating at different 

concentrations of FSL-SPM. PCL nanofibre strips of 52 mm2 (5 mm х 10.5 mm) were 

coated with 0.01, 0.05, 0.5 and 1 mg/mL concentrations of FSL-SPM each, washed and 

dried using Protocol 2.2.2. Diameter J was used to analyse the change in fibre morphology 

after modification using the SEM images. Nanofibres were sputter-coated with platinum 

for 40s and visualised at 10kV voltage.  

Results and interpretations 

Increased mean fibre diameters after FSL-SPM coating confirmed the modification of 

surfaces. There was no significant change in fibre diameter up to 0.05 mg/mL but at 0.5 

mg/mL and 1 mg/mL of coating, the mean fibre diameter was increased from 186 nm to 

230 nm and 273 respectively (Refer to Table 3). The SEM images in Figure 18 show the 

change in morphology of the fibre mats at different concentrations of coating along with 

their respective diameter distribution graphs. The fibres remain intact and non-degraded 
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at all concentrations. However, at higher concentrations (0.5 mg/mL and 1 mg/mL), the 

pore sizes have decreased because of the coating layer. Fibre diameter distribution is 

consistent with the average diameter values obtained in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                               

 

Figure 18: Effect of different concentrations of FSL-SPM coating on fibre diameter of PCL nanofibre a) 
control PCL nanofibre with no FSL-SPM coating, b) PCL nanofibre at 0.01 mg/mL FSL-SPM coating, c) at 0.05 
mg/mL FSL-SPM coating, d) at 0.5 mg/mL FSL-SPM coating and e) at 1 mg/mL of FSL-SPM coating.  
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Table 3: Summary of fibre diameter of control and FSL-SPM coated PCL nanofibres. 

FSL concentration  
(mg/mL) 

Fibre 
diameter (nm) 

Diameter 
SD ± (nm) 

Skewness 

0 (Control) 186 79 1.38 

0.01 199 86 0.79 

0.05 202 95 0.70 

0.5 230 170 0.70 

1 273 179 0.81 

 

Table 3 summarises the diameter analysis results. The possible reason for an increase in 

fibre diameter at higher concentrations of 0.5 and 1 mg/mL could be that a web-like 

coating is seen on the fibre surface that has covered the distinct edges of fibres. This 

could have resulted in the discrepancies in the automated software analysis where 

multiple fibres might have been analysed as a single fibre.   

However, for the lower concentration, the fibres are well separated from one another 

and there is no interference of the coating layer and thus it is interpreted that the fibre 

diameter calculations are valid and thus no significant increase in diameter is observed 

for coatings below 0.5 mg/mL.  

To further investigate whether the coating layer could be a result of insufficient drying of 

the fibres before SEM visualisation two conditions were compared 

1. The fibres were dried at room temperature and SEM analysis was done the next 

day. 

2. The coated fibres were dried at room temperature and further kept in a petri-dish 

filled with desiccators for one week before analysis. 

The fibres showed similar morphologies at 0.5 mg/mL and 1 mg/mL for both conditions 

as seen in Figure 19.  
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Figure 19: PCL nanofibre at two different drying conditions. At high concentrations of 0.5 and 1 mg/mL, the 
fibres appear to be thick with webbing even after extensively drying for one week, in the presence of 
desiccators.  

 

While it is desired to have thin fibres with maximum pore size for filtration applications 

where usually good flow rate is required, fibres with increased diameter can be as 

effective for adsorption applications that are not flow rate dependent. Therefore, an 

increase in diameter or reduction in pore size at higher concentrations is not a 

disadvantage, when it comes to adsorption. Thus, hereafter, experiments have been 

designed to include all of these concentrations as parameters.   

2.2.4 Ninhydrin derivatisation of FSL-SPM immobilised on nanofibres 

Quantification of Kode constructs on modified nanofibres is necessary to understand the 

coating mechanism of constructs and to assess the true amount of construct required to 

capture or remove pollutants. Based on the coating method (Protocol 2.2.2), 100 µL 

volume of a particular construct is required to coat a nanofibre surface. However, there 

is a possibility that the entire volume used during coating is not immobilised on the 

FSL-SPM  
coating 

Dried at RT for one day Dried at RT with desiccators for 1 week 
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surface. Therefore, FSL-SPM was taken as a model construct to assess how much 

construct is adsorbed on the surface during the coating process. For this purpose, 

ninhydrin was used to quantify FSL-SPM based on the principle of chemical derivatisation. 

Ninhydrin is generally used to derivatise compounds with primary amino groups, forming 

a purple coloured product called Rheumann’s purple 210. The use of ninhydrin to measure 

polyamines such as putrescine, spermidine and spermine has been described by many 

authors in the past 211,212.  

Method overview 

Two molecules of ninhydrin are required to interact with polyamine. Therefore, an 

increasing concentration of FSL-SPM (made up in 100 µL of 95% ethanol) was mixed with 

300 µL of 0.35% ninhydrin (also made up in 95% ethanol) to achieve the ratio of FSL-SPM: 

ninhydrin equivalent to 1:3. Ethanol was used at 95%, keeping in consideration that the 

extraction of FSL-SPM would be done using the same solvent. The mixture was then 

heated to 100°C for 5 minutes until the purple colour was developed. 100 µL of the purple 

complexed solution from each concentration of FSL-SPM was transferred to a 96-well 

plate and absorbance was measured at 570 nm. The calibration curve generated by this 

method is shown in Figure 20.  

PCL nanofibre of area 100 mm2 (10 mm х 10 mm) was coated with 0.5 mg/mL, 1 mg/mL 

and 2 mg/mL FSL-SPM using Protocol 2.2.2. The FSL-SPM adsorbed on the surfaces was 

extracted using 200 µL of 95% ethanol. 100 µL of the volume of the extracted solution 

was then transferred to a 96-well plate for absorbance analysis at 570 nm. The generated 

calibration curve was then used to quantify the amount of FSL-SPM present on 

respectively coated surfaces.  

 

 
 

Figure 20: Calibration curve generated by ninhydrin derivatisation with FSL-SPM. 
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Results and interpretation 

The method was not sensitive enough to quantify the amount of FSL-SPM extracted from 

the nanofibres coated with 0.5 and 1 mg/mL FSL-SPM, as the extracted concentration fell 

outside of the calibration curve. However, at 2 mg/mL of coating, 7 µg of FSL-SPM was 

quantified using the calibration curve. Since only 100 µL of 2 mg/mL was used to coat the 

surface (Protocol 2.2.2), a total amount of 200 µg was applied on the surface during the 

coating process and the results indicated that only 3.5% (7 µg) of the applied construct 

remained on the surface after washing. This finding is important in determining the true 

capacity of FSL-SPM in the removal of nanoparticles.  

2.2.5 FTIR characterisation of FSL-SPM modified nanofibre 

FTIR provides information about the structure of chemical groups in a substance. The 

technique works on the fact that bonds and groups of bonds vibrate at certain 

frequencies which can be used to get the molecular signatures of materials 213,214. 

Spermine in FSL-SPM contains amine and amide groups giving rise to certain 

characteristic peaks in the region of 3700-3300 cm-1 of infrared radiation. Amide N-H 

stretching is observed in 3700-3500, amine N-H stretching is observed in 3500-3300 and 

amide C=O stretching is observed in 1690-1630 215. Those peaks could be used as a 

molecular signature of FSL-SPM on a nanofibre made up of a material having none of 

these specific peaks. 

 

Method overview 

PCL nanofibre was coated with 1 mg/mL FSL-SPM following Protocol 2.2.2. The surface 

was dried before analysing. The FTIR spectra of coated PCL was then compared with PCL 

with no FSL-SPM and pure FSL-SPM powder. 

 

Results and interpretation  

According to Figure 21a and b, it was observed that new peaks appeared in the FTIR 

spectra of modified PCL that corresponded with the characteristic amide and amine 

peaks present in the spectra of FSL-SPM powder. The FTIR results indicated the presence 

of FSL-SPM on the coated surface of PCL nanofibre.  



57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: FTIR analysis of FSL-SPM modification of PCL nanofibre. a) shows the appearance of peaks on 
the FSL-SPM modified PCL that correspond with the peaks of FSL-SPM powder, which is not observed in 
the unmodified PCL surface. The peaks in this region (3700-3500 cm-1) are caused by the amide (N-H) 
stretching. b) shows similar appearance of peaks on the modified surface corresponding to the peaks of 
FSL-SPM powder but in the region of 3500-3300 cm-1. These peaks are caused by amine (N-H) stretching. 

 

2.3 Synthesis and characterisation of nanoparticles 

In house synthesised silver nanoparticles (Agnps) with negative and positive charge were 

used as surrogates for pollutant particles because of the feasibility of their 

characterisation, standardisation and quantification. Agnps were synthesised using 

different precursors and were characterised using ultra-violet visible spectroscopy (UV-

Vis), scanning electron microscopy (SEM) and electron dispersive x-ray spectroscopy 

(EDS) for size, morphology and elemental analysis. A zeta-sizer (Malvern Zetasizer Nano 

a) 3700-3500 cm -1 

b) 3500-3300 cm -1 
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ZS) was further used to confirm the size and charge of the particles. pH of the Agnp 

solutions were analysed using a pH meter. 

 [-]Agnps were synthesised using the following protocol 216 

1. 2 g of glucose and 1 g of polyvinylpyrrolidone (PVP) (40,000 gmol-1) was dissolved 

in 40 mL of MilliQ water and heated to 90°C. Glucose was used as a stabilising 

agent. 

2. 0.5 g of silver nitrate (AgNO3, >99.9% pure) was dissolved in 1 mL MilliQ water and 

was quickly added to the heated mixture. The appearance of brown colour 

indicated the formation of [-]Agnp. 

3. The dispersion was held at 90°C for 1 hour and then left to cool at room 

temperature. 

4. The particles were collected by centrifugation at 7200 rpm for 90 minutes for 

three times to remove excess glucose, NO3
- oxidation products, excess PVP and 

Ag+(Ultracentrifugation at 30,000 rpm for 30 minutes is preferred but this 

alternative was chosen in the absence of ultracentrifuge). 

 [+]Agnps were synthesised using the following protocol 216. 

1. 1 g of polyethyleneimine (PEI) (25000 gmol-1) was dissolved in 40 mL of water and 

heated to 90°C. 

2. 0.5 g AgNO3 was quickly added to the mixture and the dispersion was held at 90°C 

for 1 hour and left to cool at room temperature.  

3. Since the particles did not settle down as quickly as [-]Agnp, the suspension was 

centrifuged at 7200 rpm for 120 minutes for three times to remove excess 

oxidation products and PEI.   

Using these protocols, 35 batches of [-]Agnp and [+]Agnps each were synthesised the 

same day and mixed to get final suspensions of [-]Agnp and [+]Agnp separately. The multi-

batch approach was done to maintain the consistency of characteristics of particles for 

all experiments as each batch of particles have difference in shape, size and charge as all 

these parameters are difficult to control in each synthesis experiment. Therefore, a large 

volume was synthesised the same day to prepare stock solutions. Final suspensions were 

kept at 4°C, covered with aluminium foil to protect from light. The stock solutions of both 

Agnps were then used for characterisation and other assays. UV-vis spectrophotometry 

was used to generate the standard absorbance graph for silver ions. A calibration curve 



59 
 

was then developed for quantitative analysis, using the maximum absorption peak based 

on the principle of Beer-Lamberts law 217. The Agnp solutions were characterised by UV-

Vis, SEM and EDS each time the nanoparticles experiments were conducted to confirm 

the stability of nanoparticles throughout all experiments. Moreover, controls were 

included in all the adsorption and filtration experiments to further access and confirm the 

stability of the particles.  

2.3.1 UV-Vis spectroscopy 

 

Method overview 

Silver ions have a standard peak in the absorbance vs wavelength curve at 400-500 nm. 

UV-Visible spectra were used to confirm the presence of silver and find the λmax  

(wavelength at which absorbance is maximum). Using the λmax, a calibration curve was 

generated. Stock solutions (X) were diluted to different concentrations starting at 0.001% 

(v/v) of X to 0.3%(v/v) of X. 1 mL each of these dilutions were plated in 24 well plates for 

absorbance analysis.  

 

Results and interpretation 

As illustrated in Figure 22, the absorbance scan of both Agnp solutions was in agreement 

with the standard absorbance curve of silver found in literature 218. It confirmed the 

successful synthesis of nanoparticles, giving the characteristic peak in between 400-500 

nm. The wavelength of highest absorbance (λmax) was noted to be 430 nm for [-]Agnp and 

416 nm for [+]Agnp. Since the two values are not significantly different, 430 nm was used 

for generation of calibration curves for both Agnps. It was also calculated that for 1 mL 

volume of nanoparticle solutions, 80 µL:920 µL of [-]Agnp: H2O solution gave similar 

absorbance value (≈0.5 at 430nm) as given by 65 µL:935 µL of [+]Agnp:H2O.  
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Negatively charged silver nanoparticle or [-]Agnp  

a)                                                                                      b) 

  
Positively charged silver nanoparticle or [+]Agnp  

c)       d)  

 

 

 

 

 

 

 

 

 

Figure 22: UV-vis characterisation of Agnps. a) and c) show the absorbance scan of different concentrations 
of [-]Agnp and [+]Agnp respectively, at wavelengths 300-700nm. Both absorbance curves are 
complementary with the characteristic absorbance curves of silver, cited in the literature, thus confirming 
the synthesis of silver nanoparticles. b) and d) are calibration curves of [-]Agnp and [+]Agnp respectively at 
430nm. 430nm was chosen as the standard wavelength (λmax) because at this wavelength, maximum 
absorbance value was achieved for all concentrations of [-]Agnp. 

 

2.3.2 pH measurement 

The pH of the nanoparticle suspension plays an important role in determining the size 

and charge of nanoparticles. Since the adsorption and filtration of nanoparticles by FSL 

constructs is largely charge-dependent, it is important to analyse the pH of the 

suspension because the charge on the surface of nanoparticles is highly dependent on 

the presence of H+ and OH- ions present in the suspension. The standard working solution 

Concentration of Agnp 

Concentration of Agnp 
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of both Agnps was named 1×, based on the results and interpretation of 2.3.1. The 

volumes of Agnp and water to make 1 mL of 1× of each Agnp are summarized in Table 4. 

The pH of Agnp suspensions was measured before each experiment repeatedly and mean 

values were calculated which can also be found in Table 4. It is worth noting that the pH 

valued of [-]Agnp and [+]Agnp were comparable (6.2 and 6.5 respectively). The solutions 

were desired to be of neutral charge, near pH 7 and comparable with each other which 

aligned with the pH measurements obtained. 

 

Table 4: Volume of Agnps used to prepare 1 mL of 1× concentration and pH of respective Agnps. 

Agnp 
Volume of 

original Agnp 

Volume of 
MillQ 
water 

Absorbance 
reading at 430 

nm 
pH SD (±) of pH 

      

[-]Agnp 80µL 920µL ≈0.5 6.2 0.1 

      

[+]Agnp 65µL 935µL ≈0.5 6.5 0.1 

      

 

2.3.3 SEM and EDS analysis 

Silver nanoparticles were visualized with a scanning electron microscope (Hitachi SU-70) 

on the surface of mica. 5 µL each of stock solutions of [-]Agnp and [+]Agnp was dropped 

on a mica surface and was dried at ambient temperature. Platinum sputter coating was 

done for 40s using a sputter coater. In addition, chemical characterisation was done by 

using the elemental analysis feature of electron dispersive x-ray connected to the 

microscope. For normal SEM observations, 5kV was set as voltage of electron beam and 

was changed to 10kV for all EDS analysis. SEM images were used for diameter calculations 

and size distribution analysis using Image J. 

 

Results and interpretation 

Figure 23 shows the difference in the size of [-]Agnp and [+]Agnps. The average diameter 

of [-]and [+]Agnp were calculated to be 80 nm and 150 nm by using Image J. Histograms 

of particle diameter distribution indicated that the particles were mostly poly-dispersed 

for [+]Agnp whereas for [-]Agnp, the particles size was relatively uniform. Figure 24 

represents the EDS analysis of Agnps. The analysis was done at two points- Point 1) on 
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empty space of mica surface, where no particle was present and Point 2) directly on the 

surface of nanoparticles. The EDS graph showed the presence of Ag element at Point 1 

but not at Point 2. Therefore, it further validates that EDS can be used in qualitative 

characterisation of silver.  

 

SEM image Diameter distribution 

 

 

; 
 

Figure 23: SEM images and size distributions of [-]Agnp and [+]Agnp. The deviation from bell-curve or 
normal distribution indicates that the particle diameters are not ideally symmetric. However, in comparison 
with [+]Agnp, the diameter distribution of [-]Agnp is fitting the curve better, indicating that the particles 
had a relatively more uniform size. 

 

 

 

 

4 µm 

4 µm 

[-]Agnp 

[+]Agnp 
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Figure 24: EDS analysis of [-] and [+] silver nanoparticles. a) shows EDS of [-]Agnp and b) shows EDS of 
[+]Agnp. Point 1 was analysed directly on the particle whereas point 2 was analysed on an empty area of 
mica with no nanoparticle. As expected, in EDS graph, point 1 shows the presence of Ag (indicated by red 
circles) but point 2 shows no presence of Ag. Other elements except Ag are the inherent components of 
the mica surface.  

 

a) [-] Agnp 

b)     [+]Agnp  
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2.3.4 Zeta-sizer analysis 

Zeta potential (ζ-potential) is the electrokinetic potential in colloidal suspensions. In 

presence of an electric field, charged particles exhibit different effects, such as 

electrophoresis, electro-osmosis and sedimentation potential. For nanoparticles, in 

practice, electric potential is determined at a location away from the surface which is at 

the diffusion layer 219. A zeta-sizer was used to measure the size and zeta potential of 

Agnps by using the principle of Dynamic Light Scattering (DLS) and electrophoresis.  

