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Abstract

Tissue engineering and water treatment are two enduring technological frontiers with far-reaching
implications for human health and environmental sustainability. The dual challenges of repairing
damaged tissues and addressing water pollution demand advanced, multifunctional materials that are
adaptable, efficient, and environmentally responsible. Electrospinning offers control over membrane
morphology, porosity, and structure, making it particularly suitable for both applications. Among
available materials, electrospun poly(e-caprolactone) (PCL) has attracted increasing attention due to
its processability, biocompatibility, and biodegradability. This study aims to elucidate the parameter—
structure—performance relationships of electrospun PCL-based nanofibrous materials in the contexts
of tissue engineering and oily water treatment. An image-based artificial intelligence (Al) workflow
was also developed to enable predictive modelling of fibre diameter, thereby improving fabrication
efficiency and reducing experimental workload. Additionally, membrane modification strategies

were critically reviewed to provide practical guidance for optimising design.

For tissue engineering, electrospun PCL scaffolds were fabricated using polymers with varying
molecular weights (MWs) under different solution concentrations and flow rates. Morphological
features were assessed via scanning electron microscopy (SEM), wettability was evaluated by water
contact angle (WCA) measurements, and biocompatibility was examined using 1929 fibroblast
cultures through MTT assays, SEM, and confocal fluorescence imaging. The MMW-25%-1.5 and
HMW-20%-1.5 scaffolds exhibited optimal characteristics, including bead-free fibres (~470-490
nm), appropriate pore sizes (1.4—1.7 pm), and high porosity (>58%), which facilitated cell adhesion
and proliferation. However, all scaffolds exhibited intrinsic hydrophobicity, which limited nutrient
infiltration and cell adhesion. Additionally, an unexpected interaction between PCL and MTT

reagents was observed, suggesting potential interference with the accuracy of the viability assay.
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Incorporating biomass-derived hydrophilic polymers is indicated as a strategy to enhance scaffold

performance.

For water treatment, sandwich-structured PCL/PMMA @PCL/PCL membranes were developed with
PCL outer layers and a PMMA@PCL middle layer to enhance mechanical strength and separation
efficiency. Ethanol treatment improved wettability via physical adsorption of hydroxyl groups, while
cold-pressing reduced fibre diameter and increased membrane compactness through axial stretching.
Compared to single-layer membranes, the multilayered structure showed improved mechanical
robustness and achieved high oil rejection rates (~95%) in short-term filtration. While the flux
recovery ratio (FRR) remained above 90%, it was limited by the inefficacy of deionised (DI) water
rinsing in removing trapped oil. Long-term tests revealed a gradual decline in flux due to compaction

and partial pore blockage, highlighting the need for improved antifouling and cleaning strategies.

To address the limitations of manual fibre diameter measurement, an image-based Al workflow was
developed. The Diameter] and Semiautomated Image Measurements of Polymers (SIMPoly)
programmes were compared for SEM image processing, with Diameter] selected for its superior
accuracy and batch-processing capabilities. A dataset of 144 samples was generated and used to train
an artificial neural network (ANN) model using four key electrospinning parameters: molecular
weight, concentration, flow rate, and tip-to-collector distance. The ANN achieved high predictive
accuracy (R? > 0.97, prediction error < 4%) and outperformed the response surface methodology
(RSM) model, which showed limited generalisability (prediction error up to 28.57%). Sensitivity
analysis via index of relative importance (IRI) and contour mapping identified molecular weight and

solution concentration as the most influential factors, consistent with experimental observations.

In summary, this study provides a comprehensive investigation into the fabrication, characterisation,
and intelligent optimisation of electrospun PCL-based nanofibrous materials. It establishes a unified
framework linking processing parameters, structural features, and functional performance in both
tissue engineering and water treatment. The integration of macro-scale experiments with data-driven
modelling offers a scalable and transferable approach to intelligent material design, paving the way
for next-generation fibrous membranes with enhanced multifunctionality and environmental

sustainability.
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CHAPTER 1

1 Introduction

1.1 Investigation background

Polymer-based membranes, owing to their tunable composition, structure, and functionality, play
critical roles in a wide range of biological and environmental processes and find extensive
applications in biomedical engineering (particularly in tissue engineering) and environmental
engineering (notably in water purification and wastewater treatment). In tissue engineering,
membranes are often used as scaffolds that mimic the extracellular matrix (ECM), promoting cell
adhesion, proliferation, and differentiation for tissue regeneration. In environmental applications,
membranes serve as separation media that efficiently remove contaminants from water through

filtration, adsorption, or catalytic degradation.

Tissue engineering and water treatment are two enduring technological frontiers with far-reaching
implications for human health and environmental sustainability. On one hand, tissue engineering
addresses the pressing need for the repair and regeneration of damaged tissues and organs because
the damage to tissues often leads to severe pain, functional impairment, disability, and even death.
On the other hand, water pollution and freshwater scarcity have emerged as global crises, intensified
by rapid industrialisation, urban expansion, and population growth. The World Health Organisation
(WHO) reports that over 80 countries are experiencing water shortages, with nearly 25% of the global
population lacking reliable access to safe drinking water [1]. These parallel challenges call for
advanced, multifunctional materials and technologies that are adaptable, efficient, and

environmentally sustainable.



1.2 Tissue engineering: Clinical needs and material strategies

Tissue engineering aims to isolate and expand seed cells from living tissues, culture them on artificial
scaffolds to form cell-material complexes, and subsequently implant them into the body. Within the
body, the cells proliferate and differentiate while the scaffold gradually degrades, ultimately creating
new tissue to achieve functional repair and reconstruction [2]. Damage to tissues such as skin, bone,
nerves, blood vessels, and internal organs often leads to severe pain, functional impairment, disability,
and even death due to the limited regenerative capacity of adult tissues. According to WHO statistics,
tissue damage contributed to over 56.7% of fatalities in the 2023 fuel depot explosion in Armenia
[3]. Similarly, fractures have become a major global health issue, resulting in high morbidity,
mortality, and socioeconomic burden. Projections indicate a 27% increase in the annual cost of
fragility fractures by 2030 across European countries, including Germany, France, the UK, Italy,

Spain, and Sweden [4].

Tissue engineering offers a promising solution by mimicking the structure and function of the ECM
using biodegradable, biocompatible, nontoxic, and porous scaffolds with adequate mechanical
properties. To this end, electrospun nanofibrous membranes have been widely investigated as
artificial ECMs. These scaffolds provide not only structural support but also micro- and nanoscale
cues for cellular processes, including migration, adhesion, proliferation, and differentiation [5]. Their
simple production process, tunable architecture, and morphological similarity to native ECM make

them attractive candidates for regenerating a wide range of tissues.