 

Method overview 

Measurement of zeta potential was done by varying the pH of nanoparticle suspensions 

at 3, 5, 7, 9 and 11. Sodium hydroxide (NaOH, 0.01M) and hydrochloric acid (HCL, 0.01M) 

were used as base and acid to adjust pH. In addition, sodium chloride solution (NaCl, 

100mM) was maintain stable pH values. Firstly, 6mL of NaCl solution was prepared and 

adjusted for the desired pH, using NaOH/HCL. Then the pH adjusted NaCl was mixed with 

6mL of (1×) nanoparticle suspensions (Refer to Table 4 for preparation of 1× solution of 

Agnps). Total 12 mL volume of each sample was prepared for zeta-sizer analysis. For zeta 

measurement at original pH, 1× solutions of each Agnps was directly diluted in water to 

make up 12 mL of total volume. 1× solutions could not be directly analysed because the 

concentration was too high. If the sample concentration becomes too high, the laser 

beam of zeta sizer will become attenuated by the particles decreasing the scattered light 

that is being detected, producing error. Generally, the sample should be optically clear 

for accurate measurement. Finally, average values were calculated from three 

measurements of each sample. 

 

Results and interpretations 

For original pH (non-adjusted) solutions, the size of [-]Agnp and [+]Agnp was measured 

to be 80 (±1) nm and 175 (± 17) nm respectively and the charge was calculated to be -14 

(±3) mV and 33 (±2) mV respectively. A summary of size and charge analysis is shown in 

Table 5. The table also compares the size obtained by zeta-sizer with that calculated using 

ImageJ in 2.3.2.  
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Both size and charge were found to be dependent on the pH of the nanoparticle solutions 

as observed in Figure 25, where the orange spots correspond to the original pH values. 

The size of [-]Agnps increased at lower and higher pH and remained closer to the size at 

original pH when pH was adjusted at 7 and 9. The increase in size can be interpreted as 

agglomeration of particles due to the effect of acid and base. The phenomenon has been 

reported in literature in the past 220. In original suspension, all nanoparticles have either 

negative charge (in case of [-]Agnp) or positive charge (in case of [+]Agnp). Due to similar 

charge of nanoparticles, there is an electrostatic repulsion. The H+ and OH- ions can coat 

nanoparticle surface in different ways and result in attraction between particles thus 

resulting in agglomeration. In case of [+] Agnp, there is no significant change in size with 

the variation of pH. This could be due to better stability of [+]Agnp as compared to that 

of [-]Agnp.  

The diameter of the particles was observed to be affected by change in pH. Regarding the 

change in charge with respect to pH, charge decreases at higher pH values due to the 

presence of excess OH- and at lower pH, it shifts towards positive side due to the presence 

of excess H+.  In conclusion, it was observed that pH is critical in zeta potential analysis 

and it affects the charge of the whole system of nanoparticle suspensions. This, in turn 

also affects the diameter of nanoparticles. 

 

Table 5: Summary of size and charge analysis of Agnps. The sizes obtained by ImageJ analysis and 
DLS of zeta-sizer are compared. 

 

 Sample 
Diameter (nm) 

Charge (mV) 

SEM DLS 

[-]Agnp 80 ± 6 80 ± 1 -14 ± 3 

[+]Agnp 153 ± 9  175 ± 17 33 ± 2 
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Figure 25: Diameter and charge analysis of Agnps at different pH. a) and b) show a change in diameter and 
charge of [-]Agnp whereas c) and d) show change in diameter and charge of [+]Agnp. The orange dot refers 
to values at original pH of each nanoparticle solution.  
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2.4 Nanoparticle capture 

The atoms on the surface of adsorbent material (especially porous surface structure) are 

free to attract absorbable solutes, as they are not completely bonded with other 

adsorbent atoms. There can be different mechanisms of adsorption generally classified 

as physisorption mediated by weak van der Waals forces or chemisorption by covalent 

bonding, or also may occur due to electrostatic attraction 221. We have utilized the 

mechanism of electrostatic attraction to capture charged nanoparticles in both processes 

of adsorption and filtration in our study. 

After coating of the nanofibre surface (Refer to Protocol 2.2.2), the synthesised Agnps 

were tested for capture using various parameters such as the concentration of FSLs, the 

concentration of Agnp, pH of Agnp suspension, time of adsorption, the process of capture 

(adsorption vs filtration), type of nanofibres and FSL molecules. Additionally, the stability 

of FSL molecules on the coated surface was also tested. 

2.4.1 Nanoparticle capture - adsorption 

Adsorption was first used to test whether Kode or FSL constructs had an affinity towards 

the charged particles. Conclusions obtained from the assay were utilised to test the 

capture of particles through filtration. 

At first, a general adsorption protocol was developed to compare various other 

parameters by keeping a few parameters constant such as nanofibre polymer type, the 

packing density of nanofibres, concentration of nanoparticle solution and time of 

adsorption. 

Protocol 2.4.1: Standard adsorption protocol 

1. 5 mm х 10.5 mm coated PCL nanofibres of 4 gsm (coated using Protocol 2.2.2) 

were immersed in 1 mL of 1× Agnp solution. The adsorption was done in a 24-well 

plate for robustness. 

2. Two sets of controls 1) control nanofibre (with no FSL construct) and 2) control 

solution (1× Agnp solution without any nanofibre) were included in all assays. 

3. 24-well plate was then kept in an orbital shaker to aid adsorption process for 1 

hour. 

4. Initial analysis of capture was done by noting the change of typical brown colour 

of Agnp solutions after adsorption. Successful adsorption was indicated by the 
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shift of brown colour of solution to transparency while the white surface of 

nanofibre turned brown.  

5. For quantitative analysis, the absorbance of control solution was measured at the 

beginning of the experiment. After adsorption, nanofibres were taken out of the 

wells and absorbance was measured again with a UV-Vis spectrophotometer at 

wavelength of 430 nm. 

6. The difference between absorbance of Agnp solution before and after the assay 

was used to calculate the amount of silver adsorbed onto nanofibre surfaces 

employing calibration curve in 2.3.1. The following formula was used to calculate 

the adsorption efficiency. 

𝐴𝐸 (%) = (
𝐶𝑏 − 𝐶𝑎

𝐶𝑏
) ∗ 100 

 

Where, 

AE = Adsorption efficiency expressed in (%) 

Cb = Concentration of Agnp before adsorption 

Ca = Concentration of Agnp after adsorption  

 
Various parameters (Table 6) were tested using the same standard protocol and SEM and 

EDS were further used to confirm adsorption. 

 

Table 6: Various parameters used in Agnp adsorption and filtration experiments. 

Parameter Data points 

Types of FSL constructs FSL-SPM, FSL-Z, FSL-Biotin and FSL-HA 

Concentration of FSL’s 0.01 mg/mL to 2 mg/mL 

Concentration of Agnp 1×, 3×, 6× 

Time of adsorption 1, 3, 6, 9 and 12 hours 

pH of Agnp solution Original, 3, 5, 7, 9 and 11 

Types of nanofibres  PCL, PVB, Nylon 

Packing density of PCL nanofibre 0.5 gsm, 1.5 gsm, 4 gsm  

 

 



69 
 

Establishment of model experiments 

Model experiments were conducted to test the adsorption efficiency of two differently 

charged constructs (FSL-SPM and FSL-Z) to capture two differently charged nanoparticles 

([-]Agnp and [+]Agnp). These experiments were then taken as a base to conduct other 

experiments. For an example of the experiment, the capture of [-]Agnp by FSL-SPM can 

be observed in Figure 26, where two parameters have been compared 1) solvent for FSL-

SPM dilution (70% methanol and water) and 2) different concentrations of FSL-SPM. A 

similar experiment was done to capture [+]Agnp by using FSL-SPM. FSL-Z was also tested 

to capture both [-] and [+]Agnp. In all these model experiments, the concentration of 

Agnp solution was always kept at 1× and four concentrations of constructs (0.01, 0.05, 

0.5 and 1 mg/mL) were always included along with the control nanofibre and control 

solutions. Various other constructs (Table 6) were tested, based on the same method. All 

results are interpreted and discussed in the following section. 
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a)  Before Adsorption 

  

 

FSL- SPM diluted in H2O 

 

  

FSL- SPM diluted in 70% MeOH 

   

b)  After Adsorption 

  

 

FSL- SPM diluted in H2O 

 

  

FSL- SPM diluted in 70% MeOH 

   

c)  After adsorption and removal of nanofibres 

  

 
 

FSL- SPM diluted in H2O 

 

 FSL- SPM diluted in 70% MeOH 

   

d)  After drying of nanofibres at RT 

  

 

FSL- SPM diluted in H2O 

 

 FSL- SPM diluted in 70% MeOH 

 

Figure 26: An example of adsorption assay using standard protocol. In a) four different concentrations of 
FSL-SPM (0.01, 0.05, 0.5 and 1 mg/mL) were coated on PCL nanofibre surface. The coated fibres were 
immersed in 1mL of [-]Agnp solution in each well. The first four wells consist of coated nanofibres. ‘C’ stands 
for control where the wells were filled with uncoated nanofibres and ‘CS’ stands for control solution where 
the wells were only filled with Agnp.  The first row had nanofibres coated with FSL-SPM made up in water 
whereas the second row had nanofibres coated with FSL-SPM made up in 70% methanol. b) and c) show 
the plate after 1 hour of adsorption with and without nanofibre respectively. In c), it was observed that the 
colour of NP solution was visually changed as indicated by i) and ii), at 1 mg/mL of FSL-SPM coating. The 
change is significant for ii), indicating that at 1 mg/mL coating, FSL-SPM diluted 70% methanol works better 
in adsorbing particles as compared to FSL-SPM diluted in H20.  

 

 

 

 

i 

ii 
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Results and Interpretations 

Agnp adsorption by FSL-SPM coated nanofibres 

 

  

  

 

  

 

 

 

 

 

 

 

 

Figure 27: Adsorption efficiency (AE) of FSL-SPM for [-] and [+]Agnp. a) The AE of FSL-SPM is observed to 
increase for [-]Agnp with increasing concentration of FSL-SPM as expected. Application of FSL-SPM  in 
methanol is found to work better than in water. b) The AE of FSL-SPM is observed to remain below 20% at 
all concentrations of FSL-SPM. This was also expected due to the presence of [+] charge on the Agnp that 
has no electrostatic attraction with the positively charged functional groups of FSL-SPM. 

 

Figure 27 demonstrates that FSL-SPM adsorbed an increasing amount of [-]Agnp with its 

increasing concentration when applied in water or 70% methanol during coating. 

However, it was not capable of adsorbing [+]Agnp even at high concentrations for both 

solvents. This was expected because the mechanism of adsorption was predicted to be 

dependent on the electrostatic attraction caused by the presence of oppositely charged 

functional groups at the surface of nanoparticles and the coated nanofibres. It was 

observed that application of FSL-SPM in 70% methanol worked better than application in 

water for [-]Agnp adsorption and remained consistent at all concentrations of FSL-SPM. 

It was noticed that while immersing nanofibres in FSL-SPM diluted in water while coating, 

the FSL solution remained as a bubble and was hard to penetrate due to which the 

surfaces were not coated evenly. This represented hydrophobicity of PCL nanofibre. 

However, while nanofibres were immersed in FSL-SPM diluted with 70% methanol, the 

entire surface was instantly coated. The phenomenon was easier to observe due to an 

interesting property of PCL surface i.e., it turns transparent from white, when completely 

Adsorption of [-]Agnp Adsorption of [+]Agnp 

a) b) 
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wet, exposing the black coloured polypropylene (PP) support beneath. Additionally, it was 

observed that FSL coating alone can enhance the hydrophilicity of the nanofibre surfaces. 

In Figure 26a, it can be noticed that control nanofibres and the fibres coated with 0.01 

mg/mL FSL-SPM are white, possibly indicating that they are still hydrophobic and thus 

resist wetting by Agnp solution. However, at higher concentrations (0.05, 0.5 and 1 

mg/mL), they have turned transparent indicating that the higher amount of FSL-SPM on 

their surface has helped to increase their hydrophilicity. It is also worth noting that the 

wetting of nanofibres by Agnp has also greatly increased for nanofibres coated with FSL-

SPM in 70% methanol than with water(represented again by the turning of the white 

colour to transparent). The difference in wetting property of methanol and water could 

be an important factor resulting in better efficiency of coating with 70% methanol-diluted 

FSL-SPM. 

A similar experiment was conducted using FSL-Z coated nanofibres. As expected, the 

adsorption efficiency was enhanced for [+]Agnp and no successful adsorption was 

observed in the case of [-]Agnp (Figure 28). However, the adsorption efficiency of FSL-Z 

for [+]Agnp was lower than that of FSL-SPM for [-]Agnp. From zeta analysis, it was found 

that FSL-Z has a negative charge of -30 mV as compared to FSL-SPM that has a positive 

charge of +20 mV. On the other hand, [+]Agnp has a charge of +33mV and [-]Agnp has a 

charge of -14 mV. Based on this, it was predicted that FSL-Z would show better adsorption 

of [+]Agnp due to higher charge present on the construct as well as nanoparticles. 

However, results were not congruent with the prediction. FSL-Z showed lower adsorption 

efficiency than expected. In FSL-Z, the negative charge is provided by CMG spacer that is 

responsible for attracting the positive particles, unlike FSL-SPM where the positive charge 

is the functional head.  

The experiment further proved that coating FSL-SPM in 70% methanol works better than 

water, indicated by higher adsorption efficiencies for nanofibres coated with methanol-

diluted FSL-Z as compared to water-diluted (Figure 28). FSL constructs were diluted in 

70% methanol for all future experiments.   
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Agnp adsorption by FSL-Z coated nanofibres  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Adsorption efficiency (AE) of FSL-Z. a) shows unsuccessful adsorption of [-]Agnp by FSL-Z at all 
concentrations. b) shows increased adsorption of [+]Agnp with increasing concentrations of FSL-Z. 70% 
methanol is observed to be the better solvent for coating than water.  

 

The adsorption of nanoparticles was visually analysed and confirmed by using SEM and 

EDS. Figure 29 and Figure 30 show the successful adsorption of [-]Agnp by FSL-SPM at 

various concentrations of FSL-SPM. The EDS result in Figure 30  validates the presence of 

silver on the surface. The green dots represent silver elements on the surface as 

determined by EDS. The overlaid image in Figure 30c proves successful capture of Agnp 

on the FSL-SPM coated nanofibre surface. 

 

 

 

 

 

 

 

a) b) 

Adsorption of [-]Agnp Adsorption of [+]Agnp 
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Figure 29: SEM images illustrating adsorption of [-]Agnp with increasing coating concentration of FSL-SPM. 
a) shows control nanofibre with no FSL-SPM. No Agnp is visible on the surface indicating that there was no 
significant adsorption. b), c) d) and e) show an increasing amount of particles on the surface with increasing 
FSL-SPM coating concentration. 

  

a)     Control (No FSL-SPM) b)     0.01 mg/mL FSL-SPM 
 

 

c)     0.05 mg/mL FSL-SPM d)     0.5 mg/mL FSL-SPM 
 

 

e)     1 mg/mL FSL-SPM 

4 µm 4 µm 

4 µm 4 µm 

4 µm 
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a)                                                                             b) 

         

 

 

 

 

 

 

 

 

                              c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: EDS analysis of 1 mg/mL coated nanofibre. a) SEM image of an area of PCL nanofibre used for 
EDS analysis. b) The EDS characterisation of silver particles on the area indicated by green dots. The green 
dots make up a complementary image with the SEM images. c) shows the overlaid image of a and b further 
indicating that the position of green dots (nanoparticles) matched (higher density) with the position of 
fibres on the surface. 

 

Comparison of different constructs with FSL-SPM and FSL-Z 

After the establishment of model experiments, it was necessary to analyse various other 

constructs for their ability to adsorb charged nanoparticles. Firstly, it was important to 

validate that FSL-SPM construct shows better activity than spermine alone. It is known 

that FSL-constructs coat most biological and non-biological more efficiently than others. 

Based on the model experiments, the adsorption efficiency of spermine was compared 

with that of FSL-SPM. Further, other negatively charged constructs such as FSL-biotin and 

FSL-HA were also compared with FSL-Z. 

2.5 µm 2.5 µm 

2.5 µm 
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Results and interpretations 

 

 

Figure 31: Comparison of adsorption of [-]Agnp by FSL-SPM and spermine. It was observed that FSL-SPM 
showed very high adsorption efficiency as compared to spermine at all concentrations. 

 
It was successfully demonstrated that FSL-SPM was able to adsorb [-]Agnp much more 

efficiently than spermine (Figure 31), as expected due to hydrophobic interaction of 

DOPE tails with the fibre material and each other, probably forming self-assembled 

membrane-like layers and multiple layers. It further proves that FSL-SPM adheres to 

surfaces strongly and remains stable even after washing, unlike spermine. A comparison 

between SEM images of FSL-SPM and spermine coated nanofibres after adsorption is 

shown in Figure 32. 

a) 0.5 mg/mL FSl-SPM coated b) 0.5 mg/mL spermine coated 

  

Figure 32: Adsorption of [-]Agnp by FSL-SPM and spermine coated nanofibres. a) shows efficient adsorption 
of [-}Agnp particles by at 0.5 mg/mL (0.4 µM)  FSL-SPM coating.  b) shows no [-]Agnp particles at 0.5 mg/mL 
(2.5 µM)  of spermine coating.  

4 µm 4 µm 
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Further, the adsorption efficiency of FSL-SPM was also compared with other FSL 

polyamines mentioned in Table 1. The comparison of the efficiencies for different 

concentrations has been shown in Figure 33. FSL-SPM is observed to work better than 

36-1 at all concentrations. 31-1 works similar to FSL-SPM at 0.5and 0.5 and 1 mg/mL but 

its efficiency decreases at 0.01 and 0.05 mg/mL. In case of 32-1 and 33-,1, the efficiency 

of FSL-SPM is greater only at 0.01 mg/mL but at higher concentrations, the efficiency is 

either comparable or lower and the difference is not dramatic.  

 

 

 

 

 

 

 

 

Figure 33: Comparison of adsorption of FSL-SPM with other FSL-polyamines. 