1.3 Water pollution and the demand for advanced treatment

materials

Water pollution and the scarcity of clean water are pressing global issues. Industrial effluents,
agricultural runoff, domestic sewage, and medical wastewater introduce a wide range of pollutants,
including oils, fats, proteins, volatile organic compounds (VOCs), heavy metals, acids, alkalis, and
pathogenic microorganisms [6]. Among these, oily wastewater poses particularly severe
environmental and economic risks. For example, the Deepwater Horizon spill released 779 million

litres of crude oil into the ocean, contaminating over 3200 km? of marine ecosystems [7]. Once



released, oil undergoes a series of complex transformations, such as evaporation, diffusion,
emulsification, dissolution, and microbial degradation, all of which contribute to long-lasting
ecological damage. Traditional separation methods, such as skimming, flotation, and ultrasonic
techniques, suffer from high energy consumption, low efficiency, and difficulty in separating
emulsified oil/water systems [8]. These limitations have intensified the search for high-performance
water treatment materials that are both energy-efficient and environmentally friendly. Membranes

capable of selective oil/water separation and multifunctional performance are particularly desirable.

1.4 Electrospinning technology for nanofibrous membranes

Various fabrication techniques have been developed to produce polymer-based membranes with
tailored structures and functionalities for diverse applications. Common approaches include phase
separation, freeze-drying, electrospinning, and 3D printing. Each technique provides a unique way
to control membrane morphology, porosity, and surface characteristics, enabling a flexible design
tailored to the target application. For instance, phase separation can generate interconnected porous
structures through thermodynamic instability of polymer solutions [9], while freeze-drying preserves
the hierarchical porosity of polymer suspensions during solvent sublimation, producing lightweight,
sponge-like scaffolds [10]. 3D printing enables precise control over macroscopic geometry and pore
architecture, facilitating the fabrication of complex, customized scaffolds for biomedical and

filtration purposes [11].

Among these methods, electrospinning has attracted extensive attention owing to its ability to
produce nanoscale fibres with tunable morphology and composition continuously. The process uses
a high electric field to draw a polymer solution or melt into ultrafine fibres, which are then collected
into nonwoven membranes. The resulting nanofibrous structures feature high surface-area-to-volume
ratios, interconnected pores, and adaptable chemical functionality. Such characteristics allow
electrospun membranes to bridge the needs of both tissue engineering and water treatment, where
the former requires biocompatible and cell-adhesive architectures that mimic the ECM, and the latter
benefits from the large surface area and controlled wettability for efficient separation and adsorption
processes [12]. The properties of electrospun fibres can be modulated by various factors, including:

(a) polymer solution properties (e.g., polymer type, molecular weight, solvent system, solution



concentration, viscosity, conductivity, surface tension, dielectric constant); (b) processing parameters
(e.g., applied voltage, spinneret-to-collector distance, flow rate, spinneret configuration); and (c)

ambient environmental conditions (e.g., temperature, humidity) [13].

To mimic the structural and biological functions of the natural ECMs, electrospun nanofibrous
membranes have been widely investigated as artificial scaffolds for tissue engineering [14]. These
scaffolds not only provide mechanical support but also deliver biomimetic topographical and
chemical cues that regulate cellular processes such as migration, adhesion, proliferation, and
differentiation, which are key to facilitating tissue repair and regeneration. The technique offers
significant advantages in terms of fabrication flexibility, enabling the creation of tunable scaffold
shapes, sizes, and architectures that meet the diverse requirements of different tissue types. Figure 1.
1 illustrates the role of electrospun membranes in the wound-healing process, a representative

application in tissue engineering [15].

Protect against Provide moist

h

Figure 1. 1: The process that electrospun membranes play during wound healing (an essential part
of tissue engineering) (Reproduced with permission from [15]. Copyright 2018 Elsevier).

A variety of natural polymers (e.g., chitosan (CS), collagen, gelatin (Gel), silk fibroin (SF), zein) and
synthetic polymers (e.g., polycaprolactone (PCL), poly(lactic-co-glycolic) acid (PLGA),
poly(glycolic acid) (PGA), polyurethane (PU)) have been electrospun to form nanofibrous scaffolds
[16, 17]. Blending natural and synthetic polymers helps combine the bioactivity and biocompatibility
of the former with the mechanical strength and durability of the latter [18]. Furthermore, functional
inorganic additives such as metal oxides [19], phosphate-based compounds (e.g., hydroxyapatite
(HA), calcium phosphate) [20], carbon nanotubes (CNTs) [21], and graphene [22] have been

incorporated to enhance mechanical properties, electrical conductivity, and biological performance.



Advanced electrospun scaffolds are therefore at the forefront of current and future biomedical

material research.

In the field of oily water treatment, electrospun nanofibrous materials are commonly used as
adsorbents or separation membranes. As adsorbents, they efficiently remove heavy metals, dyes, and
organic contaminants via physical adsorption and chemical interaction mechanisms [23]. Separation
membranes, such as ultrafiltration, microfiltration, nanofiltration, and osmosis, enable selective
separation by modulating pore size and surface wettability, often delivering high efficiency and
strong antifouling performance [24]. The working principles of typical water treatment membranes
are summarised in Figure 1. 2 [25]. Recently, electrospun membranes have been increasingly applied
for oil/water separation, due to their tunable surface wettability and hierarchical porous structure [26].
Membranes with hydrophobic/oleophilic or hydrophilic/oleophobic surface properties can
selectively allow oil or water to permeate, achieving efficient oil/water separation. Similar to their
use in tissue engineering, membranes for environmental applications are typically fabricated from
natural or synthetic polymers and can be functionalized with additives tailored to specific treatment
needs. This compositional and structural flexibility allows for the design of high-performance

membranes for targeted pollutant removal in complex wastewater systems.
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Figure 1. 2: Basic mechanisms of commonly used water treatment membranes (Reproduced with
permission from [25]. Copyright 2017 Elsevier).

Overall, the combination of high surface area, interconnected porosity, proper mechanical strength,

and tunable chemistry endows electrospun membranes with remarkable versatility. These structural



features enable efficient mass transfer and selective permeability, which are essential for water
purification, while simultaneously providing a 3D biomimetic microenvironment that promotes cell
adhesion, proliferation, and tissue regeneration in tissue engineering applications. Consequently,
electrospinning serves as a unifying platform that bridges the structural and functional requirements

of both biomedical and environmental membranes.

1.5 PCL in biomedical and environmental applications

The selection of appropriate polymers is crucial for creating nanofibrous membranes with desired
topographical and functional characteristics. PCL, a synthetic aliphatic polyester, has been widely
employed in electrospun scaffolds for tissue engineering owing to its excellent biocompatibility,
good mechanical strength, and processability [26]. Although PCL undergoes hydrolytic degradation
under physiological conditions, making it suitable for temporary implants, its relatively slow
degradation rate is advantageous for applications requiring long-term structural support. Since the
1970s, PCL has been extensively studied in both in vitro and in vivo settings for wound healing and
regenerative medicine, demonstrating consistent performance across various biomedical applications
[27]. Beyond biomedical use, PCL is also an attractive candidate for the fabrication of filtration
membranes in water treatment, owing to its biodegradability, biocompatibility, and environmental
safety [28, 29]. Its compatibility with multiple fabrication methods, including electrospinning, phase
separation, and 3D printing, enables the development of a broad range of PCL-based materials with
tunable properties for various environmental applications [30]. To overcome limitations related to
hydrophobicity or mechanical rigidity, recent research has focused on forming PCL-based
composites by blending with natural polymers or incorporating functional additives, which result in

multifunctional membranes with improved application-specific performance [31].

1.6 Structure—function optimisation via image analysis and

machine learning

In both tissue engineering and water treatment, the morphology of electrospun nanofibrous
membranes, especially fibre diameter, plays a critical role in determining pore size, porosity,

mechanical strength, and overall functional performance [32]. Precise and efficient morphological



characterisation is therefore essential for understanding structure—property relationships and
optimising fabrication parameters. Traditionally, fibre diameter analysis has relied on manual
measurements from SEM images using basic tools like the line function in Imagel/Fiji, followed by
standard statistical processing [33]. However, such methods suffer from limitations including
subjective bias, low sampling efficiency, and time-consuming workflows [34]. To address these
issues, several automated image processing tools have been developed to improve speed and
reproducibility. Examples include Diameter], an open-access Image] plugin [35]; SIMPoly, a
MATLAB-based programme for semiautomated fibre measurement [36]; and the General Image
Fibre Tool (GIFT) [37]. These tools enable the rapid, high-throughput extraction of fibre diameter

distributions from SEM images, facilitating more robust quantitative analysis.

Nonetheless, due to the multivariate and nonlinear nature of electrospinning, it remains challenging
to predict fibre morphology directly from process parameters. Traditional experimental design often
requires extensive, time-consuming trial-and-error iterations to explore the influence of different
variables [38, 39]. To overcome this limitation, artificial neural networks (ANNs) have been widely
adopted as powerful machine learning models capable of learning complex input—output
relationships in a data-driven manner [40]. ANNs serve as black-box predictors that map multiple
input variables, such as polymer concentration, flow rate, voltage, and ambient conditions, to
continuous outputs, such as fibre diameter. Compared with conventional regression or factorial
designs, ANN models can handle large, nonlinear, and noisy datasets with high accuracy and
generalisability. Their application significantly reduces experimental workload, material
consumption, and optimisation time [41]. The integration of automated image-processing-based fibre
characterisation with ANN modelling offers a promising framework for intelligent optimisation of
electrospinning parameters. Such data-driven approaches will play an increasingly vital role in the
design and production of high-performance nanofibrous membranes for both biomedical and

environmental applications.

1.7 Motivation and objectives

PCL is a promising material for biomedical and environmental applications due to its

biodegradability, biocompatibility, and ecological safety. However, the relationships between



electrospinning parameters and scaffold morphology are complex and often require extensive

experimental trials to clarify. In addition, a comprehensive synthesis of the latest developments in

the fabrication and functionalisation of PCL-based materials for tissue engineering and water

treatment remains absent. To address these gaps, this study aims to elucidate the parameter—structure—

performance relationships of electrospun PCL nanofibrous materials in both tissue engineering and

water treatment contexts. It further explores an image-based artificial intelligence workflow to enable

predictive modelling of fibre diameters, thereby improving process efficiency and reducing

experimental workload. A comprehensive review of membrane modification strategies is also

undertaken to provide practical guidance for material design and performance optimisation. The

research objectives are as follows:

Objective 1: To conduct a comprehensive review of membrane modification strategies to

provide practical guidance for material design and performance optimisation.

This objective aims to conduct a comparative review of recent developments in PCL-based
composites for both tissue engineering and water treatment. For tissue engineering, the review
focuses on how fabrication techniques and material modifications influence the structure,
mechanical properties, and bioactivity of scaffolds across various target tissues. It also considers
broader aspects such as clinical translation, scalable manufacturing, and the integration of
computational tools as future directions. For water treatment, the review examines PCL-based
applications in adsorption, membrane separation, and photocatalysis, with a particular emphasis
on how fabrication methods, such as electrospinning, freeze-drying, phase separation, and 3D
printing, impact material properties and treatment performance. Furthermore, it highlights the
potential of multifunctional integration and the synergistic use of high-performance computing,
automation, and machine learning as promising approaches for advancing next-generation PCL-

based materials.

Objective 2: To elucidate the parameter—structure-performance relationship in electrospun

PCL scaffolds for tissue engineering applications.

This objective aims to systematically examine how variations in electrospinning parameters, such
as PCL molecular weight, solution concentration, and flow rate, influence the resulting scaffold

morphology, including fibre diameter, porosity, and pore size. A particular focus is on the



molecular weight variability of commercial PCL, with gel permeation chromatography (GPC)
used to assess deviations between nominal and actual molecular weights and their implications
for reproducibility. Furthermore, this objective includes identifying potential interferences
between PCL materials and commonly used viability assays (e.g., MTT). Ultimately, the goal is
to enable rational design of biocompatible scaffolds that support enhanced fibroblast adhesion,

proliferation, and spreading.

Objective 3: To design and fabricate multilayer electrospun PCL membranes for high-

performance oily water separation.

This objective focuses on developing a novel sandwich-structured membrane architecture in
which hydrophobic PCL outer layers encapsulate a middle layer comprising a PCL/PMMA blend.
The influence of post-processing treatments, including mechanical compression and ethanol
immersion, on membrane integration, flexibility, wettability, and mechanical robustness will be
thoroughly investigated. Performance testing under pressurised crossflow conditions will be
conducted to assess water flux, fouling resistance, and oil rejection efficiency. Structural and
surface characterisations (e.g., hydrophilicity, surface morphology, and mechanical properties)
will be used to establish quantitative structure—function correlations, aiming to optimise

membrane design for the filtration of industrially relevant oily wastewater.

Objective 4: To develop an image-based artificial intelligence workflow for predictive

modelling of electrospun fibre diameters.

This objective proposes an integrated approach combining automated SEM image processing
with ANN to enable intelligent prediction and control over fibre morphology. Specifically, open-
source image processing tools, such as Diameter] and SIMPoly, will be used to generate large
datasets of fibre diameter measurements, which will serve as input to ANN regression models.
ANN models will be trained to predict fibre diameter based on electrospinning parameters,
providing insights into the relative importance of key variables through parametric analysis and
visual interpretation (e.g., IRI analysis and contour plots). The broader aim is to establish a
generalisable, data-driven framework for morphological prediction and process optimisation

applicable to a wide range of electrospun materials.



1.8 Thesis outline

The organisation of this thesis is as follows:

* Chapters 2 and 3: Literature review (Addressing objective 1)

These two sections provide a comprehensive overview of recent advances in PCL-based
nanofibrous materials for tissue engineering and water treatment. It highlights the current state
of the art, identifies existing challenges, and outlines future research directions to enhance their

practical applications.

Chapter 4: General materials and methods

This section introduces the general materials and methods employed throughout the thesis,
including protocols for scaffold and membrane fabrication, cell culture, and oil/water separation,
as well as characterisation techniques and computational principles of image analysis and ANN

modelling.

Chapter 5: Electrospun PCL scaffolds for tissue engineering (Addressing Objective 2)

This section investigates the structure—property relationships of electrospun PCL scaffolds,

focusing on how fabrication parameters influence nanofibre morphology and cellular responses.

Original Contribution: A systematic elucidation of the correlation between processing

parameters and scaffold morphology is presented.

Chapter 6: Multilayer PCL-based membranes for oily water treatment (Addressing

Objective 3)

This section presents a detailed study on the design, fabrication, and performance evaluation of
PCL-based multilayer membranes for oily wastewater separation. The effects of post-treatment

processes such as ethanol immersion and mechanical compression are also investigated.