 

FSL-Z was compared with other negatively charged FSL constructs such as FSL-HA and 

FSL-biotin as shown in Figure 34 and it was observed that the adsorption capacities of 

FSL-HA and FSL-biotin at all concentrations were less than those of FSL-Z. Although FSL-

HA has a larger negatively charged functional group (Hyaluronic acid, HA) than the 

negatively charged spacer (CMG) of FSL-Z, it is poor in adsorbing [+]Agnp which suggests 

the dependence of adsorption on various other factors than just the charge. Another 

possible reason could be better adherence of FSL-Z in nanofibres than other constructs, 

which needs to be investigated. 
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Figure 34: Comparison of adsorption of FSL-Z with FSL-HA and FSL-biotin. FSL-Z is observed to be more 
efficient in adsorption of [+]Agnp as compared to other constructs. 

 

Effect of pH on adsorption 

The aqueous environment affects the physical and chemical characteristics of colloidal 

nanoparticles. Changes in ionic strength and pH of suspension can result in dissolution, 

aggregation along with a change in surface chemistry, zeta potential and shape of the 

nanoparticles 222,223. This can greatly affect the adsorption of nanoparticles. As discussed 

previously, the adsorption mechanism in this study is dependent on the electrostatic 

attraction between charged silver nanoparticles with charge-modified nanofibre 

surfaces. 

 

Method overview 

To assess the effect of pH on Agnp adsorption by FSL modified nanofibre surface, the 

standard adsorption experiment (Refer to Protocol 2.4.1) was conducted using FSL-SPM 

coating on PCL nanofibre. NaCl (100 mM) was used as a buffering agent for adjustment 

of pH of nanoparticle suspensions, similarly as in 2.3.3. The pH of NaCl solution was 

adjusted at 3, 5, 7, 9 and 11 using NaOH and HCL. 1× of silver nanoparticle solution was 

made according to volumes used in Table 4. However, instead of using only water for 

suspension, the particles were suspended in a pH adjusted NaCl solution (H2O and NaCl 

used in ratio 1:1).  
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Results and interpretation 

It was observed that at lower pH values of 3 and 5, the colour of [-]Agnp solution changed 

slightly pinkish and at pH 11, the colour was dramatically changed to dark brown colour 

(Figure 35). However, near pH values of 7 and 9, the colour of the Agnp suspension stayed 

similar to that of original suspension. This indicated possible agglomeration of 

nanoparticles at the high and low end of the pH range and a shift in the surface plasmon 

peak resulting in change of colour. The pH-dependent change in optical properties of 

nanoparticles has been previously discussed by various authors 224–226.   

 
original 3 5 7 9 11 

      

Figure 35: Change in colour of [-]Agnp suspensions at different pH. At lower pH values of 3 and 5, the colour 
has changed to slightly pink colour and at pH 11, the colour has changed to dark brown colour, indicating 
change in charge and size of particles and potential agglomeration. However, for pH values 7 and 9, the 
colour is similar to that of original suspension, indicating relative stability of charge and size at these values.   

 
The change in particle size with pH has also been evidenced in section 2.3.3. The charge 

and size analysis of [-]Agnp at different pH is shown again in Figure 36. Therefore, the 

colour change of suspension highlighted the effect of pH in determining the charge and 

size of particles and indicated that adsorption efficiency could be affected by changing 

pH.  

 
 

 

 

 

 

 

 

 

 
 

Figure 36: The charge and size analysis of [-]Agnp at different pH. This figure is also discussed in detail in 
section 2.3.3, Figure 26. 

 

a) b) 
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In section 2.3.3, it was shown that the surface charge of Agnps varied with pH of the 

suspensions. It was found that the positive charge on the surface increased with 

decreasing pH and vice versa. Based on this, it was hypothesised that adsorption of 

negative silver nanoparticles would decrease at lower pH due to decreased electrostatic 

attraction between the H+ coated nanoparticles and positively charged, FSL-SPM 

modified the surface. Similarly, it was predicted that enhanced adsorption would be 

observed at higher pH due to OH- coating of nanoparticles. However, the opposite trend 

was observed experimentally (Figure 37).  

 

Figure 37: Change in adsorption efficiency (AE) at different pH of [-]Agnp suspensions. The adsorption 
efficiency is enhanced for lower pH value of 3 and 5 as compared to the original pH (approximately 6) and 
follows a decreasing trend with increasing pH.     

 
A similar phenomenon in adsorption of Agnps was observed by Kang et al., 227 for 

negatively charged polystyrene particles and they have discussed the potential reasons 

for this adsorption behaviour. One of the reasons could be the competition of OH- with 

negatively charged nanoparticles. At higher pH values, the excess OH- could compete with 

the Agnps for adsorption at positive sites on nanofibres, resulting in a decrease of 

adsorption efficiency. The lower adsorption efficiencies at all pH values (7, 9 and 11) 

validate the interpretation.  

At lower pH, the increase in adsorption efficiency can be interpreted to be due to the 

coating of nanofibre surfaces with excess H+ ions, imparting a higher positive charge to 

the surface. This could help in attracting negatively charged particles. A similar 

explanation has been put forward by Banerjee et al. 228. The fact is also supported by the 

FSL-SPM concentration (mg/mL) 
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increase in adsorption capacity of control nanofibre for [-]Agnp at pH 3 as compared to 

[-]Agnp at original pH, indicating that control nanofibres might have also gained some 

positive charge from H+ ions.  Interestingly, in Figure 38, SEM image of 0.5 mg/mL FSL-

SPM coated after adsorption of [-]Agnp at pH 3, shows agglomeration of nanoparticles 

which could also have helped in enhancement of adsorption. Instead of attaching each 

nanoparticle on an active site, only a few active sites on nanofibres were enough to attach 

the already agglomerated bulk of nanoparticles in the suspension, resulting in removal of 

large number of nanoparticles at once. Another possible mechanism could be that at 

lower pH, the available negatively charged nanoparticles could be adsorbed by FSL-SPM 

on nanofibre surface. Then the adsorbed particles could have attracted oppositely 

charged particles in the suspension (caused by H+ ion coating of [-]Agnp) such that the 

adsorption was taking place on the nanoparticle surface rather than the nanofibre 

surface.  

It should also be considered that the increased AE at pH 3 means that interaction of the 

nanoparticles with fibres was mediated not only because of charge but could have also 

resulted from the interaction of silver with polyamines due to co-ordination forces, like 

in case of chelators. For silver, it is well discussed in literature 229,230. When Ag particle is 

charged, this interaction is reduced because, at pH 3, particles become neutral, as seen 

in Figure 36b and thus is able to switch on the co-ordination interactions. 

 

 

Figure 38: The adsorption of [-]Agnp (at pH 3) on 0.5mg/mL FSL-SPM coated PCL nanofibre. The particles 
are agglomerated and have attached in bulk instead of even attachment throughout the surface.   
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Effect of initial nanoparticle concentration 

The initial concentration of adsorbate is an important parameter in the adsorption 

process. The effect of initial concentration on the removal of various pollutants has been 

extensively studied 228,231–233.  

 
Method overview 

Three initial concentrations, 1х, 3х and 6х of [-]Agnp and [+]Agnp were used for 

adsorption by FSL-SPM and FSL-Z respectively. The volumes of Agnps and H2O used to 

make up 1 mL each concentration were calculated based on Table 4. The standard 

adsorption experiment (Protocol 2.4.1) was conducted using four concentrations of 

constructs 0.01, 0.05, 0.5 and 1 mg/mL for 1 hour. 

 
Results and interpretation 

Regarding FSL-SPM, there was no significant difference in adsorption efficiencies for all 

initial concentrations used in Figure 39a. However, for FSL-Z, the adsorption efficiency 

was greater for 1х [+]Agnp as compared to 3х and 6х Figure 39b.  

  

  

 

 

 

 

 

 

 

 

 

Figure 39: Adsorption by FSL-SPM and FSL-Z at a different initial concentration of Agnps. a) Adsorption of 
1х, 3х and 6х concentrations of [-]Agnp by FSL-SPM. b) Adsorption of 1х, 3х and 6х of [+]Agnp by FSL-Z. 

 

The results indicate that the change in the initial concentration of Agnp does not affect 

the adsorption capacity of FSL-SPM for up to 6х. However, higher concentrations than 

Adsorption of [-]Agnp 

a) b) 

Concentration of Agnp 

Adsorption of [+]Agnp 
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that could affect the adsorption efficiency that needs to be investigated. On the other 

hand, FSL-Z shows poor adsorption with increasing initial concentration so the initial 

concentration should be maintained low to achieve optimum adsorption. 

 
Effect of contact time 

Method overview 

The contact time used for standard adsorption protocol was 1 hour. However, adsorption 

behaviours of FSL-SPM for [-]Agnp was monitored at different contact times of 1, 3, 6, 9 

and 12 hours. After adsorption at each given contact time, nanofibres were removed 

from the reacting wells and the solution left behind in the well was measured for 

absorbance values. The nanofibres were then put back in their respective reacting wells 

to continue for the next time point. The experiment was performed in triplicate to assess 

the effect of contact time.  

 
Results and interpretation 

In Figure 40, the adsorption of [-]Agnp by different concentrations of FSL-SPM at different 

contact times is shown. The adsorption efficiencies expressed are subtracted from the 

control to represent a true change in adsorption behaviour with respect to contact time 

and concentration of FSL-SPM coating.  

 

Concentration of FSL-SPM 
(mg/mL) 

 

Figure 40: Adsorption of 1х [-]Agnp by different concentrations of FSL-SPM at different contact times. For, 
0.01 mg/mL, the adsorption sharply increases at 9 hrs and for 0.05 and 0.5 mg/mL, adsorption is sharply 
increased at 3 hrs. However, for 1 mg/mL, the adsorption efficiency is observed to decrease with increasing 
contact time up to 6 hrs and approaches towards equilibrium after that.    
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The trend of adsorption at different time points varied with the concentration of FSL-SPM 

used. It was observed that 0.05 mg/mL had the most ideal trend where the adsorption 

kept increasing up to 6 hrs and achieved an equilibrium state. For, 0.01 mg/mL the 

adsorption only sharply increased at 9 hours but overall adsorption efficiency was lower 

than that of 0.05 mg/mL, even at 12 hrs contact time. For 0.5 mg/mL the adsorption trend 

is similar to that of 0.05 mg/mL for up to 3 hrs but after that AE decreases as compared 

to that of 0.05 mg/mL coated fibres. However, for 1 mg/mL, the adsorption efficiency was 

higher as compared to other coating concentrations in the beginning but gradually 

decreased with increasing contact time. It was hypothesised that at higher concentration 

of FSL-SPM coating, the construct could have desorbed from the surface with time. This 

phenomenon is also validated by the change in colour of nanoparticle solution at these 

concentration and contact times. For example, Figure 41 shows the reacting wells with 

nanoparticle solution left behind after removal of nanofibres coated with 1mg/mL FSL-

SPM at different time points.  

 
FSL-SPM 

(mg/mL) 

Contact time (hrs) 

0 1 3 6 9 12 

0.01  

      

1 

      

Figure 41: The change in colour of [-]Agnp after adsorption by FSL-SPM at different contact times. At 0.01 
mg/mL FSL-SPM coating, the yellow colour of the nanoparticle solution turns more transparent with 
increasing contact time. It indicates transfer of nanoparticles from the solution to the coated surface. 
However, at 1 mg/mL, the nanoparticles solution turns brown in colour, indicating that nanoparticles have 
not been completely transferred and possibly physio-chemical characteristic of the nanoparticles has been 
changed, resulting in the colour change.   

 
The increasing transparency of the nanoparticle solution with increasing contact time 

shows successful adsorption of nanoparticles on 0.01 mg/mL FSL-SPM coated surface. 

However, in the case of 1 mg/mL coating, the colour of nanoparticle turns brownish with 

increasing contact time. This illustrates that the nanoparticles are still present in the 

solution but due to the change in size of the particles, optical properties of the 
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nanoparticle solution could have changed. It is possible that desorbed FSL-SPM could 

have played a role in changing the charge and size of nanoparticles, resulting in the 

change of colour. 

To further validate the desorption of FSL-SPM, the nanoparticle solutions of different 

colours (yellow, transparent and brown) achieved after adsorption of 12 hours were 

observed under SEM (Figure 42). 5 µL of each kind was dropped on a surface of mica, 

dried and sputter coated for 40 seconds for SEM visualisation.  

 

   Nanofibre  Agnp solution SEM image of Agnp solution 

a) 

After adsorption 

by control 

nanofibre 

 
 

 

b) 

After adsorption 

by 0.01 mg/mL 

FSL-SPM coated 

nanofibre 

 
 

 

c) 

After adsorption 

by 1 mg/mL FSL-

SPM coated 

nanofibre 

 
 

 

Figure 42: Nanofibres and [-]Agnp solutions after adsorption by FSL-SPM coated nanofibres. a) SEM image 
shows evenly dispersed Agnp solution when it is in its original state and the colour of the solution is yellow. 
b) After adsorption, the colour of Agnp turns transparent as all nanoparticles are stuck on to the fibres, 
which is why no particles are observed in the SEM image of the solution. c) SEM image shows agglomeration 
of particles and the Agnp solution is observed to turn brown, possibly indicating the effect of agglomeration 
of particles.  
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Complementary with the desorption hypothesis, it was observed that when the solution 

is yellow (original colour), the nanoparticles are dispersed, distinctly separated and 

uniform in size and the transparent solution showed no presence of nanoparticle. 

However, the brownish solution showed agglomeration of nanoparticles as observed in 

Figure 42. It supports the interpretation that the possible desorption of FSL-SPM into the 

nanoparticle solution could have disturbed the ionic composition of the solution or 

disrupted the [-] charge of particles by coating the surface of nanoparticles with a positive 

charge in FSL-SPM, thus resulting in agglomeration. 

Similar comparison (as in Figure 43) was done for spermine coated nanofibres and 

adsorption was analysed after 12 hours contact time. Results are shown in Figure 44. 

 

  Nanofibre Agnp solution SEM image of Agnp solution 

a) 
After adsorption by 

control nanofibre 

 
 

 

b) 

After adsorption by 

0.01 mg/mL spermine 

coated nanofibre 

 
 

 

c) 

After adsorption by 1 

mg/mL spermine 

coated nanofibre 

 
 

 

Figure 43: Nanofibres and [-]Agnp solutions after adsorption by spermine coated nanofibres. Spermine 
does not result in a change of Agnp solution even at 1mg/mL of coating and no agglomeration is observed.  
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In Figure 43b, 0.01 mg/mL concentration of spermine is not enough to cause efficient 

adsorption of nanoparticles. Therefore, the Agnp solution is still yellow, unlike FSL-SPM 

effect as seen in Figure 42b. However, at 1 mg/mL spermine coating, nanoparticles are 

adsorbed to some extent on the nanofibres after 12 hours of contact time (Figure 43c) 

and interestingly, agglomeration is not observed as shown by the SEM image of the Agnp 

solution 

The difference in the agglomeration effects of FSL-SPM and spermine at 1 mg/mL of 

coating could possibly indicate that FSL-SPM is adsorbed on the fibres at higher amounts 

as compared to spermine. It has also been discussed in the previous section where it was 

interpreted that spermine washes away during the coating process whereas FSL-SPM 

adheres to the surface strongly. The presence of higher amount of FSL-SPM on the 

nanofibres could mean that a higher concentration of molecule desorbs from the surface 

that is enough to cause the agglomeration effect whereas for spermine, not enough 

molecule remains on the surface after coating, even at 1 mg/mL concentration and thus 

minimum desorption occurs. 

To further prove the desorption of FSL-SPM into Agnp solution and its induced 

agglomeration of nanoparticles, an increasing concentration of FSL-SPM was directly 

added to 1 mL [-]Agnp solutions. Similarly, an increasing concentration of spermine was 

also added to a different set of 1 mL [-]Agnp solutions. The mixtures of solutions were 

observed for colour change after 12 hours. 

 It was observed that FSL-SPM in solution produced the same effect of colour change in 

Agnp solutions as described in Figure 42 but only at certain concentrations. Similarly, 

spermine in solution also caused the effect but at different concentrations as compared 

to FSL-SPM. The colour change at different concentrations for FSL-SPM and spermine is 

shown in Figure 44.  
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Figure 44:  The colour change in [-]Agnp solution after the direct addition of FSL-SPM and spermine. 1-10 
are increasing concentrations of FSL-SPM and spermine in mg/mL added to [-]Agnp solutions; 1: 0.0002, 2: 
0.0005, 3: 0.001, 4: 0.005, 5: 0.01, 6: 0.05, 7: 0.1, 8: 0.25, 9: 0.5, 10: 0.1, and 11 is 0 mg/mL of FSL-SPM 
(control). Spermine induces colour change starting at 0.05 mg/mL to 1mg/mL. However, FSL-SPM induces 
colour change at lower concentrations of 0.001, 0.005 and 0.01 mg/mL.    

 

It was further interpreted that the change of Agnp solution only at certain concentrations 

could possibly indicate the requirement for a balance of spermine molecules and the 

nanoparticles. Too low or too high concentration could result in a hook or prozone effect 

that has been previously described in the literature in terms of antibody-antigen 

agglutination reactions 234,235. Therefore, an equivalence reaction with optimal 

nanoparticle and charged molecules could have only occurred at certain concentrations. 

Further, this also possibly indicates the importance of lipid (DOPE-DOPE interactions) and 

spacer groups in FSL-SPM in helping to bring two nanoparticles together by forming a 

bridge between the particles as compared to just the spermine. This could have resulted 

in lower concentration of FSL-SPM being enough to produce the effect. 

Some of the concentrations from Figure 44 were visualised under SEM to assess whether 

agglomeration has occurred in the solutions. Solution (vii) of spermine and solution (iii) 

of FSL-SPM were compared against solution (xi)-control Agnp solution. The SEM images 

are compared in Figure 45.  

 

 

FSL-SPM 

spermine 
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 Agnp solutions  
(refer to Figure 45) 

Photo image SEM image of solution 

a) Control solution (11) 

 

 

 

b) 
Solution (7) of spermine (0.01 
mg/mL spermine added to 
Agnp solution) 

 

 

c) 

Solution (3) of FSL-SPM 

(0.001 mg/mL FSL-SPM added 
to Agnp solution) 

 

 

Figure 45: Comparison of a mixture of [-]Agnp solutions with FSL-SPM and spermine. The mixture solutions 
from Figure 45 were visualised under SEM and it was observed that the colour change induced by direct 
addition of 0.01 mg/mL spermine or 0.001 mg/mL FSL-SPM is accompanied by agglomeration of the 
particles. 