Original Contribution: Significant improvements in wettability, antifouling performance,
mechanical robustness, and oil/water separation efficiency are demonstrated through membrane

design innovation and structural optimisation.

10



* Chapter 7: Integrated image processing-ANN modelling for electrospun fibre prediction

(Addressing Objective 4)

This section describes the development of an integrated, data-driven workflow that combines
automated image processing with ANN modelling to predict fibre diameter under diverse

electrospinning conditions.

Original Contribution: A methodological innovation is proposed that enables high-throughput,
accurate morphological prediction while substantially reducing experimental workload and

material usage, which is scalable and transferable across various electrospun membrane systems.

* Chapter 8: Conclusions and perspectives

This section summarises the thesis's significant findings and outlines potential future research

directions and application pathways.
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CHAPTER 2

2 Literature review of PCL-based composite

scaffolds in tissue engineering

Abstract

PCL is a widely used biodegradable polymer in tissue engineering due to its excellent
biocompatibility, processability, and mechanical tunability. However, its clinical translation is limited
by inherent drawbacks, including hydrophobicity, low bioactivity, and slow degradation. This review
aims to provide a comprehensive and critical evaluation of PCL-based scaffolds, focusing on
fabrication strategies, composite modifications, and their performance across diverse tissue
engineering applications. Four primary fabrication techniques, including electrospinning, 3D
printing, freeze-drying, and phase separation, are systematically compared with respect to structural
characteristics, mechanical performance, scalability, and biological functionality. Various material
modifications involving natural polymers (e.g., gelatine (Gel), chitosan (CS), collagen), synthetic
polymers (e.g., Poly(lactic acid) (PLA), Poly(lactic-co-glycolic acid) (PLGA), Polyethylene glycol
(PEG)), and inorganic or conductive additives (e.g., Hydroxyapatite (HA), metal oxides, carbon
nanomaterials) are discussed for their roles in enhancing scaffold bioactivity, degradation rate, and
tissue-specific functionality. Application-specific insights are provided on PCL-based scaffolds for
bone and skin tissue regeneration. The review also highlights recent advances in intelligent scaffold
design using computational modelling and artificial intelligence, and assesses sustainability,
sterilisation, and regulatory challenges for clinical translation. Despite current limitations, PCL-

based scaffolds show great promise for personalised and functional tissue regeneration.
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2.1 Introduction

Tissue damage can be life-threatening due to its potential to impair vital organs (e.g., brain, lungs,
heart, liver), cause severe haemorrhage (e.g., liver or spleen rupture), and trigger fatal complications
such as infection and multi-organ failure. It also disrupts critical regulatory systems, including the
immune, nervous, and endocrine networks. For instance, in severe burn injuries, mortality is
primarily attributed to fluid loss and infection following extensive tissue necrosis. According to the
WHO, the mortality rate exceeded 56.7% in the 2023 fuel depot explosion in Armenia [3]. Fractures
similarly represent a primary global health concern, with high rates of morbidity, mortality, and
socioeconomic impact. WHO projections indicate a 27% increase in the annual cost of fragility
fractures by 2030 across several European countries, including Germany, France, the UK, Italy, Spain,
and Sweden [4]. Tissue engineering has emerged as a vital strategy to address these challenges by
promoting the repair and regeneration of damaged or non-regenerative tissues. Integrating principles

from cell biology, materials science, and engineering, it aims to construct functional tissue substitutes.

PCL, introduced into biomedical use in the 1970s, remains widely applied with good processability,
biocompatibility, and biodegradability [42]. However, its hydrophobicity and relatively high cost
limit its further application. Current efforts focus on modifying PCL with hydrophilic or low-cost
additives to improve cell interactions and reduce material cost, while maintaining mechanical and
structural integrity [7]. To enhance their biological performance, natural polymers such as cellulose
and its derivatives [43], Gel [16], collagen [44], and CS [45] are often incorporated into electrospun
PCL matrices. These combinations improve bioactivity and nutrient permeability compared to pure
PCL, while retaining greater mechanical strength than scaffolds composed solely of natural materials.
In parallel, PCL is frequently blended with synthetic polymers, including PLGA [17], PLA [46], PEG
[47], and polyvinyl alcohol (PVA) [48], to modulate degradation rates and further tune scaffold
properties. Additionally, functional inorganic components such as metal oxides [19], phosphate-
based compounds (e.g., HA, calcium phosphate) [20], carbon nanotube (CNT) [21], and graphene
[22] are increasingly employed to enhance mechanical strength and electrical conductivity. Owing
to these functional improvements, PCL-based scaffolds have been widely applied in bone, skin, nerve,

dental, cartilage, and vascular tissue engineering.
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Tissue engineering provides a practical approach to tissue repair by replicating the structure and
function of the ECM with synthetic biomaterials [42]. Scaffolds, as their central element, are typically
fabricated using techniques such as electrospinning, 3D printing, freeze-drying, or phase separation.
Each method yields distinct structural outcomes: electrospinning produces nanofibrous networks
[49], 3D printing enables precise control over architecture [50], freeze-drying forms soft porous
matrices [51], and phase separation produces foam-like structures [52]. Their performance depends
on a careful balance of degradability, biocompatibility, bioactivity, mechanical strength, and cost.
Publication trends from the Web of Science (Figure 2. 1a) indicate steady growth in electrospinning
and a sharp rise in 3D printing, while freeze-drying and phase separation remain less explored areas.
Similar patterns are evident in studies on PCL-based scaffolds (Figure 2. 1b), where electrospinning
and 3D printing are the predominant methods. Despite extensive research on PCL-based scaffolds,
key knowledge gaps persist, particularly in systematically comparing fabrication techniques and
developing targeted modification strategies to optimise scaffold performance for specific

applications.

Therefore, a systematic review is warranted to clarify how different fabrication methods and material
modifications influence the structural, mechanical, and biological performance of PCL-based
scaffolds. Such insight is crucial for guiding the selection of application-specific materials,
processing strategies, and functionalization approaches in tissue engineering. Such insight is
essential for guiding the selection of application-specific materials, processing strategies, and
functionalization approaches in tissue engineering. This section addresses these needs by critically
evaluating four representative fabrication techniques (electrospinning, 3D printing, freeze-drying,
and phase separation) with a focus on their underlying principles, advantages, limitations, and the
properties of the resulting scaffolds. Comparative analyses are conducted to assess the suitability of
each fabrication method and its associated functional additives for bone and skin tissue engineering
applications. Furthermore, interdisciplinary considerations, such as clinical translation challenges,
the integration of computational modelling and artificial intelligence into scaffold design, and the

sustainability and scalability of production methods, are discussed.
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Figure 2. 1: Publication trends (2010-2024) and percentage distribution of total and PCL-based
scaffolds (a—d), fabricated by four methods—electrospinning, 3D printing, freeze-drying, and phase
separation—based on Web of Science data.

2.2 Fabrication methods of PCL-based scaffolds for tissue

engineering

2.2.1 Electrospinning

Electrospinning offers a cost-effective, scalable approach to fabricating fibrous scaffolds with
controllable morphology. Its fundamental setup and working principle are illustrated in Figure 2. 2a
and b. Detailed composition and working principle of electrospinning are provided in Section 4.2.
Electrospun membranes feature high surface area, porosity, and adjustable microstructure [53]. Fibre

characteristics are primarily influenced by (a) polymer solution properties (e.g., molecular weight,
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concentration, viscosity, conductivity), (b) process parameters (e.g., voltage, collector distance, flow
rate), and (c) environmental conditions (e.g., temperature, humidity) [54]. This method enables the
generation of nano- to microscale fibres that closely resemble the architecture of native ECM.
However, the hydrophobic nature of PCL limits cell adhesion and nutrient diffusion. To address this,
various composite strategies have been developed to improve the biofunctionality of PCL-based
electrospun scaffolds. For example, Surucu et al. [55] fabricated core—shell PCL/CS scaffolds (see
Figure 2. 2¢-g), which exhibited an increased average pore size (3.17 £ 0.65 pm for PCL/CS vs. 1.08
+0.49 pm for PCL), reduced water contact angle (78.2 +2.5 © for PCL/CS vs. 114.0+ 3.2 © for PCL),
and improved cell adhesion compared to commercial controls. Although most mammalian cells range
from 10 to 30 um in diameter, electrospun nanofibrous scaffolds typically possess smaller pore sizes
that primarily promote cell attachment and surface proliferation rather than deep cell infiltration.
Additionally, the soft, flexible nature of electrospun membranes makes them particularly suitable for
regenerating delicate tissues, such as skin, blood vessels, and nerves, where conformability and

mechanical compliance are crucial.
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Figure 2. 2: Basic setup (a) and jet evolution (b) of electrospinning (Reproduced with permission
from [53]. Copyright 2019 American Chemical Society). (c—g) morphological and biological
characterisation of PCL/CS core—shell scaffolds: macrostructure (¢), SEM (d), TEM (e), MTT
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absorbance (f), and SEM/confocal images on days 3 and 7 (g) (Reproduced with permission from
[55]. Copyright 2016 Elsevier).

2.2.2 3D printing

3D printing has become a key technology in tissue engineering, enabling the fabrication of scaffolds
with well-defined, interconnected porous structures that support cell infiltration, proliferation, and
nutrient transport [11]. Through computer-aided design (CAD) and layer-by-layer deposition, this
technique offers precise structural control, making it ideal for personalised and anatomically specific
applications. Common 3D printing methods include fused deposition modelling (FDM), direct
powder extrusion, and electrohydrodynamic jetting (E-jetting). Although resolution is generally
lower than that of electrospinning, which can achieve nano- to microscale features, 3D printing excels
at producing larger, structurally complex constructs. PCL is widely used in 3D-printed scaffolds due
to its biocompatibility, biodegradability, low melting point (~60 °C), and suitable rheological
properties [56]. To further enhance functionality, it is often combined with metallic particles,
inorganic fillers (e.g., HA), or other polymers, thereby improving mechanical performance,
conductivity, and application-specific properties [50]. With their high structural fidelity and
mechanical robustness, 3D-printed PCL-based scaffolds are well-suited for various tissue
engineering applications, particularly for bone regeneration (Figure 2. 3a) [57]. The overall SEM

morphology of 3D-printed scaffolds is consistent with that shown in Figure 2. 3b [58].
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Figure 2. 3: Applications of 3D-printed scaffolds (a) (Adapted from [57]. Licensed under CC BY
4.0). (b—d) characterisation of PCL/SMP scaffolds: SEM images (b), fluorescence intensity (c), and
cell metabolic activity (d) on days 1, 3, 7, 14, and 21 (scale bar: 100 um) (Adapted from [58].
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Licensed under CC BY 4.0).

2.2.3 Freeze-drying

Freeze-drying, also known as lyophilisation, is a standard method for fabricating porous scaffolds by
removing solvents (e.g., 1,4-dioxane, acetic acid, and formic acid) through sublimation [10]. The
process relies on solvent crystallisation templating, in which solvent crystals formed during the
freezing of polymer solutions act as pore-forming agents. It typically involves three steps: (i) freezing
the polymer solution to induce solvent crystallisation, (ii) reducing pressure to sublimate the frozen
solvent, and (iii) yielding a porous scaffold after drying. Pore morphology is mainly governed by
freezing temperature and cooling rate; lower temperatures and slower rates generally produce larger
pores. Freeze-drying is valued in tissue engineering for its ability to deliver highly porous structures
that support cell infiltration and nutrient transport. However, it also has notable limitations, including
scaffold shrinkage, poor reproducibility, and low mechanical strength due to irregular pore formation.
To overcome these issues, freeze-drying is often combined with techniques such as electrospinning
[59] or 3D printing [60] to enhance structural and functional performance. As a representative
example, Figure 2. 4a and d illustrate the fabrication process and SEM morphology of freeze-dried

porous PCL/CS scaffolds, respectively [61].
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Figure 2. 4: Preparation of PCL/CS scaffolds by freeze-drying (a); water uptake of porous PCL
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scaffolds with and without CS (b); SEM images of porous PCL (c¢) and PCL/CSNF scaffolds (d); and
confocal fluorescence and SEM of 3T3 cells on PCL and PCL/CS scaffolds after 7 days (e) (green =
live cells, red = dead cells) (Reproduced with permission from [61]. Copyright 2014 American
Chemical Society).

2.2.4 Phase separation

Phase separation techniques can be broadly classified into four types: non-solvent-induced phase
separation (NIPS), thermally induced phase separation (TIPS), vapour-induced phase separation
(VIPS), and evaporation-induced phase separation (EIPS). Their fabrication principles are illustrated
in Figure 2. 5a-d, while Figure 2. Se presents the typical morphology of phase-separated scaffolds,
using PCL/graphene as a representative example. NIPS forms a three-dimensional polymer network
through solvent/non-solvent exchange [62]. Typically, the polymer solution is cast into a film,
immersed in a non-solvent bath, and undergoes phase separation via solvent exchange, yielding a
microporous membrane. This method is often combined with particulate leaching, using porogens
such as salt crystals or wax beads, to enhance pore interconnectivity. In TIPS, polymers are dissolved
in high-boiling-point, low-volatility solvents at elevated temperatures; upon cooling, phase
separation and scaffold formation occur [63]. VIPS involves exposing the polymer solution to a
humid atmosphere, where water vapour diffuses into the solution, inducing phase separation at the
vapour—liquid interface [64]. EIPS, by contrast, relies on controlled solvent evaporation after casting
the solution onto a substrate to form thin, porous films [65]. Scaffolds produced via phase separation
typically exhibit interconnected porosity, which promotes cell adhesion, migration, and tissue
ingrowth. However, the method is limited by poor morphological reproducibility and high sensitivity
to processing parameters such as solvent type and temperature. Achieving structural consistency can
be challenging, and residual solvents may introduce cytotoxicity. Furthermore, the resulting loose

microstructure typically leads to poor mechanical strength.

In summary, electrospinning, 3D printing, freeze-drying, and phase separation each offer distinct
structural and functional advantages for tissue engineering but also face limitations in scalability,
reproducibility, and environmental sustainability. While the fundamental fabrication principles of
these methods remain the same, their practical requirements and performance outcomes vary
considerably across application domains. Their adaptation to water treatment is further discussed in

Section 3.
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Figure 2. 5: Schematics of four phase separation techniques (a—d): NIPS, TIPS, VIPS, and EIPS
(Reproduced with permission from [9]. Copyright 2022 Elsevier). (¢) SEM of PCL/graphene
scaffolds by EIPS (e) (Reproduced with permission from [66]. Copyright 2020 Elsevier).