 

It was observed that both the solutions in Figure 45b and c showed agglomeration of 

nanoparticles when visualised under SEM but in the control solution in Figure 45a, 

nanoparticles were evenly dispersed with no sign of agglomeration. Therefore, with all 

the supporting evidence, it was concluded that when nanofibres are coated with higher 

concentrations of FSL-SPM, there is a chance of desorption of FSL-SPM into Agnp 

solution, especially with increasing contact times that can result in agglomeration of 

particles and lower adsorption capacity. 

 



90 
 

Effect of nanofibre thickness 

The thickness of the fibre, usually expressed in gram per square meter (gsm) affects the 

adsorption capacity of nanofibre surfaces. For a given average diameter of the fibre in an 

electrospun mat, a higher gsm nanofibre has a greater number of fibres and are densely 

packed. This provides a larger surface area for modification and thus produces more 

active sites for adsorption. However, for effective filtration, higher permeability is desired 

along with capture of particles 236,237. In such case, a high packing density or greater 

thickness introduces higher pressure drop and the performance of the filter decreases 

whereas for adsorption it is an advantageous feature because the performance of 

adsorbate is not dependent on the flow rate. Many study show increase in adsorption 

efficiency with increase in mass and thickness of adsorbent 238–240. 

 
Method overview 

Nanofibre thickness of increasing order (0.5, 1 and 4 gsm) was compared against each 

other for their adsorption efficiency of [-]Agnp after coating with 0.5 mg/mL FSL-SPM. 

These values of thickness were chosen because they were standard samples 

manufactured by Revolution Fibres. Thickness higher than 4gsm could also be 

investigated but has not been included in this study. 

 
Results and interpretation 

From Figure 46, it is apparent that 4 gsm thickness works better for all nanofibre types. 

The decrease in efficiency with decreasing gsm was expected because, with decreasing 

thickness of fibres, lesser area is available for FSL-SPM attachment and nanoparticle 

adsorption 
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Figure 46: Comparison of [-]Agnp adsorption efficiency by PCL nanofibre of different thickness.  

 

Stability test of FSL-SPM by using adsorption protocol 

Stability of constructs at different times and conditions of storage is an important factor 

in understanding the strength of attachment of FSL constructs and viability of the 

functional groups. Various FSL-constructs have been found to be stable on modified 

surfaces for up to 8 months of storage at room temperature 241, where immunostaining 

was used to assess the functionality of the constructs. However, FSL-constructs used in 

this study do not contain functional groups that can be visualised through 

immunostaining. Therefore, the ability of FSL-SPM to adsorb negatively charged 

nanoparticles was utilised to understand the stability of charged constructs.  

 
Method overview 

PCL nanofibres were coated with 0.5 mg/mL FSL-SPM (Protocol 2.2.2) and divided into 

two groups for storage, in the fridge at 4°C and at room temperature (RT). Enough 

nanofibres were coated so that stability test could be conducted in triplicates and were 

kept in Petri-dishes properly sealed with paraffin. The nanofibres were tested for their 

stability at 2 and 4 months of storage by measuring their adsorption efficiency to remove 

[-]Agnp from the solution. The standard adsorption protocol (Protocol 2.4.1) was 

followed and the efficiency of stored nanofibres was compared with that of nanofibres 

coated on the same day of the experiment.  
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Results and interpretations   

Figure 47 shows that FSL-SPM is stably attached to the nanofibre surface and the 

functionality of the construct does not deteriorate upon storage up to 2 months 

irrespective of the condition of storage. However, at 4 months, the adsorption efficiency 

of nanofibres stored at room temperature decreases, which could be possibly caused by 

either the loss of attachment of the lipid part of the construct from the surface or the 

loss of functionality of spermine in the construct. More investigation is required to assess 

the decrease in adsorption efficiency with time. On the other hand, the nanofibres stored 

in the fridge at 4°C showed comparable adsorption efficiency with the nanofibres coated 

on the same day. The points towards the importance of temperature in loss of activity of 

the construct.  

 

 

 

Figure 47: Stability test of FSL-SPM coated nanofibre.The adsorption efficiency deteriorates when stored 
at RT with time as compared to storage at 4°C.  

 

Modification before electrospinning vs post-electrospinning 

Electrospinning is dependent on many variables and therefore the introduction of a 

modifying agent into the polymer solution before electrospinning could influence the 

electrospinning process in an undesirable manner. It could also result in uncontrolled 

effects in pore-size, fibre diameter and morphology. For these reasons, post 

electrospinning modification of surface is the most preferred method. Specifically, in case 

of surface modification by charged molecules like FSL-SPM, there is high possibility that 



93 
 

electrospinning could be affected as the process is highly dependent on charge of the 

polymer solution. Nevertheless, the ability to co-electrospin modifying agents along with 

the polymer solution would help in scaling up the fabrication process and could produce 

evenly modified surfaces without an additional stage of post-manufacture modification. 

Therefore, it was necessary to compare the efficiency of modification by adding FSL-SPM 

during electrospinning vs modifying the fabricated nanofibres after electrospinning.  

 

Method overview 

Electrospinning was done at Revolution Fibres Ltd. using standard protocols. FSL-SPM 

was directly added to the prepared polymer solutions and mixed thoroughly before 

electrospinning. Firstly, electrospinning of PCL was by done by adding FSL-SPM to the 

polymer solution. The standard protocol for spinning of PCL required the use of acids. 

Therefore, it was predicted that acids could possibly denature FSL-SPM. A preliminary 

trial was conducted to assess the effect of the addition of FSL-SPM in the polymer solution 

and it was observed that the fibre morphology was greatly changed with dramatic 

increase in fibre diameter (Figure 48). The resultant modified fibre was not successful in 

capturing [-]Agnp. Thereafter, instead of PCL, PVB polymer solution was chosen for 

electrospinning with FSL-SPM, considering that no acid was involved in the process.  

a)                                                                           b) 

  

 

 

 

 

 

Figure 48: The effect of pre-electrospinning FSL-SPM modification of PCL nanofibre. a) shows control PCL 
nanofibre without FSL-SPM. b) shows PCL nanofibre electrospun after adding FSL-SPM to the polymer 
solution.  

 

Referring to the standard coating protocol 2.2.2, to achieve 0.5 mg/mL FSL-SPM coated 

nanofibre, only 100 µL of 0.5 mg/mL is applied for coating, which means 0.05 mg of FSL-

10 µm 10 µm 
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SPM, would be in contact with the surface. Taking this fact into consideration, the pre-

fabrication modified PVB nanofibres with 0.05 mg of FSL-SPM was compared with post-

fabrication modified PVB coated with 0.5 mg/mL of FSL-SPM by using the standard 

adsorption protocol. The surface area of nanofibre was also kept consistent for both pre 

and post-fabrication samples. Then the surfaces were used to remove [-]Agnp using the 

standard adsorption protocol (Protocol 2.4.1). However, it should be noted that in the 

protocol, the entire volume of the construct applied to the surface does not come in 

contact with the surface and that the excess construct is always washed before using for 

all experiments. Therefore, investigation that is more sensitive is required to measure the 

true amount of FSL-SPM on the post electrospinning modified surfaces. Nevertheless, this 

experiment could provide valuable insights into the difference between adding FSL-SPM 

before and after electrospinning/fabrication.  

 

Results and interpretation 

The adsorption efficiency was observed to decrease for the fibre modified pre-fabrication 

as compared to fibres modified post-fabrication (Figure 49). The fibre diameter and 

morphology of PVB nanofibres remained unchanged even after the addition of FSL-SPM 

to the polymer solution, indicated by similar morphology in Figure 50b,c. SEM images in 

Figure 50 further validated better adsorption capacity of post-fabrication modified 

nanofibre, where more particles are adsorbed on Figure 50b and in an even manner as 

compared to Figure 50c.  

The possible reason could be that when the fibres are coated after electrospinning, the 

lipid and spacer part is properly attached and oriented, ensuring optimum exposure of 

the functional head for removal of nanoparticles. However, when the constructs are 

mixed with the polymer solution during electrospinning, the mechanism of insertion of 

the constructs on the surface is not under control. It is possible that the constructs could 

have been buried or entrapped inside the fibres during electrospinning and there is loss 

in the number of constructs available on the surface for carrying out the function. 

However, more experiments need to be conducted using various polymer solutions and 

constructs to assess the best conditions for pre-fabrication modification.   
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Figure 49: Comparison of [-]Agnp adsorption capacity of PVB nanofibre modified pre and post-fabrication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50: SEM images of PVB nanofibre after adsorption of [-]Agnp. a) shows control PVB nanofibre. b) 
shows PVB nanofibre modified with FSL-SPM post-fabrication and c) shows PVB nanofibre modified 
prefabrication. b) shows greater and even removal of nanoparticles as compared (c). 
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2.4.2 Nanoparticle capture - filtration  

The results of the adsorption assays that proved the efficiency of FSL-SPM in capturing 

the [-]Agnps were further validated using a different set of protocol involving filtration of 

nanoparticles through the modified nanofibres. Adsorption assays were conducted in 24- 

well plates, allowing the nanoparticles to adsorb on to the coated fibres for a given time. 

However, filtration assays were conducted by passing the nanoparticle suspension 

through the coated fibres inserted in a filter holder connected to a syringe.  Variables 

affecting the filtration process such as flow rate, initial concentration of nanoparticles, 

concentrations constructs were taken into consideration and the experiments were 

conducted based on a standard protocol designed for filtration.  

Protocol 2.4.2: Standard filtration protocol  

1. PCL nanofibres were coated with FSL-SPM by following the standard coating 

protocol described in section 2.4.1. However, the area of the surface coated was 

changed to 10 mm × 10 mm. It was done so that the fibre area would be enough 

to be properly inserted inside the filter holder. 

2. A reusable filter holder was connected with a 1 mL syringe containing 1 mL of 

nanoparticle solution. The coated nanofibre was properly inserted inside the filter 

holder and sealed.   

3. A syringe pump (Orion Sage Pump, Thermo Scientific) was used to control the flow 

rates of filtration.  

4. The filtrate was collected in a microfuge tube and 100 µL of the filtrate was 

transferred to a 96-well plate for absorbance analysis using UV-Vis 

spectrophotometer. 

5. A standard curve was generated for the volume to be analysed for absorbance 

similarly as in Protocol 2.4.1.  

6. Filtration efficiency was calculated by measuring the difference between the 

absorbance of nanoparticle solution before and after filtration and employing the 

standard curve (Similar to adsorption efficiency calculation in 2.4.1). 
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Comparison of adsorption with filtration 

Method overview 

Using the standard filtration protocol (Protocol 2.4.2), the filtration efficiency was 

calculated for nanofibres coated with 0.01, 0.05, 0.5 and 1 mg/mL FSL-SPM and the 

efficiency was compared with adsorption efficiency of respectively coated nanofibres 

(discussed in 2.4.1). The flow rate of filtration was maintained at 6 mL/min. The 

adsorption efficiency (AE%) of FSL-SPM was then compared with filtration efficiency 

(FE%). The absorbance analysis for efficiency calculation was done at 430 nm for both 

assays. However, it should be noted that although the surface area used for filtration and 

adsorption is not the same but comparable. For adsorption, 52.5 mm2 of PCL (4 gsm) 

nanofibre was used whereas 50.2 mm2 was used for filtration. This 4% difference in 

surface area is small and thus ignored for comparisons. 

 

Results and interpretation  

Filtration assay was found to be more efficient in capturing nanoparticles as compared to 

adsorption assay for 0.05, 0.5 and 1 mg/mL (Figure 51). Images in Figure 52 further 

validate that filtration enhances the capturing capacity of the coated surface. Generally, 

filtration is dependent on mechanisms such as size exclusion, inertial impaction, diffusion 

and electrostatic interaction between the particle and the filter media 140. Larger particles 

are usually removed by size exclusion. However, since the size of nanoparticles is very 

small, the increase in efficiency is predicted to be the result of two mechanisms working 

together a) inertial impaction that occurs when the suspending liquid passes through the 

filter, but the nanoparticles hit the fibres and get stuck b) electrostatic interaction 

between the nanoparticles and the FSL-SPM.  In the case of adsorption, the capturing 

process is passive and only the outer surface of nanofibre in contact with nanoparticle 

solution is actively involved in attracting the particles towards the surface, whereas in 

filtration, the bulk structure of nanofibre is involved in active capturing of the particles. 

This could be a possible reason for significant increase in efficiency for filtration as 

compared to adsorption. 
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Figure 51: Comparison of adsorption and filtration efficiency of FSL-SPM for the capture of [-]Agnps. 

 

. 

a) b) 

 
 

  
 

  
Passive adsorption Filtration 

Figure 52: Comparison of adsorption and filtration capacity of FSL-SPM coated nanofibre. Both a) and b) 
are coated with 0.5 mg/mL FSL-SPM a) shows camera image of coated nanofibre after adsorption along 
with its SEM image. b) shows coated nanofibre after filtration. The brown colour is from Agnp. In a), the 
whole surface area in the camera image was used for adsorption whereas in b), only the brown circular 
area was used for filtration.    
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Comparison of FSL-SPM with spermine 

Complementing the adsorption results, filtration assay further validated that FSL-SPM is 

more efficient in the removal of [-]Agnp as compared to spermine alone (Figure 53). 

Moreover, the results showed that FSL-SPM was not washed away bypassing the 

nanoparticle solution through the fibres whereas spermine was probably washed away 

in the initial stage while washing after FSL-SPM coating. It further highlights the 

importance FSL immobilisation for proper attachment to the surface.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: Comparison of filtration efficiency of FSL-SPM with spermine.  

 

Effect of initial concentration  

1× concentration of nanoparticles was observed to be filtered more efficiently as 

compared to 3× and 6× concentrations (Figure 54). Unlike adsorption where the 

efficiency of removal of 3× concentration was found to be greater at 1mg/mL FSL-SPM 

coating as compared to 1× and 6×, the filtration efficiency of 1× was observed to be higher 

than other concentrations at all concentrations except 0.01 mg/mL. At higher 

concentrations, it is generally observed that the binding sites on the nanofibres get 

saturated faster than at lower concentration 242. It could be responsible for the loss of 

efficiency as the concentration of nanoparticle increases.   
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Figure 54: Filtration efficiency (FE) of FSL-SPM at different concentrations of FSL-SPM and [-]Agnp. 1× 
concentration of nanoparticle is observed to be filtered with greater efficiency as compared to other 
nanoparticle concentrations. 

 

Effect of flow rate 

Generally, adsorption efficiency decreases when the flow rate is increased 243–245. 

According to the authors, increasing the flow rate causes a shorter retention time due to 

which particles do not get to be in contact for required period. On the other hand, slower 

flow rate provides enough time for the particles to diffuse properly onto the surface.  

Since 1 mL of solution was filtered, the time required for 0.06 mL of Agnp solution to pass 

through the filter was 1000 seconds. Similarly, the time required for 0.6 and 6 mL of 

solution was 100 seconds and 10 seconds respectively. Figure 55 shows the effect of flow 

rate on adsorption efficiency of 0.5 mg/mL coated FSL-SPM for different concentrations 

of [-]Agnp. It is apparent that filtration is highly dependent on the flow rate of the 

solution. According to the figure, the filtration efficiency was observed to be the highest 

at 0.6 mL/min for all concentrations. However, at the lowest flow rate of 0.06 mL/min, 

the adsorption efficiency is observed to be the lowest in this study. The possible reason 

for this phenomenon could be desorption of FSL-SPM from the surface due to the longer 

contact time of surface with nanoparticle solution. It was observed that at 1× 

concentration of Agnp, adsorption efficiency did not reduce at higher flow rates but 

achieved an equilibrium after 0.6 mL/min. It indicates that for that concentration of 

particle, 0.6 L/min is sufficient to adsorb all the particles and increasing the flow rate does 

not affect the adsorption process. However, for 3× and 6× concentrations, the adsorption 

efficiency decreased at 6 mL/min. It could be a combined effect of unavailability of 
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binding sites and lower retention time for adsorption. Therefore, there must have been 

a balance of ideal retention time, availability of binding sites and favourable conditions 

for FSL-SPM to remain attached to the surface. 

 

 

Figure 55: Effect of flow rate on adsorption efficiency of 0.5 mg/mL FSL-SPM coated filter. 0.6 mL/min is 
observed to be the ideal condition of flow rate, providing maximum adsorption efficiency.  

 

It is also necessary to consider that this trend of adsorption efficiency change due to a 

change in flow rate could be different for different concentration of FSL-SPM analysed. 

More investigation is required to assess an ideal concentration of FSL-SPM and flow rate 

to achieve the maximum adsorption efficiency.  

 

Conclusion 

In this chapter, analysis of Kode constructs, nanofibres characterisation and assessment 

of nanofibre surface modification were done as a preliminary investigation. Silver 

nanoparticles (Agnp) with negative and positive charge were synthesised in the lab as 

surrogates of particulate matter. Various physical and chemical aspects such as charge, 

size and elemental composition of the nanoparticles were characterised. Different Kode 

constructs were trialled to modify nanofibres that were then used to capture 

nanoparticles through process of adsorption and filtration. A variety of parameters such 

as type of solvents, coating concentration, pH, contact time, and pre and post 

electrospinning modification were studied. Thus, the experiments conducted in this 

chapter were established as model experiments and the conclusions derived from the 
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study was utilised to analyse capture of air particulate matter using Kode modified 

nanofibres in the next chapter.  

This chapter established some important conclusions as given below and air particle 

capture study (Chapter 3) was guided by these conclusions. 

o FSL-SPM can modify nanofibre without significant change in fibre morphology up 

to 0.05 mg/mL for PCL nanofibre. The pore size of nanofibres also remain 

unchanged up to 0.05mg/mL, indicating that the surface can be used for filtration 

without significant change in flux. However, concentrations up to 1 mg/mL can be 

utilised in capturing particles through adsorption process where flow rate is an 

affecting parameter. Such FSL-SPM modified filters can be used to efficiently 

capture negatively charged particles 

o Kode constructs such as FSL-Z can also capture positively charged particles. 

However, more investigation is required to optimise their application and 

possibility of their use along with FSL-SPM to capture a wider range of particles. 

o FSL-SPM capture particles better through filtration as compared to adsorption 

and that the filtration process depends on parameters such as flow rate and 

concentration of particles  

o Considering the coating effects and study of capturing efficiency, FSL-SPM coating 

works better at concentrations below 0.5 mg/mL for filtration applications. 

o Modification of nanofibres with FSL-SPM post electrospinning is more efficient 

that pre electrospinning 

o The activity of FSL-SPM coated nanofibres for capturing particles is retained for 

up to 4 months when stored at 4°C 
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Chapter 3: Air particulates capture – methods and results 

3.1 Characterisation of nanofibre and FSL modification 

PMMA (polymethyl methacrylate) nanofibre with a thickness of 0.5 gsm and a TPU 

(Thermoplastic polyurethane) support layer was used for air particulates capture. This 

particular polymer was chosen because of its wide use in air filtration applications. The 

thickness of 0.5 gsm is suitable for air particles capture because such thin filter media do 

not change the airflow rate significantly. The polymer was electrospun on a TPU support 

as it provides enough rigidity for ease of handling during experiments. Unlike liquid 

particulates capture where adsorption and filtration mechanisms were compared, for air 

particulate capture, only filtration was used.   

An area of 60 mm х 60 mm nanofibre was used for this study. Since the area utilised for 

air particle filtration was much larger than for liquid filtration, the coating method was 

slightly modified from Protocol 2.2.2 as follows 

1. Nanofibre strips were first washed in MilliQ water and dried at RT.  

2. The washed surfaces were then flooded on one side (the surface of PMMA that 

would be exposed to the influent air) with 150 µL of FSL-SPM with the help of a 

micropipette.  

3. The coated surfaces were then washed in MilliQ water for three times using 

separate beakers and dried at RT.  

Ideally, FSL modification should not change the morphology of the nanofibre surface or 

decrease the pore size. Therefore, it was important to observe if the coatings result in 

blockage as it would result in decrease of airflow rate. For this, the coated surfaces were 

characterised using SEM. Additionally, Diameter J was used to analyse the fibre diameter 

distributions before and after coating. SEM observation showed that coatings above 0.4 

mg/mL of FSL-SPM drastically changed the morphology of the surface, blocking almost all 

the pores (Figure 56).   
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Figure 56: Change in the morphology of PMMA nanofibre with increasing FSL-SPM concentration. For up 
to 0.2mg/mL, FSL coating does not block pores. However, at higher concentration of 0.5mg/mL and 
0.1mg/mL, after washing, the coating becomes visible as a thin film, almost blocking pores. The thick fibre-
like structures behind the nanofibres in first four images represent the TPU backing layer that acts as 
support material for PMMA. It is not visible for last two images due to change in contrast of images. 

 

Control (No FSL-SPM) 0.05 mg/mL 

0.1 mg/mL 0.2 mg/mL 

0.5 mg/mL 1 mg/mL 
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When compared with fibre diameter analysis of PCL, at 0.5 mg/mL and 1 mg/mL the 

coating is more clearly visible as a thin film in case of PMMA as seen here in Figure 56 but 

not for PCL as seen in Figure 18. The possible reason for this difference in the coating is 

the difference in thickness of respective nanofibres used. PMMA has a lower thickness of 

0.5 gsm as compared to PCL of 4 gsm used in the study. With lower thickness, a smaller 

number of fibres or surface area is available for coating due to which the excess FSL-SPM 

is visible in the form of a proper coating layer at higher concentrations for PMMA 

nanofibre.  

It is also known that good quality filter is defined as a filter that can capture particulates 

while maintaining a good airflow across them. Since pore size is an important 

characteristic as it can change the airflow rate significantly, it is important to study the 

effect of FSL modification in terms of change in pore size. 

To get an even coating layer without blocking the pores, 1mg/mL FSL-SPM was applied 

on PMMA surface using the same method as mentioned above but washing procedure 

was modified. Other solvents such as PBS and 70% methanol were used and washed for 

different times and compared with H20 washing. It was predicted that these solvents 

would likely remove the excess coating on the surface. However, phosphate ions in PBS 

buffer reacted with FSL-SPM, causing precipitation of FSL-SPM to form crystalline 

structures on the coated surface after washing with PBS. On the other hand, 70% 

methanol seemed to remove more than desired. Figure 57 summarises the results. 
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Figure 57: SEM images of 1 mg/mL FSL-SPM coated PMMA nanofibres after washing with different solvents 
a) shows coated PMMA nanofibre after washing with water, b) show the nanofibre after washing with PBS 
and c) shows the nanofibre after washing with 70% methanol. PBS is observed to react with FSL-SPM to 
form precipitates, indicated by crystal formation. 70% methanol completely washed off the coating, 
indicating that it might be too harsh for washing as compared to water.  

 

50 µm 

50 µm 

50 µm 



107 
 

At 0.2 mg/mL, the pores dimensions and fibre diameter were not affected and there was 

no visible blocking of the pores. Since PMMA has been used only for filtration assays in 

this study unlike in Chapter 2, where adsorption by FSL-SPM coated PCL has also been 

analysed for adsorption assays. Therefore, the highest coating concentration was kept at 

0.2 mg/mL of FSL-SPM.  At 0.5 mg/mL and 1 mg/mL, there was an extensive blocking of 

pores and solvents such as methanol and PBS were not successful in removing the excess 

layer. It was observed that FSL-SPM was precipitated by PBS and methanol resulted in 

complete removal of FSL-SPM. Therefore, to ensure the best possible coating, 0.2 mg/mL 

was used set as the highest concentration to be tested for filtration applications. 

However, it should be noted that 0.3 and 0.4 mg/mL concentrations of coating could also 

be possibly analysed. 

Therefore, PMMA was coated with FSL-SPM only up to 0.2 mg/mL and washed in water 

for the capture of air particles. Diameter J was used to calculate the change in fibre 

diameter after coating. Fibre diameter distribution was also analysed (Figure 58) that 

showed that for up to 0.2 mg/mL of FSL-SPM coating, there is no significant change in 

diameter. Table 7 summarises the fibre diameters along with the percentage increase in 

diameter as compared to control nanofibre.  

  

Table 7: Average Fibre diameter at different concentrations of FSL-SPM. There is no significant 

change in diameter size for up to 0.2 mg/mL of FSL-SPM coating.  

FSL concentration (mg/mL) Fibre diameter (nm) SD (±) of diameter Skewness 

0 (Control) 475 296 1.50 

0.05 504 234 1.65 

0.1 549 245 0.64 

0.2 553 274 0.32 
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Figure 58: SEM image and fibre diameter distribution of PMMA nanofibre modified with different 
concentrations of FSL-SPM.  
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3.2 Synthesis and characterisation of particulates 

Different sources were used for the synthesis of air particulates 1) diesel smoke 2) wood 

combustion and 3) incense burning.   

Diesel smoke 

For the production of diesel smoke, a diesel engine (Yanmar L40AE-D) was modified by 

adding a heat exchanger to the system (Figure 59). The engine was attached  with a water 

pump and connected to a water tank for it to continuously pump water in and out, as the 

engine runs. It was designed so that the pumped water ran through the heat exchanger 

tube and cooled down the exhaust pipe, which was constituted inside the exchanger and 

a water trap was installed to get rid of moisture produced during diesel combustion. The 

heat exchanger system reduced the temperature of the exhaust gas so that particles 

could be obtained at ambient temperature.  

                                                                  
 

 

 

 

 

 

 

 

 

Figure 59: Diesel engine set-up for production of diesel smoke 

 

Further, an accumulator tank of 10 L was connected to the exhaust along with a pressure 

gauge as represented in Figure 60 to collect the smoke in a controlled manner and 

transferred to the lab for filtration experiments. Therefore, only a limited volume of diesel 

smoke could be collected in the accumulator tank and analysed at one time. For this 

reason, diesel smoke particles were only used in the preliminary phase of the project. The 
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research was then extended to study incense and wood particle filtration as these 

particles could be easily synthesised and tested inside the fume hood using those sources. 

                       

Figure 60: Schematic of connection of exhaust of the diesel engine system with the accumulator. The 
accumulator is connected by a valve before the exhaust outlet point and the smoke is directed into the 
accumulator by turning on the valve.  

 

Incense smoke 

Incense smoke was produced from commercially available incense sticks as shown in 

Figure 61.  They were burnt inside a fume hood in the lab and the particles were collected.  

 

 

 

 

 

 

                                         Figure 61: Typical incense sticks used for air capture study 

 

Wood smoke 

Wood smoke was generated using a barbeque smoke generator (Smokai, NZ) that was 

used to combust pieces of wood. It was additionally connected to an air pump that helped 

in a steady production of smoke. Figure 62 shows the set-up of the wood smoke 

generator. 
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Figure 62: The set-up of the wood smoke generator 

 

3.2.1 SEM and EDS characterisation 

Characterisation of particulates was done using SEM (Hitachi S-70) and EDS to investigate 

particle size and morphology. Firstly, particles generated from different sources were 

collected on nanofibres or on mica surfaces placed directly in the path of the smoke.  

Manual SEM examinations choosing random fields were carried out at various 

magnifications up to 40,000 ×.  EDS spectra of particles were obtained and for elemental 

analysis of samples. A laser particle counter (Graywolf Handheld 3016-IAQ) was used for 

size distribution analysis.  

 

Results and Interpretations 

SEM images showed the presence of both fine (<2.5 µm) and coarse particles (>2.5 µm) 

in smoke samples obtained using diesel, incense and wood combustion (Figure 63). A 

detailed scan of samples from all three sources detected more fine particles than the 

coarse ones. A very small number of particles greater than 10 µm was observed. Although 

characterisation was done for all particles less than 10 µm, considering that PM2.5 

particles were present in a greater amount than particles bigger than 10 µm, filtration 

efficiency analysis was conducted only for PM2.5 particles in this study. 

Generator 

Wood pieces 

Air pump 
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Figure 63: SEM images showing the presence of both coarse and fine particles in a smoke sample obtained 
from various sources such as diesel, incense and wood combustion.  

 

Surface roughness of the particles was greatly varied even among the particles from the 

same source. Some had flat or smooth surfaces whereas some surfaces were rough and 

ridged (Figure 64). It is known that surface roughness can hugely affect the physical and 

mechanical properties of a body 246. According to Figure 64, it was also observed that the 

flat surface particles had well-defined shape and were solid while the rough ones seemed 

to change their shapes to adapt to the shape of the filament in the filter easily, suggesting 

they were more liquid/gel-like. Such flexibility is an important property as it can increase 

the contact area between the particles and the surfaces they adhere. This enhances their 

adhesion forces and helps in strong attachment, mediating more harmful effects 246.  
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Smooth surface Rough surface 

  

  

Figure 64: Different surface textures of particles. Smooth surface particles are flat with definite shapes 
whereas rough surface particles have irregular structure. 

 

Regarding the morphological traits, the shapes of particles can provide important 

information about their chemical contents. Morphological analysis revealed mainly three 

categories of shapes a) fluffy aggregates b) elongated particles c) fly ash similar to those 

previously reported in literature 247,248. They are illustrated in Figure 65. 
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Fluffy aggregates Elongated Fly ash 

   

 

 

 ` 

 

   

Figure 65: Different morphological features of particulate matter visualised by SEM. Fluffy aggregates are 
soot particles with high surface roughness. Elongated particles are crystalline with smooth surface and fly 
ash particles are spherical.  

 

Fluffy aggregates are the agglomeration of soot particles forming a fuzzy structure that is 

considered as most notorious form of PM2.5s contributing to air contaminants in 

industrial and urban environments. Moreover, they have high surface roughness with 

highly adhesive capacity. They are usually observed to be carbonaceous with a very high 

carbon content as compared to oxygen and other inorganic elements 249. The observation 

was consistent with EDS spectra in Figure 66. 

 

1 µm 

5 µm 5 µm 

5 µm 5 µm 

5 µm 

1 µm 

10 µm 

10 µm 



115 
 

Type SEM image EDX spectra 

Fl
u

ff
y 

ag
gr

eg
at

e 

 
 

El
o

n
ga

te
d

 

 

 

Fl
y 

as
h

 

 

 

Figure 66: EDS spectra of particles with different morphology. Fluffy soot aggregates have a higher carbon 
content as compared to other particles. Elongated particles have a higher content of inorganic elements 
such as Si, Al, Mg and P. Fly ash particles are usually a mixture of both organic and inorganic contents. 
However, their carbon content is lower than that of fluffy aggregates. 

 

According to Figure 66, the elongated particles were found to be mainly composed of 

inorganic elements such as Al, Si, Mg and P and had definite shapes with a flat surface 

that looked almost crystal-like.  Fly ash is spherical and composed mainly of non-

combustible inorganic material, but also contains some carbon left over from partial 

combustion 250. The fly ash-like particles in this study were found to have similar content 

and structure. 
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3.2.2  Particle counter characterisation of particulates 

Method overview 

Size distribution analysis and quantification of particles from all sources were done by 

using an optical laser particle counter (Handheld 3016-IAQ, Graywolf). The test duct in 

3.3.1 (Figure 69) was used for carrying out the analysis. However, a modification was 

done by blocking the downstream part by a plastic strip so that influent air was blocked 

and collected on the upstream section where the particle counter was connected.  

Timepoint analysis (TPA) of particulate matters was done for incense and wood particles 

at 4 minutes intervals for up to 45 minutes using the particle counter data. The size 

distribution was calculated for particles of size 0.3, 0.5, 1, 2.5, 5 and 10 µm, expressed as 

percentage of total counts. The total number of PM2.5 particles was also calculated by 

totalling the counts in all size ranges, expressed as raw counts, and compared between 

incense and wood sources. TPA was only done for incense and wood smoke and not for 

diesel smoke because the filtration experiments for these two sources were designed to 

monitor the filtration efficiency over an extended period (up to 25 minutes). It provided 

an insight into the effect of particle size distribution on filtration efficiency at different 

time points. However, for diesel smoke experiments, filtration could only be done for 90 

seconds (as a consequence of the size limitation of the collected particles) so TPA study 

was not important.   

 

Results and interpretation 

According to the size distribution analysis done at different time points of combustion of 

incense and wood particles, 0.3 µm particles were the most abundant (Figure 67). The 

percentage of particle count in the smoke decreased with the increase of particle size, 

for all size groups. It was also interesting to note that the number of 0.3 µm particles 

decreased with increase in time, whereas the number 0.5 µm particles increased with 

increase in time. This trend was similar in both incense and wood particles (Figure 67a, 

b). The curves were mirrors of each other, indicating a linked relationship. It could be a 

result of agglomeration of small particles giving rise to bigger particles with increasing 

time and with increasing time, there could be a possible increase of heat in the system 

causing unstable production of smoke particles.  
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a) b) 

 

 
 

Figure 67: PM generation of different sizes at different time points. a) shows PM generation for incense 
smoke. b) shows PM generation for wood smoke. The sizes of 5.0 µm and 10 µm are not visible in both 
graphs of a) and b) because their count is too low. Total number of PM2.5 was calculated by adding up all 
particles equal to or below the size of 2.5 µm for both incense and wood particles and compared in Figure 
65. Total count of PM2.5s increased with increasing time for both types and comparatively, wood smoke 
had a greater count of PM2.5 than incense smoke. Since two different sources and methods have been 
used for combustion, the difference in particle counts was predictable. Thus, it was proved that these 
sources generated particles of useful size range, particularly 0.5 µm and less and the particle counters could 
be efficiently used to quantify them.  

 

Total number of PM2.5 was calculated by adding up all particles equal to or below the 

size of 2.5 µm for both incense and wood particles and compared (Figure 68). Total count 

of PM2.5s increased with increasing time for both types and comparatively, wood smoke 

had a greater count of PM2.5 than incense smoke. Since two different sources and 

methods have been used for combustion, the difference in total PM2.5 generation was 

expected. It was also noted that the production of particles is not stable as the total count 

dropped and increased at each time point, without following a specific trend. However, 

it was proved that the laser particle counters could efficiently count particles at range 0.3 

µm-10.0 µm. Considering the unstable production of particles, quantitative methods 

were designed so that analysis could be done at each time points for up to 20 minutes 

and added and averaged to get a mean total count of particles. The method has been 

further described in forthcoming sections.   

Incense smoke 

 

Wood smoke 
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Figure 68: Total PM2.5 generation at each different time points using incense and wood combustion. 

 

3.3 Filtration of particulate matters 

3.3.1 Design of test duct 

A rectangular test duct made of aluminium was designed with a cross-section of 50 mm 

х 50 mm and length of 300 mm (Figure 69). It had smooth interior finish and was divided 

into upstream and downstream sections. The desired filter of cross-section (60 mm х 60 

mm) was then adjusted in between the cross-section of two ducts and sealed tightly by 

using clips to hold the ducts together.  

 

Figure 69: Test duct for measurement of filtration efficiency of coated nanofibres. The duct is divided into 
two sections-upstream and downstream. The filter is adjusted in between two sections and sealed tightly 
using clips. Probes of particle counters are inserted into each section to monitor the particles before and 
after filtration. Two mini pumps are used to sample air from duct to the counters. 
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Figure 70: Test rig set-up inside a fume hood. 

 

All experiments were conducted inside a fume hood, constantly filtering the surrounding 

air to avoid contamination (Figure 70). A 12v fan was used before the upstream section 

of duct to mix the smoke from the source with the ambient air in the hood for dilution. 

This was done to ensure that the particle counters are not overloaded and the flow 

velocity of test air remains consistent for all samples. The fan was used only in case of 

wood and incense smoke experiments as the filtration efficiency was monitored for a 

longer period of time and needed a large volume of test air. For diesel smoke experiment, 

the accumulator (a vessel that stored smoke from the diesel engine) was directly 

connected to the upstream section and filtration efficiency was calculated only for 90 

seconds on a small volume of test air.  