2.3 Applications of PCL-based composite scaffolds in bone

tissue engineering

Electrospun PCL-based scaffolds have been widely investigated for bone repair due to their
biocompatibility and processability. However, the intrinsic hydrophobicity and limited bioactivity of
pristine PCL hinder cell adhesion, proliferation, and osteogenic differentiation. To address these
limitations, various functional additives have been incorporated to enhance both biological
performance and mechanical strength. Lecithin, gold nanoparticles (AuNPs) [67], and cellulose
nanocrystal (CNC) [68] have been shown to improve hydrophilicity and support cell proliferation.
In particular, lecithin significantly promoted cell adhesion and upregulated osteogenic markers in
mesenchymal stem cells [69]. Graphene oxide (GO) [70] provided a bioactive and conductive surface,
further enhancing stem cell differentiation. Inorganic components such as HA [71], octacalcium
phosphate (OCP) [72], and zinc oxide (ZnO) [73] have improved mineralisation capacity,
antibacterial activity, and degradation control. Reinforcement with amine-functionalised carbon

nanotubes (aSWCNTs) [74] or polypyrrole nanoparticles (PPy-NPs) [75] not only increased
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conductivity and mechanical properties but also enhanced osteogenesis under electrical stimulation.
Magnesium oxide (MgO) [76] further contributed to mechanical strengthening and early-stage
mineral deposition. Collectively, these electrospun composites have demonstrated strong potential in
promoting adhesion, proliferation, and osteogenic differentiation, making them promising for bone

tissue engineering.

In contrast to electrospinning, which is better suited for flexible and superficial applications (e.g.,
skin tissue; see Section 2.4), 3D printing is more applicable to bone repair due to its ability to
fabricate rigid, anatomically tailored scaffolds with interconnected porosity. Bone tissue requires
structural stability and spatial organisation to support vascularisation, mineralisation, and mechanical
loading. 3D printing provides precise control over architecture, pore size, and geometry, allowing for
the design of biomimetic scaffolds that conform to complex defect sites. PCL-based composites
printed via 3D techniques have incorporated HA [77], collagen-fixed nano-HA (C-nHA) [78],
strontium-doped HA (SrHA) [79], and calcium silicate [80] to enhance mineralisation, mechanical
integrity, and osteoinduction. For instance, Liu et al. [79] showed that PCL/SrHA scaffolds
significantly promoted new bone formation in rat cranial defects compared to pristine PCL.
Magnesium-based additives (e.g., Mg nanoparticles and MgO) have further improved degradation
rates and angiogenic potential, thereby accelerating bone regeneration. Dong et al. [81] demonstrated
that Mg/PCL composites (3 wt.% Mg) enhanced biocompatibility and osteogenesis in vivo.
Biopolymer incorporations, such as Gel [103], SF [73], bacterial cellulose (BC) [104], and PLA [105],
have enhanced hydrophilicity, compressive strength, and cell adhesion. Vyas et al. [58] reported that
adding 10 wt.% silk microparticles (SMP) to PCL scaffolds enhanced mechanical performance and
supported osteogenic differentiation of adipose-derived stem cells (Figure 2. 3b-d). Additional
modifications, such as PEG-induced micropore modulation [85], gradient architecture design [86],
electrospinning/3D printing hybrids [82], and collagen immobilisation via NaOH surface activation
[78], have further improved cell-material interactions. These modifications also promoted cell
adhesion, proliferation, and osteogenic differentiation, highlighting their promise as effective
candidates for bone tissue engineering. Finally, integration of functional agents, such as graphene
[87], silver nanoparticles (AgNPs) [88], and polyaniline (PANI) [89], has endowed scaffolds with

electrical responsiveness, immunomodulatory effects, and antibacterial properties. Controlled
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delivery systems, including aspirin-loaded liposomes (Asp@lipo) [90], have also shown promise in
promoting bone regeneration in defect models. In summary, 3D-printed PCL-based composite
scaffolds have achieved synergistic optimisation of mechanical and biological properties through
multi-scale structural design and multifunctional integration, highlighting their promising potential

for clinical translation in bone tissue engineering.

Freeze-dried PCL-based scaffolds have also shown promise in bone tissue engineering. Incorporating
phosphorylated PCL with magnetic nanoparticles (MNPs) significantly improved osteoconductivity
and osteoinductivity by mimicking the native bone environment, promoting calcium deposition, and
upregulating osteogenic gene expression [91]. PCL/Gel/berberine scaffolds fabricated via freeze-
drying demonstrated effective bone repair in a rat cranial defect model, with berberine enhancing
scaffold degradability and promoting cell proliferation and osteogenesis [92]. In another approach,
wet-spun PCL scaffolds combined with fibrinogen were freeze-dried into 3D composite structures
that improved Saos-2 cell adhesion, spatial distribution, mechanical strength, and intercellular
connectivity [93]. These results suggest that multi-component synergy, achieved through rational
composition design and freeze-drying fabrication, offers an effective strategy to enhance the

structural and functional performance of PCL-based scaffolds for bone regeneration.

Phase separation techniques have also been applied to develop porous PCL-based scaffolds with
well-connected pore networks for bone tissue engineering. TIPS and NIPS are often used in
combination with particle leaching (e.g., salt leaching) to construct macro—microporous architectures
[94], enabling cell infiltration, nutrient diffusion, and tissue ingrowth. Incorporation of natural
components such as Gel [94], zein [95], starch [96], and duck’s feet collagen (DC) [97] has improved
hydrophilicity, degradation rates, and osteoinductive properties. Inorganic additives, including
graphene [66], biphasic tricalcium phosphate (BCP) [98], HA [99], and bioactive glass [100], have
enhanced mechanical strength and mineralisation. For example, PCL scaffolds fabricated via NIPS
with DC and particle leaching exhibited a biomimetic hierarchical structure, increased mineralisation,
and upregulated osteogenic gene expression [97]. Similarly, PCL/graphene scaffolds prepared by
phase separation achieved porosity above 85%, improved compressive strength and wettability, and
supported cell adhesion and nutrient transport (Figure 2. 5¢) [66]. Typically, PCL-based composite

scaffolds produced via phase separation exhibit porosity in the 70-90% range, structural tunability,
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functional integration, and excellent biological performance, including support for cell adhesion,
proliferation, and osteogenic differentiation, providing a promising pathway for developing high-

performance biomimetic bone substitutes in regenerative medicine.