Two sealable holes were made on top of each section in the duct to insert an 

anemometer probe for measuring the velocity, flow rate and temperature of the air 

passing through the duct (Figure 69). The diameter of the holes was similar to that of 

anemometer probe so that duct was properly sealed even during measurements. The 

flow rate of incoming air was monitored on both sections before starting each experiment 

to check if it is constant throughout the duct. Using the same holes, differential pressures 

were also calculated using a differential pressure gauge.  
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When no filter was placed in the system, the difference in pressure on both sides had to 

be zero. Any deviation indicated a leak in the system. This was included as a part of the 

routine check before the start of each experiment. The pressure drop caused by the filter 

was also calculated before and after the FSL coatings to observe any significant increase 

in pressure drop caused by blocking of the filter due to FSL modification. It was noted 

that for all FSL-SPM coatings used, no significant pressure drop was observed. In all cases, 

the flow velocity in the duct was kept constant at 0.5 m/s. 

Using the cross-section of duct (area of the filter surface used) and the flow velocity, flow 

rate of test air (R) was calculated to be 75 L/min (refer to equation i. below). Probes of 

upstream and downstream particle counters were inserted on each section through holes 

made on the wall that were joined with mini pumps on both sides. The mini pumps aided 

in pulling the air from inside the duct to the particle counters. The flow rate of mini pumps 

(2 L/min) was chosen to be significantly lower than the flow rate of test air so that they 

do not disturb the flow inside the duct.  

𝑅 = 𝐴𝑉 ………………………. (equation i) 

𝑤ℎ𝑒𝑟𝑒,  

𝑅 𝑖𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 

𝐴 𝑖𝑠 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑙𝑡𝑒𝑟 

𝑉 𝑖𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟 

3.3.2 Calculation of filtration efficiency 

Background particle counting was performed before generating smoke. The valves of the 

mini pumps on both upstream and downstream sections were opened and both particle 

counters were run at the same time, thus measuring upstream background count (Ub) 

and downstream background counts (Db).  After background particle counting, sample 

filter (filter to be tested) was inserted in the test duct and upstream count (Ut) and 

downstream count (Dt) were recorded at different sampling times.  

For diesel smoke experiment, the upstream and downstream counts were recorded at 

the interval of 30 seconds for up to 90 seconds, giving three Ut readings for upstream 

section and three Dt  readings for downstream section, where t  is 30s, 60s or 90s.  

For wood and incense smoke experiments, the counts were recorded at the interval of 5 

minutes for up to 20 minutes for each sample. It gave four Ut and Dt  readings, where t 

is 5 min, 10 min, 15 min or 20 min.  
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Background counts were subtracted from all Ut and Dt  readings to get real particle 

counts UR,t and DR,t. All real counts at different time points were then added to get total 

no. of upstream or downstream particles (URtotal and DRtotal).  The particle counter 

was capable of counting particles at different diameters (0.3, 0.5, 1, 2.5, 5 and 10 µm). 

The same formula was applied to get the real counts for all particle size (UR,t,d and 

DR,t,d).  

 

𝑈𝑅, 𝑡, 𝑑   =   𝑈𝑡, 𝑑 –  𝑈𝑏, 𝑑                  

𝐷𝑅, 𝑡, 𝑑    =   𝐷𝑡, 𝑑 –  𝐷𝑏, 𝑑 

𝑊ℎ𝑒𝑟𝑒, 

𝑈𝑏, 𝑑 𝑖𝑠 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑖𝑙𝑡𝑒𝑟 𝑖𝑠 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 

𝐷𝑏, 𝑑 𝑖𝑠 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  𝑠𝑖𝑧𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑖𝑙𝑡𝑒𝑟 𝑖𝑠 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 

𝑈𝑅, 𝑡, 𝑑  𝑖𝑠 𝑟𝑒𝑎𝑙 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡𝑠 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒  

𝐷𝑅, 𝑡, 𝑑 𝑖𝑠 𝑟𝑒𝑎𝑙 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡𝑠 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 

𝑡 𝑖𝑠 30, 60 𝑜𝑟 90 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 𝑖𝑛 𝑐𝑎𝑠𝑒 𝑜𝑓 𝑑𝑖𝑒𝑠𝑒𝑙 𝑎𝑛𝑑 5, 10, 15 𝑜𝑟 20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 𝑖𝑛 𝑐𝑎𝑠𝑒 𝑜𝑓 𝑤𝑜𝑜𝑑 𝑎𝑛𝑑 𝑖𝑛𝑐𝑒𝑛𝑠𝑒 

𝑑 𝑖𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓 0.3, 0.5, 1 𝑎𝑛𝑑 2.5 µ𝑚 

 

𝐴𝑔𝑎𝑖𝑛, 

𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 𝑑   =    (𝑈𝑅, 30𝑠, 𝑑 +  𝑈𝑅, 60𝑠, 𝑑 +  𝑈𝑅, 90𝑠, 𝑑 ) 𝑜𝑟 (𝑈𝑅, 5𝑚𝑖𝑛, 𝑑 +  𝑈𝑅, 10𝑚𝑖𝑛, 𝑑 

+  𝑈𝑅, 15𝑚𝑖𝑛, 𝑑 +  𝑈𝑅, 20𝑚𝑖𝑛, 𝑑) 

𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 𝑑    =    (𝐷𝑅, 30𝑠, 𝑑 +  𝐷𝑅, 60𝑠, 𝑑 +  𝐷𝑅, 90𝑠, 𝑑) 𝑜𝑟 (𝐷𝑅, 5𝑚𝑖𝑛, 𝑑 +  𝐷𝑅, 10𝑚𝑖𝑛, 𝑑 

+  𝐷𝑅, 15𝑚𝑖𝑛, 𝑑 +  𝐷𝑅, 20𝑚𝑖𝑛, 𝑑) 

𝑈𝑃𝑀2.5          =    𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 0.3µ𝑚 +  𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 0.5µ𝑚 +  𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 1µ𝑚 +  𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 2.5µ𝑚 

𝐷𝑃𝑀2.5           =   𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 0.3µ𝑚 +  𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 0.5µ𝑚 +  𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 1µ𝑚 +  𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 2.5µ𝑚  

 

𝑊ℎ𝑒𝑟𝑒, 

𝑈𝑅𝑡𝑜𝑡𝑎𝑙, 𝑑 𝑎𝑛𝑑 𝐷𝑅𝑡𝑜𝑡𝑎𝑙, 𝑑 𝑎𝑟𝑒 𝑡𝑜𝑡𝑎𝑙 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑎𝑛𝑑 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡𝑠 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 

𝑈𝑃𝑀2.5 𝑎𝑛𝑑 𝐷𝑃𝑀2.5 𝑎𝑟𝑒 𝑡𝑜𝑡𝑎𝑙 𝑃𝑀2.5, 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝑎𝑑𝑑𝑖𝑛𝑔 𝑈𝑅𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑑 𝐷𝑅𝑡𝑜𝑡𝑎𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 

 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 𝑜𝑟 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 2.5µ𝑚.  

 

The filtration efficiencies were calculated for different particle size range and different 

time points using the following formula 
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𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐹𝐸%) =
𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡−𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡

𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑐𝑜𝑢𝑛𝑡
 × 100        (Equation 1) 

 

For example, the filtration efficiency of total PM2.5 is calculated as: 

 

 

 

3.3.3 Results of filtration experiment 

The filtration efficiency of FSL-SPM treated nanofibre was observed to be better for all 

size range of particles and all sources analysed as shown in Figure 71. However, for higher 

size such as 1 and 2.5 µm, the standard deviation was higher. This could be due to an 

error in background counts. For counting of background particles, after recording data 

for each sample, the filter was removed and smoke generation was stopped. The fan was 

used to flush away any residual particle from previous run. However, it was noticed that 

the background counts at bigger particle was not consistent for every run, as compared 

with smaller size range.  

The other reason could be the mechanism of filtration. It is well known that with 

increasing particle size, particles are captured due to inertial impaction rather than a 

diffusive deposition. Inertial impaction is highly dependent on the physical property of 

the filter. Therefore, even minor difference in surface morphology or structure of 

nanofibre surface could affect the process, resulting in deviated results. 

It was expected that there would be a higher increase in efficiency of filtration for 0.3 µm 

particles as compared to bigger sizes based on the observation of authors who report 

that electrostatic attraction is the most preferred method of mechanism of filtration for  

smaller sized particles 251. However, considering the standard deviations, there was no 

significant difference in the efficiencies based on the size of the particles but an overall 

enhancement of efficiency of filtration by coated sample as compared to the control was 

observed for all size groups included in the study. 

 

 

UPM2.5 – DPM2.5 

UPM2.5 
× 100 FEPM2.5   = 

(Equation 2) 
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Figure 71: Filtration efficiency of FSL-SPM coated nanofibres for different particle size. a) shows diesel 
particles filtration efficiency of 0.2 mg/mL FSL-SPM coated filter against control nanofibre, b) shows incense 
particle filtration efficiency at different FSL-SPM concentrations, c) shows wood particles filtration 
efficiency at different FSL-SPM concentrations.  

 

The trend of PM2.5 captured at different time points was almost different for different 

FSL-SPM concentrations and varied for incense and wood smoke particles as observed in 

Figure 72.  

 

 

 

Diesel particles 

Incense particles Wood particles 
b) 

c) 

a) 

c) 
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Figure 72: Filtration of PM2.5 at different time points and concentrations of FSL-SPM. a) shows filtration of 
incense particle filtration and b) shows wood particle filtration.  

 

Filtration is dependent on several factors including background counts, upstream counts 

at a time point, the morphology of each nanofibre surface and morphology and chemical 

composition of particles at different time points of combustion. All these factors are 

important to control for each sample run. In addition, different methods were applied to 

generate PM from different sources. Therefore, discrepancies in the trends of PM2.5 

were expected.  

Calculation of overall PM2.5 and comparison of total PM2.5 filtration provided a wider 

view of the filtration process rather than comparing at each size range or at each time 

point as illustrated in Figure 73. From the results of PM2.5 capture obtained using 

different sources it can be concluded that treatment of nanofibre with FSL-SPM results 

in enhanced filtration of particulate matters as compared to uncoated ones. In figure 73b, 

the efficiency of 0.05 mg/mL coated PMMA is observed to have lower efficiency than that 

of control but considering the error bars, the difference is not significant and is therefore 

concluded to be a result of an experimental error. Table 8 summarises the results where 

it is showed that 22%, 21% and 27% filtration efficiency can be achieved at 0.2 mg/mL 

FSL-SPM coating for capture of diesel, incense and wood particles respectively.  

a) b) 

Incense particles Wood particles 

Filtration of PM2.5 
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 Diesel PM2.5 filtration 

a) 

 

 Incense PM2.5 filtration  Wood PM2.5 filtration 

b) 

 

c) 

 

Figure 73: PM2.5 filtration by FSL-SPM coated nanofibre. a) PM2.5 filtration efficiency for diesel smoke 
particles, b) PM2.5 filtration efficiency for incense smoke particles, c) PM2.5 filtration efficiency of wood 
smoke particles. There is an increase in filtration with increasing concentration of FSL-SPM on fibres as 
illustrated by b) and c).   
 

Table 8: Average PM2.5 filtration efficiencies of nanofibres FSL-SPM coated nanofibres compared 
with control nanofibre. 

 

Source 

Increase in PM2.5 filtration efficiency of coated PMMA at different FSL-SPM 
concentration with respect to uncoated PMMA 

 0.05 mg/mL  0.1 mg/mL  0.2 mg/mL 

Diesel  -  -  22% 

Incense  2%  14%  21% 

Wood  6%  19%  27% 
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Conclusion 

In this chapter, particulate matter in smoke from various sources such as diesel, wood 

and incense smoke were generated and characterised. FSL-SPM was used to modify 

PMMA nanofibres that were then used to capture the real air particulate matter from 

those sources using a test duct designed for the purpose. The smoke particles generated 

through various combustion methods were expected to be mostly charged as evidenced 

in the literature 143 where presence of polar functional groups on the surface of the air 

pollutants is discussed. It should however be considered that air particles are 

heterogenous in size and charge ranging from negative, positive to even neutral.  The 

study was more focused on PM2.5 particles (particles equal to or less than 2.5 µm) as 

they are considered the most hazardous. Some important conclusions derived from this 

chapter are given below 

o The particles in smoke have various sizes, morphology, surface roughness and 

elemental compositions and thus it is a challenge to capture a range of these 

particles with Kode-modified nanofibres. However, FSL-SPM coated nanofibres 

showed up to 27% higher efficiency in the filtration of PM2.5 (in wood smoke) as 

compared to uncoated nanofibres.  

o Considering the reduction of pore size at 0.5 mg/mL of FSL-SPM coating, coating 

concentration up to 0.2 mg/mL was studied to capture air particles through 

filtration. However, use of higher concentrations could be investigated regarding 

the adsorption of particles. 

o For up to 0.2 mg/mL, the flow rate was uninhibited and thus shows that the 

increase in efficiency was not compromised by reduction in flow rate quality. 

o Multiple layers modified with oppositely charged Kode constructs could also be 

investigated for the efficacy in removing both positively and negatively charged 

particles. 
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Chapter 4: Biological particles capture – methods and results 

4.1 Microbiological capture 

Surface modified filter media are commonly used for the removal of pathogens from 

water. Most of them are treated by enhancing positive charge on the surface for 

capturing negatively charged microorganisms 252,253. This experiment aimed to establish 

the principles for preparing modified nanofibre filter media remove microorganisms. 

After the successful application of FSL-SPM coated filters to capture charged particles, it 

was logical to investigate the ability to capture biological contaminants with charged 

surface. Therefore, this experiment was conducted as a proof of concept without 

extensive optimisation and standardisation of protocol. 

In this experiment, S.epidermidis was used as a model pathogen to analyse the ability of 

FSL-SPM to attach microbes through electrostatic adsorption using the following 

protocol. 

 

Method overview 

1. A loopful of three different colonies were scraped from the surface of an agar 

plate and were transferred to a microcentrifuge tube containing 15 mL of 1× PBS 

as medium and vortexed for 10s.  

2. 2 mL of the suspension was measured for its absorbance or optical density (OD) 

at 600 nm using a spectrophotometer.  

3. The absorbance was monitored and the inoculum was adjusted by either adding 

more colonies or by diluting (in case of excessive OD reading) until an OD of 0.15 

was reached. In this case, 108 CFUmL-1 (Colony Forming Unit per mL of 

suspension) gave an OD reading of 0.15. 

4. Serial dilutions were then done in 1× PBS by using the 108 CFUmL-1    suspension 

as a stock solution.  

5. 1mL syringe was used to filter bacterial suspension through 10 mm x 10 mm of 1   

mg/mL FSL-SPM coated PCL nanofibres strip.  
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6. Two suspensions were chosen (108 and 105 CFUmL-1 of bacterial concentration) 

to be filtered separately through coated nanofibre and control nanofibre (without 

FSL-SPM coating) 

7. Control suspension (1× PBS) was also filtered separately for comparison.  

8. The filtration process was carried out manually by gently pushing the syringe by 

hand. It was made sure that the filtration rate remained as constant as possible 

for all samples.  

9. All nanofibre surfaces were then washed once in 1 mL of DI water and incubated 

in 1mL of 2.5% glutaraldehyde (made up in 95% ethanol) for 10 minutes for fixing. 

10. Crystal violet (CV) staining was used to analyse the attachment of bacteria. The 

surfaces were washed once again in 1 mL of DI water and were transferred to 

wells containing 1 mL of 0.4% crystal violet (made up in water). All washing and 

CV adsorption steps were done in 24 well plates for robustness.  

11. After CV treatment, the surfaces were washed in DI water using 6 different wells.  

12. The washed surfaces were then visually analysed for CV staining after drying at 

RT. Further, the surfaces were observed under SEM. 

 

Results and interpretation 

From Figure 74, it was apparent that no visible staining of surfaces was observed for 

nanofibres that were used to filter 105 CFUmL-1 suspensions. However, in the case of 108 

suspension, both control and 1 mg/mL FSL-SPM coated surfaces showed staining by CV. 

There was a significant difference in the area and amount of staining in between control 

and FSL-SPM coated surface. It was clearly seen that the coated surfaces adsorbed more 

bacteria as compared to control surfaces as represented by the more CV staining of the 

surfaces. Both layers were analysed and it was found that the CV was stronger in layer 

beneath, indicating that bacteria passed through the upper layer but eventually were 

stuck in the interior during the process. 
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Bacterial 

suspension 

 Upper layer  Layer beneath 

 Control FSL-SPM Coated  Control FSL-SPM Coated 
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108 
 

  

 

  
       

Figure 74: Crystal violet staining for the detection of S.epidermidis. Initial bacterial suspension of 108 was 
suitable for the staining method as compared to 105. 1 mg/mL FSL-SPM coated nanofibres showed stronger 
CV staining, indicating that it attached more bacteria than control nanofibre.  

 

SEM images further supported the interpretation (Figure 75). More bacteria was 

observed on the surface of FSL-SPM coated nanofibres. It was also noted that the 

bacterial cells tend to pass through the filtering layer (the layer through which the 

suspension initially passes during filtration) and adhere beneath. The results were 

complementary to that of crystal violet staining when the opposite surface was analysed. 

In control nanofibre, the bacterial cells did not seem to attach in a consistent manner. 

They were observed as patches, which could be caused by the random adsorption caused 

by hydrophobic property of PCL nanofibre. Conversely, adsorption onto FSL-SPM coated 

was consistent throughout the surface, thus supporting the uniform coating and effect of 

electrostatic adsorption by FSL construct. 
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Nanofibre 
 Magnification 

 ×1k ×3.50k 

Control   

  

1mg/mL 

FSL-SPM 

coated 

 

  

Figure 75: SEM observation of nanofibres after CV staining. It was observed that the 1 mg/mL FSL-SPM 
coated nanofibre was significantly better in capturing bacteria as compared to the control.  
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4.2 RBC capture 

Method overview 

Following protocol was used for RBC capture. 

1. Human red blood cells (RBC) were washed 3 times by centrifugation, using 1× PBS 

and were diluted to 1%.  