In general, scaffold porosity is dictated by the fabrication method, following the trend: freeze-drying >
phase separation = 3D printing > electrospinning, while mechanical strength follows the order: 3D
printing > electrospinning > freeze-drying = phase separation. The performance of PCL-based
scaffolds for bone regeneration is strongly dictated by fabrication method and composite formulation.
3D-printed scaffolds consistently exhibit the highest mechanical strength (often exceeding 50 MPa)
and structural precision, making them most suitable for load-bearing applications, although their
porosity is relatively limited. Electrospun scaffolds are mechanically weaker (1-15 MPa) but provide
ECM-like fibrous networks that favour surface cell adhesion while restricting deep tissue infiltration.
Freeze-dried and phase-separated scaffolds achieve high porosity (70-90%), which promotes
vascularisation and nutrient transport, but they suffer from low mechanical strength (typically <5
MPa) and poor reproducibility. Overall, bone regeneration benefits most from scaffolds that balance
porosity with mechanical integrity: 3D printing ensures structural reliability, while freeze-drying and
phase separation offer biologically favourable microenvironments that require reinforcement to
overcome their mechanical shortcomings. Mechanical performance can be further enhanced by
incorporating inorganic additives such as HA (e.g., STHA, C-nHA, nano-HA/PCL), metal/metal
oxides (e.g., Mg, ZnO, AuNPs), nanoparticles (e.g., MNPs, SMP, nanoclay), graphene, and calcium
silicate, which collectively improve stiffness, bioactivity, and load-bearing capacity. Hydrophilicity,
cell adhesion, and osteogenic potential are primarily enhanced by blending natural polymers, such
as Gel, collagen, CNCs, zein, and lecithin, thereby increasing wettability and promoting osteogenic

differentiation.

Each fabrication method offers distinct advantages. Electrospinning produces biomimetic fibres
suitable for superficial or non-load-bearing defects [82]. Freeze-drying and phase separation yield
highly porous structures that are beneficial for vascularisation but are limited by poor strength [60].
In contrast, 3D printing enables the fabrication of rigid, anatomically tailored scaffolds with excellent
stability. However, it is constrained by high equipment cost, operational complexity, and limited

resolution in reproducing nanoscale ECM-like features [50, 82]. To address the limitations of
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individual methods, hybrid approaches have emerged, particularly combining 3D printing with
electrospinning, to integrate the mechanical robustness of printed frameworks with the biological
advantages of nanofibres, enabling multi-scale, functionally graded scaffolds tailored for complex

bone regeneration [101].

2.4 Applications of PCL-based composite scaffolds in skin

tissue engineering

In tissue engineering, PCL-based scaffolds have been widely applied for skin wound healing.
Electrospinning and freeze-drying are commonly used fabrication techniques, as both can generate
scaffolds with the softness, flexibility, and resilience required for skin tissue repair. To improve
hydrophobicity, natural polymers have been extensively incorporated with PCL to enhance both
structural and biological properties. Blending PCL with cellulose, CS, Gel, SF, or collagen has been
shown to improve hydrophilicity and promote cellular attachment [102]. For example, Chandika et
al. [103] developed electrospun PCL/fish collagen scaffolds functionalised with
chitooligosaccharides (COS), which improved hydrophilicity and significantly accelerated wound
healing in vivo by promoting re-epithelialisation and dermal tissue maturation (Figure 2. 6).
Reinforcement with CNCs and GO has also enhanced mechanical strength and electrical conductivity
while providing a more biomimetic environment conducive to cell proliferation and migration [104,

105].

Plant-derived components have further enhanced the scaffold's biofunctionality. The incorporation
of peppermint essential oil (PEP) into PCL-based scaffolds imparted inherent antibacterial activity,
providing an antibiotic-free strategy for wound-dressing applications [106]. Composite scaffolds
combining PCL with zein and gum Arabic (GA) have been designed to mimic the ECM architecture
better while improving biocompatibility and mechanical performance [107]. Baghersad et al. [108]
integrated aloe vera (AV) and tetracycline hydrochloride (TCH) into PCL/Gel electrospun scaffolds,
confirming AV incorporation via FTIR analysis of glycosidic bond peaks at 1050-1090 cm™. These
scaffolds exhibited excellent hydrophilicity (WCA < 40 °) and supported high fibroblast viability
(81% at 72 hours). In vivo studies further demonstrated significantly enhanced wound closure

compared to control groups. Collectively, both in vitro and in vivo results support the potential of
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multifunctional PCL-based composite scaffolds to accelerate epidermal regeneration, promote
angiogenesis, and reduce inflammation. Electrospun scaffolds, in particular, are well-suited for
superficial wound applications due to their nanofibrous structure, which promotes cell adhesion,
proliferation, and migration. These properties make them ideal candidates for use in epidermal repair,

haemostasis, and infection control in skin tissue engineering.
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Figure 2. 6: WCA of PCL and composite scaffolds (a); fluorescence (b) and SEM (c) of NHDF-neo
and HaCaT cells on composite scaffolds; and wound-healing performance vs control (Tegaderm) at
7 days (d). Composite mats: PCL/collagen/COS, with fish collagen:PCL = 9:1 (Reproduced with
permission from [103]. Copyright 2021 Elsevier).

Freeze-drying is also an effective method for fabricating PCL-based scaffolds that aim to enhance
wound healing. Incorporating synthetic polymers (e.g., Poly(L-lactide) (PLLA), PEG) [110], natural
biopolymers (e.g., zein, CS, Gel) [111], or therapeutic agents [112] into PCL enables the production
of structurally uniform, highly porous, and interconnected scaffolds via freeze-drying. These
composite systems exhibit improved hydrophilicity, antibacterial activity, and overall
biofunctionality. For example, Hakim et al. [113] developed PCL scaffolds blended with extra-virgin
olive 0il (EVOO), observing an inverse relationship between pore size and EVOO content (07 wt.%),
while maintaining non-cytotoxicity and antibacterial properties that support cell growth. In another

study, Jing et al. [61] fabricated PCL/CS scaffolds with 78% porosity using a combined approach of
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extrusion foaming, porogen leaching (PEO/NaCl), and freeze-drying. The addition of CS nanofibres
modestly increased the compressive modulus and significantly enhanced water uptake by 35%
compared to pure PCL scaffolds. Confocal microscopy and SEM analysis revealed spindle-shaped
cell morphology and increased proliferation on composite scaffolds, in contrast to the limited cell

activity observed on pristine PCL (see Figure 2. 4e).

Unlike bone repair, skin regeneration relies more on hydrophilicity, biological activity, and
degradability than on high mechanical strength. Electrospun scaffolds typically exhibit tensile
strengths of 3—-10 MPa and feature fibrous architectures that support epithelialization and facilitate
rapid wound closure. Freeze-dried scaffolds achieve higher porosity (>80%) and interconnected
networks that enable cell infiltration and vascularisation, though their compressive strength usually
remains modest (2-5 MPa). An exception is PCL/Zein scaffolds, which reached compressive
strengths of ~10 MPa, showing that specific composite formulations can partially offset the
mechanical limitations of freeze-drying. Functional enhancements are mainly introduced through
natural and plant-derived additives. Gel, collagen, CS, and SF consistently improve wettability and
fibroblast adhesion, while AV, PEP, GA, and calendula extracts provide antibacterial, anti-
inflammatory, or pro-healing functions. Reinforcement with GO, CNC, or WS NPs further improves
tensile properties and promotes cell proliferation. In terms of degradation behaviour, skin scaffolds
are generally designed for relatively rapid resorption over weeks, aligning with wound healing

timelines and contrasting with the slower degradation rates required for bone scaffolds.