2. 200 µL of RBC was dropped on the PCL nanofibre surface (5 mm х 10.5 mm) 

coated with different concentrations of FSL-SPM (0.01, 0.5 and 0.1 mg/mL).  

3. The cells were allowed to adsorb on the surfaces for 1 hour at room temperature 

(RT). 

4. After 1 hour, the surfaces were gently washed with 1× PBS 3 times.  

5. For washing, the fibres were transferred on a petri dish and enough PBS was 

added to soak the nanofibres. The dish was gently rocked for 5 seconds. The PBS 

solution was then discarded and fresh PBS was added for each wash.  

6. For SEM observations, cells were fixed by immersing the fibres in 2.5% 

glutaraldehyde in 1× PBS for 30 minutes. The resulting fibres were then washed 

with MilliQ water and dried at RT before SEM observation.    

 

Results and interpretation 

FSL-SPM coated nanofibres were able to adsorb RBC efficiently (Figure 76). The increase 

of capture was directly proportional to an increase of FSL-SPM concentration on the 

surface. The possible reason for this phenomenon is the negative charge on the surface 

of RBCs due to which they are electrostatically filtered on the positively charged FSL-SPM 

coated nanofibres.  
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Figure 76: Adsorption of RBC on FSL-SPM coated nanofibre. a) shows RBC adsorption on control nanofibre, 
b) shows RBC adsorption on 1 mg/mL FSL-SPM coated nanofibre surface that is observed to greater than 
c) shows an increasing amount of RBC with increasing amount of FSL-SPM on the surface.  

 

Conclusion 

The FSL-SPM modified nanofibre was successfully applied to capture biological particles 

such as bacteria and RBCs that points towards the possibility of using Kode modification 

of nanofibres as a bio-compatible surface functionalisation technique for capture of cells 

and other biological materials.  

a) Control b) 1 mg/mL FSL-SPM coated 

 
    

    

 

100 µm 100 µm 

100 µm 100 µm 

200 µm 200 µm 

c) 0.01 mg/mL 

0.5 mg/mL 1 mg/mL 

control 
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Chapter 5: Discussion 

Environmental pollution is one of the more serious global problems today. It is the 

contamination of physical and biological components of the earth to such an extent that 

environmental processes are affected adversely. The rise in air and water pollution 

demands for the development of advanced technologies for remediation. In the air, most 

contaminants originate from combustion 254,255. Since the beginning of the industrial 

revolution, increasing use of fossil fuels has made the problems of air pollution more 

severe and specific emission regulations have been implemented against hazardous 

pollutants. The ideal method to protect air quality would be to reduce the emission of 

pollutants by changing to greener fuels. Similarly, for water pollution control, methods 

such as aeration, flocculation and chemical treatment have been used 256. However, not 

all pollutants can be prevented and such pollutants should be trapped or captured in 

cleaning devices before they can enter the atmosphere. 

Many filtration materials have been developed to trap air pollutants among which glass 

fibre has been applied extensively in cleaning devices as filtration media. Activated 

carbon filter has also received increasing attention and it is now considered a good air 

filtration material due to uniform pore size distribution, large adsorptive capacity and 

easy regeneration 257. However, after the introduction of nanotechnology in the air 

filtration field, a wide range of capabilities and filtration technologies have become 

possible for the removal of both air and water pollutants 258   

Nanotechnology offers many advantages that can improve existing environmental 

technologies as they provide us with the ability to control the properties of materials at 

the nanoscale and produce materials with special functions 259.  Nanofibres have been 

gaining attention as advanced materials with very small diameters and large surface area. 

Due to their large surface area to volume ratio, they can be surface modified with specific 

functions resulting in a maximised functionalisation of filtration membranes 260. Such 

membranes are advantageous as compared to commercial filtration media because 

conventionally, filtration media are based on size exclusion. In such membranes, filtration 

is dependent on physical aspects and membranes are usually made thick and compact so 

that large number of particles can be removed including the smaller ones that are more 

detrimental. However, such conventional filter membranes result in poor flow rate. 
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Therefore, the use of functionalised nanofibre membranes could potentially solve this 

problem and create filters where good capture and good flow are not compromised. The 

literature discusses existing surface modification techniques that are in use for air and 

water pollutants removal 137. Many existing techniques rely on covalent attachment, toxic 

chemical and harsh reaction conditions. Such traditional techniques often result in 

damage of the surface being modified. Therefore, this study analysed the modification 

ability of a surface engineering technology called Kode Technology that is based on non-

covalent attachment of biocompatible molecules called FSLs to surfaces.  The resultant 

modified fibres were then assessed for their capacity to efficiently capture small 

particulate matter on nanofibres. This research was focused on the ability of surface 

modified nanofibres to capture small air and liquid particulate matter. However, to 

facilitate characterisation and validation, surrogates of particulate matter were first 

synthesised in the form of charged silver nanoparticles. The results from the nanoparticle 

capture experiments were then utilised to inform capture of real air particulates from a 

variety of sources including wood, incense and diesel combustion. 

The results demonstrated a successful modification of nanofibres by Kode Technology 

and application of modified nanofibres for efficient removal of nanoparticles from water 

and smoke particles generated by combustion of sources. The specific aims of this study 

were to investigate the suitability of Kode Technology in modifying the surface of 

nanofibres, synthesis and characterisation of pollutants in air and water, assessing the 

ability of modified nanofibres to capture synthesised pollutants and biological particles.  

 

Functionalisation/modification of nanofibre 

The first aim of this research was to investigate the suitability of Kode Technology in 

functionalising nanofibres. There are many methods for fabricating nanofibres. However, 

electrospinning is the most widely used technique which is considered to be simpler with 

low start-up cost offering large scale production 21. Nanofibres electrospun from various 

polymers types such as PCL, PMMA, PVB and PA66 were characterised. PCL nanofibre 

was used for most of the research conducted, including removal of nanoparticles using 

adsorption and filtration, standardisation of FSL coating, quantification of FSL on modified 

surface and comparison of modification before and after the fabrication of nanofibres. 

PCL was chosen primarily because of its extensive use in water filtration applications 261–
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263. However, for air filtration study, PMMA of 0.5 gsm was used because this nanofibre 

was already in use for commercial facemasks (nanofibres traded by Revolution Fibres 

Ltd.). The use of PMMA as air filtration materials has been mentioned by various authors 

263–265. Moreover, considering the fact that melting temperature of PCL is around 60°C 266, 

it is not suitable for direct use in smoke filtration from high-temperature exhausts.  

The nanofibres characterised in this study were found to have fibres less than 1000 nm 

and the morphologies and surface roughness were similar. The quality of the fibres was 

good with a smooth texture and no visible clumps or beads in the structure. The surface 

hydrophobicity of the nanofibres was also analysed by measuring the contact angle (CA) 

of water on the surface and the results indicated that the surfaces were hydrophobic 

which meant the surfaces resisted contact with water. It is also known that for any surface 

modifying agent to functionalise the surface perfectly, there needs to be a balance 

between the hydrophilic and hydrophobic properties of the surface 267 and it was 

expected that the amphiphilic nature of Kode construct could help in creating a balanced 

surface property required for proper modification. 

Regarding the choice of FSL constructs, firstly, a variety of constructs were tested and 

compared for the ability to capture nanoparticles. Among the many constructs analysed, 

the functions of FSL-SPM and FSL-Z were studied more in detail. FSL-SPM is a positively 

charged constructs where the charge is provided by the presence of polyamine called 

spermine as the functional head. In contrast, FSL-Z is a negatively charged construct 

where the negative charge is provided by its spacer part (CMG). FSL-SPM was tested for 

its ability to capture negatively charged particles and FSL-Z was analysed for the capture 

of positively charged particles. FSL-SPM was observed to show significant removal of 

particles and thus it was hypothesized that FSL-SPM would be able to capture particles 

based on electrostatic affinity. It was then chosen as a primary construct to coat PCL 

nanofibre for testing various parameters in this study and was applied for the 

modification of PMMA nanofibre to capture air particulates.  

Model nanoparticle adsorption experiments proved the efficiency of FSL-SPM to capture 

in house synthesised, negatively charged nanoparticles but nevertheless, it was expected 

that it would also be efficient in capturing smoke particles because of the fact that most 

particulates in the air are observed to be charged. These particulates could be potentially 

captured onto charge-modified filters through polar interactions 143,144. Additionally, the 
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physical forces acting between spermine head of FSL-SPM and negatively charged 

particles such as hydrogen bonding and point-like hydrophobic interactions due to the –

(CH2)3- and –(CH2)4- bridges between nitrogen atoms of spermine were expected which 

could potentially help in trapping particulate matter onto the modified membranes. 

For immobilisation of Kode constructs on to the nanofibre membrane, a standard coating 

protocol involving dip-coating of fibres in FSL construct solution was used particularly in 

case of PCL modification. Wide variety of coating methods are available due to the 

diversity of applications and needs in different fields. Other deposition techniques such 

as spraying and vaporisation are in use for the treatment of surfaces. However, dip-

coating or spraying is the most facile and economic technique used in many industrial 

fields to deposit onto metallic, ceramic or fibrous materials 268,269. Nanofibres have been 

modified by various other researchers 270–272, utilising the dip-coating technique that is 

similar to the one applied in the thesis. For immobilisation of FSL-SPM on to PMMA 

nanofibres used for the air particulate capture study, the FSL-SPM solution was pipetted 

on one face of the nanofibre mat instead of dip-coating. This was done to ensure that a 

cost-effective quantity is utilised for the application as the surface area used for the air 

particles capture study was almost 70 times greater than that used for PCL (for 

nanoparticle capture). Dip-coating required relatively larger volume of construct solution 

and thus pipetting of constructs was done evenly on one side of the PMMA surface. Since 

the FSL-SPM solution was made in 70% methanol the surface was immediately wet and 

the coating spread evenly. However, this change in protocol should be accounted and 

possibly a better immobilisation strategy should be investigated for coating of larger 

surfaces. Based on the protocol developed for the study, a fixed volume (100 µL) of FSL 

solution was applied for 1 minute on each side of the membrane at room temperature. 

It should also be noted that more experiments including different contact times of FSL 

with the surface and different temperatures should also be analysed for optimum 

modification.  

Surface modification generally introduces morphological changes including change in 

fibre diameter, surface roughness and pore diameter 273–275. However, a good 

modification technique should not result in drastic changes in fibre diameters and pore 

dimensions, especially when used for filtration applications. Moreover, one of the 

objectives of this research was to create membranes that can provide a good flow rate, 



137 
 

which is why it is important that the nanofibre mats maintain their thin diameter and 

larger pore dimensions even after coating with FSL constructs. The SEM observation 

revealed that in the case of PCL modification, for up to 0.05 mg/mL of FSL-SPM coating, 

the fibre diameter was not significantly changed. The fibre diameter results were 

validated by size distribution analysis done by DiameterJ. However, at 0.5 and 1 mg/mL 

coating, the fibre diameters could not be calculated without error because of a web-like 

coating formed on the fibre surface. At these concentrations, pore-size also seemed to 

reduce because of the coating. Similarly, in the case of PMMA nanofibres at higher 

concentrations, FSL-SPM was observed to block the pores. Based on these observations, 

it was concluded that for filtration purpose, a lower concentration of FSL-SPM (less than 

0.5 mg/ mL) would be suitable for modification. However, adsorption assays have been 

extensively used in this research to prove the charge affinity of FSL-SPM towards 

nanoparticles where change in fibre diameter and pore-blocking are not concerned. 

Therefore, higher concentrations have also been included for comparison.  

Quantification of FSL-construct on the modified surface is important because the amount 

of FSL used to coat the surface does not represent the true amount remaining on the 

surface (after washing). After coating, the excess molecules are always washed with 

water. Therefore, the nanofibres have less molecule than what is initially applied. For 

quantification, a derivatisation method was used where the spermine in FSL-SPM was 

chemically derivatised with ninhydrin and quantified by using absorbance analysis. Thus, 

FSL-SPM was taken as a model construct to assess the amount of FSL on modified 

surfaces. This method was helpful in concluding that only 3.5% of FSL-constructs initially 

applied during the coating process are present on the surface after coating. However, 

more sensitive tools such as X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight 

Secondary Ion Mass Spectrometry (ToF-SIMS could provide more accurate 

measurements 276,277. For qualitative determination of modification, FTIR was used and it 

showed that the FSL-SPM modified PCL membrane had specific peaks of amines and 

amides that indicated the presence of spermine on the surface. However, the FTIR 

instrument was not sensitive enough to quantify the amount of Kode constructs or show 

specific peaks relating to the lipid and spacer part of the constructs. More investigation 

using various other polymer surfaces and quantities of Kode constructs is required for 

better understanding of modification process. 
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An advantage of using FSL constructs is that the structure of the constructs could be 

changed using different functional heads, spacer and lipid groups, imparting diverse 

functionality and properties to the molecule. Therefore, the establishment of FSL-SPM 

coating on PCL nanofibre surface could open a wide range of opportunity to coat different 

nanofibres with a variety of FSL constructs in a similar fashion, which could be used for 

diverse array of applications.  

 

Synthesis and characterisation of particulates 

The second aim of the research was to synthesise and characterise particulates in liquid 

(water) and air.  Silver nanoparticles were synthesised to be tested as surrogates for 

charged particles as they could be detected and characterised more easily than charged 

pollutants. However, the nanoparticles were in a liquid medium so the findings of the 

study were restricted to the solution. For air pollutants, smoke particles from diesel, 

wood and incense combustion were used to create air particulates. They have been 

described in detail below. 

 

Water particulates (silver nanoparticles) 

Silver nanoparticles (Agnp) were chosen as model pollutants because of two reasons. 1) 

They can be easily synthesized in the lab and the diameters can be controlled to be less 

than 200nm. 2) They can be prepared with either a negative or a positive charge and the 

particles are usually stable 216,278,279.  

Silver nanoparticles (Agnp) with a positive and negative charge, namely [-]Agnp and 

[+]Agnp were synthesized separately using different precursors. Synthesis of Agnp using 

various methods has been mentioned in the literature. Synthesis of Agnp by chemical and 

physical methods using reduction methods have been widely used 280–283. Over the last 

few years biosynthesis of nanoparticles using clean, non-toxic and environmentally 

friendly precursors have been reported as an alternative greener approach to synthesis 

284,285. However, it should be considered that each method has advantages and 

disadvantages with challenges such as cost of production, size of particles and scalability. 

Therefore, for this study, protocols described by Sharanova et al. 216 were followed as it 

described simple techniques that produce both negatively and positively charged Agnps 



139 
 

in a similar fashion and in the desired size range. The average diameter and size 

distribution of negative particles was close to those in the literature but for positively 

charged nanoparticle, the average diameter was larger than expected and the size 

distribution was slightly deviated from normal. This was interpreted to be due to a change 

in centrifugation protocol. The reference paper mentions the use of an ultra-centrifuge 

for purification but a regular centrifuge was used for this study.  Moreover, multiple 

batches of nanoparticles were synthesised and mixed together to make a single stock 

solution enough for the entire experiment, which would have uniform heterogeneity 

among the particles. The stability of nanoparticles was confirmed by the regular SEM, EDS 

and UV vis characterisation of original Agnp solutions, included as controls in all 

experiments conducted. 

UV-vis characterisation of the synthesised nanoparticles further confirmed the formation 

of silver ions based on the standard silver absorbance peaks mentioned in literature 

224,279. However, UV-vis spectra are quite sensitive as the plasmon peaks depend on the 

extent of colloid aggregation. Therefore, the maximum absorbance wavelength (λmax ) is 

dependent on the size of Agnp 286. A mean value of λmax was calculated and used for 

quantification. The zeta-sizer analysis was successful in providing accurate measurements 

of the charge and size of the particles at the original pH and over the range of pH 3 to 11. 

However, it should be noted that the analysis was done on a diluted sample as compared 

to what was actually used for particle capture because the zeta sizer can only analyse 

optically clear samples with low concentrated samples. The trend of change in charge of 

nanoparticles along with the pH and the phenomenon of particle aggregation at lower 

pH was mostly similar to the study by Lau et al. 287. The addition of (H+) or (OH-) to the 

nanoparticle solution resulted in physio-chemical changes in the structure and surface 

charge of nanoparticles. Consequently, it was important to study the effect of pH in 

charge and size analysis because it is well known that pH could severely affect adsorption 

of particles 288,289 and thus zeta analysis was an important aspect of nanoparticle 

characterisation.  

 

Air particulates (smoke particles) 

Considering the fact that reference air particulate matter for purchase was very 

expensive (diesel particulate matter, https://www.sigmaaldrich.com/catalog), attempts 

https://www.sigmaaldrich.com/catalog
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were made to generate similar particles in the lab, in a controlled manner. For preliminary 

experiments, a small diesel engine was modified to produce temperature-controlled 

smoke particles. However, due to ease of production and feasibility to be conducted 

inside a fume hood, a major part of the air particulate filtration study was done using 

wood and incense smoke. Aerosol generators that produce standard and reproducible 

monodisperse or polydisperse particles are used for most particle capture studies 

including the quality testing of high-efficiency particulate air (HEPA) filters 290,291. 

However, such particles are not very close to real particulate samples in chemical content 

and might not have desired functional groups that might interact with Kode constructs. 

Filtration of atmospheric aerosols and health effects of ambient air particle have also 

been studied 292,293. Therefore, in this study smoke samples were chosen because they 

contain higher number of small particles that are hazardous and would have expected 

functional groups required for interactions with Kode constructs.  

SEM observation revealed the presence of various size of particles in all samples but the 

focus of this research was directed towards PM2.5 particles, considering their more 

hazardous nature 294,295. Chemical composition derived from EDS was used to further 

correlate with the morphology and surface texture of particles and the conclusions 

indicated that most particulates in the smoke were carbonaceous and sticky in nature. 

The paper by Liu et al. 143 describes similar characteristics of PM and have further 

investigated their chemical compositions using XPS and FTIR. They report an important 

observation that is, PMs have polar functional groups such as C-C, C-O, and C=O and C-N 

present on their surface. This was helpful in laying a foundation for the hypothesis of this 

research that charged FSL constructs such as FSL-SPM could potentially capture PMs 

because of their interaction with functional groups on the surface of PM (additional to 

charge interactions). Additionally, the particles in air are heterogenous regarding size and 

charge including positive, negative and neutral. However, the air particles generated by 

combustion methods in this study were expected to be mostly charged due to presence 

of polar functional groups as mentioned in the literature 143. 

 

Particulate capture 

The third aim of the research was to investigate the ability of KodeTechnology modified 

nanofibres to capture air and water particulates.  
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Water particulates 

Preliminary adsorption experiments demonstrated that FSL-SPM could remove [-]Agnp 

through adsorption. Different concentrations of FSL-SPM were diluted in water, coated 

on PCL nanofibres and were immersed in samples with various concentrations of [-]Agnp. 

Interestingly, it was observed that at some concentrations, the brown coloured 

nanoparticle solution became clear and the immersed nanofibres had become brown, 

indicating that the nanoparticles had stuck onto the fibres. This simple indicator system 

served as a basis for many studies that followed. The adsorption capacity of FSL-SPM was 

then utilised to analyse various other aspects of FSL constructs in general.  

The first parameter studied was the effect of the solvent used for dilution of the FSL-SPM. 

Since PBS shows precipitation with FSL-SPM, two other solvents, 70% methanol and 

water were compared against each other and it was found that FSL-SPM in methanol 

worked better than in water for adsorption of nanoparticles. It gave an important insight 

about effect of solvent during modification/coating process. Further, it was also noticed 

that after the coating process (when the nanofibres were dried and ready to use for 

adsorption assay), nanofibres treated with methanol-diluted FSL-SPM could be 

immediately wetted when immersed in the nanoparticle solution while FSL-SPM diluted 

in water for coating showed some resistance in wetting. It was previously observed that 

FSL-SPM coating could enhance the hydrophilicity of nanofibres but the difference in the 

wetting property of nanofibres coated with methanol and water was important in 

understanding that FSL-SPM can modify surfaces better if used with appropriate solvents. 

Therefore, it is vital to assess the suitability of solvents when using FSL constructs. The 

same was observed for dilution of FSL-Z so it was decided that all FSL-constructs would 

be diluted in 70% methanol for this research. However, it should be noted that only 70% 

methanol was tested but it is predicted that concentration of solvents is also an important 

factor. More investigation needs to be done regarding the effect of methanol 

concentration in case of FSL-SPM dilution. Additionally, the use of methanol is not 

applicable to large scale processes due to its volatile nature.   

Another important finding was the difference between the adsorption efficiency of 

spermine with FSL-SPM. The inefficiency of spermine in adsorption was crucial in 
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highlighting the importance of lipid and spacer of FSL construct. The lipid tail was clearly 

facilitating the attachment to the nanofibre surface and making it stable during washing.  

In one of the adsorption experiments done with varying contact times, it was observed 

that the colour of nanoparticle solution changed to slightly pink colour after 12 hours 

contact with FSL-SPM modified nanofibre along with reduced adsorption efficiency. The 

SEM analysis of the solution indicated aggregation of nanoparticles and thus pointed 

towards change in physio-chemical properties of the solution. It was suspected that 

desorption of FSL-SPM could have caused the particles to aggregate. A similar experiment 

using spermine instead of FSL-SPM was conducted but the colour of nanoparticle solution 

did not change. Further, the SEM analysis of the solution showed no aggregation of 

particles, possibly indicating that spermine could have washed from the surface during 

coating unlike in case of FSL-SPM and thus not enough spermine was present on the 

surface to desorb into the nanoparticle solution. Another important study was done by 

directly mixing FSL-SPM and spermine into the nanoparticle solution and allowing to react 

for 12 hours. The results indicated that presence of spermine in the solution can cause 

colour change of nanoparticle solution at certain concentrations which further confirmed 

that FSL-SPM had desorbed from the surface with increasing contact time. However, at 

lower concentration of FSL-SPM, desorption is not observed which points towards the 

fact that FSL-construct can coat stably as mono or bilayers with strong attachment to the 

surface. 

Various other parameters of adsorption were analysed including pH of nanoparticles, 

initial concentration of nanoparticles, time of adsorption, the concentration of FSL-SPM. 

Any change in these parameters affected the process significantly.   

The adsorption results were compared with a similar study done by Dhandayuthapani 296 

where PVA nanofibres were surface functionalised with gluten for adsorption of silver 

nanoparticles. They reported removal of 36 mg of silver per gram of nanofibre where 

adsorption was done for 90 min on an orbital shaker at 200 rpm at 30°C. Comparison of 

their results with our study showed that FSL-SPM coating was far more efficient in 

capturing the silver nanoparticles. The adsorption results of our study indicated that only 

0.0003g of modified nanofibre was able to adsorb almost 1 mg of silver particles, which 

means that almost 3000 mg of silver could be theoretically captured per gram of 
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nanofibre. Moreover, the efficiency was achieved at only 60 min of contact time at room 

temperature.  

Filtration results further validated the successful interaction of FSL-SPM with 

nanoparticles. The filtration efficiency was increased to 93% at just 30 s contact time as 

compared to adsorption which showed 64% efficiency at 60 minutes contact time. 

Further, FSL-SPM coated filters performed very efficiently at high flow rates. Higher 

capture efficiency by filtration was expected because a larger modified surface area is 

involved in the capture when the nanoparticle solution passes through the bulk of the 

nanofibre as compared to adsorption where only the exposed surfaces are involved in 

capture of nanoparticles. 

The adsorption and filtration assays indicated successful removal of negatively charged 

particles by the positively charged FSL-SPM but in contrast, the negatively charged FSL-Z 

showed average efficiency in removal of positively charged particles.  

It was hypothesised that a mix of FSL-SPM and FSL-Z might be able to remove a mixture 

of nanoparticles although expected more likely was that they might neutralise each other. 

Results demonstrated unsurprisingly that mixture of FSL-SPM and FSL-Z resulted in 

decrease in efficiency of adsorption. More experiments are needed to see if enhanced 

efficiency can be achieved by using separate layers of FSL-SPM and FSL-Z modified 

nanofibres to remove a mixture of negative and positive particles.  

The adsorption assay was further utilised to compare the efficiency of FSL-SPM 

modification during electrospinning (that is FSL-SPM was added into the nanofibre 

polymer mix before spinning and allowed to assemble during manufacture) and after 

electrospinning (that is an addition to existing nanofibres). Firstly, it was observed that 

the FSL-SPM construct was compatible when added into the nanofibre mix and its activity 

was present on the surface of spun fibres. However, it was observed that the nanofibre 

coated with FSL-SPM after its fabrication/ electrospinning showed greater efficiency in 

adsorption of [-]Agnp than nanofibres that were electrospun with FSL-SPM. Although this 

variation in method worked, it was not optimised and when FSL-SPM is mixed together 

with the polymer solution during electrospinning, large amounts of constructs are 

potentially entrapped within the fibres. As there were many advantages of modification 

after electrospinning 297, the adding of FSL-SPM to the polymer mix was discontinued. 

Advantages of post-spinning modification include  
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1) Only the surface of the polymer nanofibre mat is expected to be modified. The 

bulk properties of the polymer usually remain unchanged 26,298. 

2) Less FSL is required for modification, as only enough is needed for the available 

surface to be modified, and not for the full bulk of the nanofibre polymer 53.  

3) Functional groups incompatible with the electrospinning process can be added. 

4) The FSL will not be degraded by the acidic polymers used to make some fibres. 

 

Lastly, the adsorption assay was also utilised to assess the stability of FSL-SPM coated 

nanofibres, which demonstrated that FSL-SPM coated filters remain stable up to 6 

months if stored at 4°C. This means the modification is very suitable for product 

development and further work could establish better stabilisation. 

 

Air particulates  

Filtration experiments show better removal of the smallest size group of PMs (0.3µm) for 

all smoke samples tested (diesel, wood and incense smoke) by FSL-SPM modified 

nanofibres. This supports the findings from other studies 251,299  that surface functional 

groups are responsible for interacting with small-sized particles. Moreover, for particles 

less than 1 µm, electrostatic interaction is the preferred mechanism of capture 251,299,300. 

Therefore, due to the possible electrostatic interaction caused by the positive charge of 

FSL-SPM with the polar groups on the surface of particulate matter, coating is observed 

to work better for small-sized particles rather than those of a large size.  

Total PM2.5 removal efficiency increased by almost 20% when the fibres were FSL-SPM 

coated than uncoated fibres (average increase in efficiency calculated from all smoke 

samples). However, it should also be considered that only low concentrations of FSL-SPM 

up to 0.2 mg/mL were investigated for the capture of air particulates whereas, for silver 

nanoparticles, higher coating concentrations were also tested. Therefore, more 

investigation is required to optimise FSL coating on nanofibres by testing various other 

polymer types or charged FSL constructs for maximum filtration efficiency.   

 

Biological capture 

Contamination of water by micro-organisms and their health impacts are well 

documented 301,302. Similarly, micro-organisms are also major contributors to air 
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pollution, especially in indoor settings 303. Nanofibres are being functionalised with 

antimicrobial agents for application in wound healing and bio-medical implants 275. On 

the other hand, modification of nanofibres to remove bioaerosols is also in advancement 

304,305.  

Many disinfection strategies including chlorination have been applied for remediation of 

microbes but most of the techniques use toxic chemicals that can react with organic 

compounds in water to form harmful by-products (as reviewed 306). Therefore, there is a 

need for better microbial filtration technology and FSL construct modification of 

nanofibres could be a potential alternative. Moreover, ability to capture microorganisms 

onto nanofibres also finds its applications in bioremediation of PAH and VOCs (discussed 

in 1.4.2).  

The efficiency of FSL-SPM in capturing of S. epidermidis was used to show that FSL-

constructs have the ability to also capture bacteria and thus could be extended to capture 

other microbes because they have negatively charged lipopolysaccharide (LPS) in their 

bacterial cell walls. Similarly, FSL-SPM also demonstrated successful filtration of red blood 

cells (RBC) due to the negatively charged carboxyl group of sialic acids in the cell 

membrane 253. Thus, these experiments show the potential to capture cellular materials.  

 

Limitations of Kode constructs and research protocols 

The main limitation of using Kode constructs for non-covalent modification of nanofibres 

is that the modification is temporary which means that although the constructs are stably 

attached to the fibres to some extent, they can be removed from the surface under 

certain conditions including temperature, force, solvents and contact time. All adsorption 

and filtration experiments were done at room temperature and therefore more 

investigation is required to observe how the changes in temperature with Agnp or smoke 

particulates could affect the efficiency of FSL modified membranes. Similarly, the 

modified nanofibres were washed only 3 times with water before being used for assays. 

It is thus important to know how strongly constructs remain attached to the surface with 

continuous exposure to water and for how long. 

Stability tests indicated that the FSL-SPM modified membranes could capture Agnp with 

optimal efficiency for up to 4 months when stored at 4°C but it’s efficacy relatively 
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reduced when stored at room temperature. This could indicate two possibilities 1) the 

FSL-SPM denatures over time at room temperature 2) the activity of spermine head of 

the FSL construct is compromised when stored at room temperature. However, it is of 

note that stability tests done on other non-biological surfaces with different types of FSL 

have shown the stability of FSL constructs on surfaces for up to 8 months and longer 192. 

Nevertheless, decrease in efficiency of unprotected FSL-SPM modified membranes when 

stored at RT pose limitations for its applications in wider areas, although future 

development related to stability are needed to determine the cause and potentially 

mitigate the effect.  

The ability of FSL constructs to form multiple layers is potentially an advantage in some 

situations and a disadvantage in others. The loss of the upper layers when in contact with 

solutions has the potential to add further functionality to a product such as anti-microbial 

activity. However, ability to form effective monolayers would ensure optimum 

attachment of molecules to the surface and economic use of constructs. 

Kode constructs are known to coat everything including all biological and non-biological 

surfaces 193,197 and a variety of mechanisms are utilised to modify the surfaces depending 

on the structure of the construct and the nature of the surface. Therefore, detection of 

coating mechanism is complicated because construct could attach to surfaces by forming 

monolayer, bilayer, multilayer, self-assembly or aggregation. Moreover, detection of 

monolayer which is the most expected mechanism is generally difficult. More sensitive 

tools and standardised experiments are needed to investigate the exact coating 

mechanism for each specific construct.   

Regeneration of used filters is another challenge that needs to be considered although it 

is probable that the FSL modified surfaces will not be suitable for regeneration unless 

they are reapplied to the surface. The different filtration mechanisms result in 

accumulation or fouling of pollutants at the surface of membranes and there are complex 

physical and chemical interactions between the pollutant particles and the surface that 

depend on the nature of pollutants, modifying molecule and the nature of the surface 

307,308. Eventually, fouling leads to increased resistance to flow, increased transmembrane 

pressure and saturation of the membranes. Regenerative methods such as backflushing, 

treatment with chemical reagents such as acids, alkalis, surfactants or chelating agents 

309. It is assumed that the non-covalent binding of FSL with the membrane surface does 
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not permanently modify the surface and thus would be easily removed with appropriate 

solvents or chemicals and that the pollutants particles attached with the functional head 

would also be easily removed in the process. However, proper protocols need to be 

designed and investigation is still required to assess the regenerative ability of the 

membranes after adsorption or filtration of particles. 

It is of note that Agnps were synthesised to be used as surrogates of combustion particles 

because of their ease of validation and characterisation but there are differences 

between chemical contents of nanoparticles as compared to real samples of air particles 

in combustion smoke. The Agnps used in this study had either a negative or positive 

charge with relative uniform size and surface textures. However, the generated air 

particles in smoke from different combustion sources used in this study were found to be 

diverse in terms of surface roughness, size and organic content. Although the conclusions 

from nanoparticle capture have been utilised to design protocols for air particulate 

capture, it should be considered that there are some differences in nanoparticle and air 

particulate capture in this study in terms of samples analysed, types of polymer 

membrane and coating/capture protocols. Nevertheless, the nanoparticle capture study 

has provided important insights about nature and capture mechanisms of Kode 

constructs (primarily FSL-SPM). 

It was observed that there was uneven production of particulate matter from wood and 

incense combustion smoke with time. Although the measurement of particulate capture 

efficiency accounts for the differences of amount of particles generated at certain time 

points by quantifying particles at various time points and calculating an average value, it 

is of note that the physical and chemical contents vary at each time point. It is difficult to 

control and standardise real smoke particles and thus more investigation is required to 

optimise the protocols. Various other parameters such as temperature, initial 

concentration, types of FSL constructs, types of polymer materials etc still need to be 

analysed. It is also of note that in case of diesel PM synthesis, parameters and variable 

would have been easier to control if the engine was set up with a variable dynamometer. 

 

Future directions 

The advantage of Kode construct lies in the ability to engineer diverse functional heads 

with the variation of spacer and lipid groups. It is possible to test a variety of other 



148 
 

constructs with different charge and chemical structure that can be optimised for capture 

of wider range of pollutants.   

The successful demonstration of the capture of fine particulates by FSL-SPM coated 

nanofibres points towards the possibility to extend the project for gaseous capture. 

Amine-based adsorbents have already been used in the past for removal of CO2 
310,311. 

These papers have attributed the increased adsorption to be result of a quasi-

chemisorption interaction between CO2 and the functional amino groups. Therefore, 

there are opportunities to optimise the FSL protocols of particulate capture for gaseous 

capture.   

Many studies show that functionalised nanofibres can efficiently adsorb harmful organic 

aerosols and VOCs 312,313. Cyclodextrins functionalised nanofibres are gaining attention in 

the field VOC and harmful gases capture 314–316 due to their ability to form inclusion 

complexes with many molecules 317. Kode constructs with cyclodextrins as functional 

heads have also been engineered. It is highly anticipated that Kode-cyclodextrins could 

be efficiently applied to remove a wide range of pollutants including polar, non-polar, 

organic and volatile compounds.  

Further, the success of FSL-SPM in capturing biological particles can be potentially 

extended to capture viruses based on the studies that there is a significant role of 

electrostatic forces in governing virus-surface interactions 318,319. Many studies show that 

the surface charge in the virus can be controlled by changing the pH of the viral 

suspension (similar to change in charge of  Agnp suspensions, discussed in 2.3.3 319,320.  

Development of proper protocols and engineering of other similar constructs with 

optimised functions could be done in the future to assess the potential of Kode constructs 

in adsorption and filtration of viruses. 

The successful modification of nanofibres by FSL-SPM thus serves as a proof-of-concept 

for exploring modification by different FSL constructs for other applications. FSL-Z did not 

perform as efficiently as FSL-SPM in capturing charged Agnps but their ability to attract 

positively charged Agnp to some extent shows that they can impart a negative charge to 

a surface and thus could be used to manipulate the surface charge of various other 

materials. Functional heads with stronger charge could be constructed and applied in 

similar manner for better activity against a wider range of pollutants and used in other 

areas such as antimicrobial drug-delivery, and purification of cellular materials. 
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Moreover, specific FSL constructs targeted towards a molecule based on lock and key 

concept could also be engineered to have a specific affinity. 

 

Conclusion 

This research successfully demonstrates the ability of the Kode or FSL constructs to 

modify nanofibre surfaces using a simple technique and shows how the modified surfaces 

could be utilised to capture a variety of particles such as charged nanoparticles, small air 

particulate matter and some biological materials. The conventional surface modification 

involves the use of harsh chemicals and includes complicated processes. However, FSL 

constructs are simple in design and are biocompatible and they were successful in coating 

nanofibre surfaces in a single step without complex procedures. This is the first time that 

polyamine spermine has been studied for their ability to capture pollutants and this is 

also the first time that FSL-SPM has been used to coat nanofibres for removing particles 

in air and water. The traditional filtration membranes must compromise in the quality of 

flux/flow to enhance the efficiency of capture because the filtration is dependent on the 

amount of filtration media used, which means filters must be made compact and thick to 

capture maximum particles especially the small-sized ones. However, the FSL modified 

nanofibres showed great increase in efficiency of removing nanoparticles through 

adsorption and filtration (even with a thin single layer) which could be applied to make 

very thin nanofibre membranes capable of providing a good capture without any 

compromise in the flow. 
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