Electrospun scaffolds tend to exhibit higher mechanical strength due to dense fibre packing and
reduced porosity, making them suitable for superficial wound healing by supporting epithelialisation
and cell migration. Freeze-dried scaffolds, by contrast, generate highly porous sponge-like structures.
While mechanically weaker, they are better suited for full-thickness wounds, enabling cell
embedding, sustained release of growth factors, and vascularised tissue regeneration. In summary,
electrospinning and freeze-drying offer complementary advantages: electrospun scaffolds are ideal
for rapid re-epithelialisation and superficial repair. In contrast, freeze-dried scaffolds are better suited
for complex, deep-seated tissue defects. The specific biological and mechanical requirements of the

target wound should therefore guide the selection of the fabrication method.
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2.5 Interdisciplinary integration of computational modelling

and machine learning

With the development of digital manufacturing and intelligent design technologies, computational
modelling and ML have increasingly contributed to the advancement of tissue engineering, offering
broad application potential in biomaterial design, scaffold fabrication, cell modelling, bioprinting,
and personalised regenerative therapies by addressing limitations inherent in conventional
approaches [114]. Finite element analysis (FEA) is widely employed to evaluate stress distribution
and mechanical performance, providing a robust mechanical basis for tailoring scaffold architecture
to the functional demands of bone tissue engineering [115]. Al algorithms significantly reduce
computational costs, enabling rapid prediction of mechanical properties and streamlining both design
and experimental validation. ANN-based models have proven effective in optimising electrospinning
and 3D bioprinting parameters and material compositions, and in controlling scaffold morphology,
thereby improving biocompatibility and fabrication reproducibility [116]. In addition, ML algorithms
can integrate patient-specific clinical data to assist in the design of personalised scaffolds and
regeneration protocols, thereby improving therapeutic precision and efficacy [117]. ML facilitates
the modelling of cellular behaviour and tissue development by elucidating complex interactions
between cell proliferation, microenvironmental cues, and growth dynamics [118]. Deep learning, a
subfield of ML, has demonstrated exceptional capabilities in analysing cell images, identifying cell
types, and predicting cell behaviour, which are critical for optimising tissue engineering strategies
[119].
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Figure 2. 7: Modelling process with FDM for loading biochemical signals on bone implant scaffolds
(Adapted from [121]. licensed under CC BY 4.0).
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More recently, the integration of FEA with Al, particularly ANNs, has improved simulation
efficiency and accelerated design iterations [120]. For example, a combined FEA—ANN framework
was used to design scaffolds with gradient porosity, successfully predicting cell infiltration capacity
and guiding the fabrication process to meet both biological and mechanical requirements [116, 121].
Additionally, Al-assisted lattice design has enabled the 3D printing of biomimetic scaffolds that
replicate the mechanical characteristics of native bone while addressing patient-specific anatomical
needs (Figure 2. 7) [121]. These constructs demonstrated enhanced load-bearing performance and

supported robust cell proliferation in vitro.

Despite its promising outlook, the integration of ML into tissue engineering remains in its early stages.
Continued innovation and interdisciplinary collaboration are expected to unlock more advanced
applications. Overall, integration of computational modelling and Al, with their predictive power,
optimisation capability, and support for personalisation, is increasingly recognised as an enabling
technology for improving scaffold design, process efficiency, and clinical relevance in tissue

engineering.

2.6 Evaluation of different fabrication approaches

In tissue engineering, electrospinning, 3D printing, freeze-drying, and phase separation are widely
employed for the fabrication of PCL-based scaffolds, each with distinct profiles in flexibility,
mechanical strength, porosity, reproducibility, environmental sustainability, and cost-effectiveness.
Electrospinning offers high flexibility and biomimetic nanofibrous morphologies with relatively low
equipment requirements; however, its low porosity and poor reproducibility are limiting factors. 3D
printing consumes minimal solvents yet requires higher energy and initial equipment investment;
however, it provides excellent reproducibility, process cleanliness, and strong potential for scalable,
patient-specific scaffold production [122]. Freeze-drying produces highly porous, sponge-like
structures that are favourable for vascularisation and deep tissue infiltration; however, the method is
energy-intensive and costly, and it yields weak mechanical properties [123]. Phase separation can
produce hierarchical pore architectures with balanced mechanical and biological features, but it relies

on toxic organic solvents, suffers from low reproducibility, and offers poor mechanical stability [124].

Material costs among the four methods are generally comparable; however, 3D printing becomes
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more economical at scale due to its high throughput and automation [122]. Thus, electrospinning is
well-suited for early-stage research and applications, such as skin repair or nerve guidance. Freeze-
drying and phase separation remain essential for soft tissues that require high porosity, while 3D
printing is best suited for bone regeneration and load-bearing defects. Future strategies are expected
to integrate multiple techniques, for example, combining 3D printing with electrospinning, to merge
architectural precision with ECM-mimetic features. In parallel, greener fabrication approaches, such
as the use of low-toxicity solvents and solvent recovery systems, will be crucial in improving

environmental sustainability.

According to current knowledge, Figure 2. 8 presents a radar chart comparing six key performance
indicators (mechanical strength, porosity, flexibility, reproducibility, environmental sustainability,
and industrial-scale cost-effectiveness) for materials fabricated by electrospinning, phase separation,
3D printing, and freeze-drying. This visualisation provides an intuitive overview of the relative

strengths and limitations of each fabrication method in tissue engineering applications.
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Figure 2. 8: Radar chart comparing six key performance indicators, including mechanical strength,
porosity, flexibility, reproducibility, environmental sustainability, and industrial-scale cost-
effectiveness, of scaffolds fabricated using electrospinning, 3D printing, freeze-drying, and phase
separation.

2.7 Conclusions

This section provides a comprehensive and critical overview of PCL-based scaffolds for tissue
engineering, with an emphasis on fabrication strategies, material modifications, and performance in
application-specific contexts. Four primary fabrication techniques (electrospinning, 3D printing,

freeze-drying, and phase separation) are compared based on structural features, processing flexibility,
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mechanical properties, and biological functionality. Electrospinning offers the most balanced
performance and enables the generation of nanofibrous scaffolds that closely mimic the ECM,
making it particularly well-suited for soft tissues such as skin. In contrast, 3D printing offers superior
structural precision and customizability, making it ideal for load-bearing applications. Freeze-drying
and phase-separation techniques enable the generation of highly porous scaffolds with interconnected
channels; however, challenges with reproducibility and mechanical stability limit their standalone
use. These challenges have increasingly been addressed through hybrid fabrication approaches that

integrate the strengths of multiple techniques.

In terms of material composition, pure PCL is limited by its hydrophobicity, low bioactivity, and
slow degradation rate. To address these issues, natural polymers such as Gel, CS, collagen, and SF,
as well as synthetic polymers including PLA, PLGA, PEG, and PVA, have been incorporated to
enhance biocompatibility, degradation kinetics, and cellular interactions. Inorganic and conductive
additives, such as HA, metal oxides, CNTs, and graphene, have been introduced to improve
mechanical properties, modulate electrical conductivity, and promote lineage-specific differentiation,
including osteogenesis, neurogenesis, and angiogenesis. Ultimately, the performance of PCL-based
scaffolds depends on the interplay between fabrication technique and composite formulation. A
tailored combination of structural design and material modification is crucial to meet the specific

biological and mechanical requirements of various tissue engineering applications.
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CHAPTER 3

3 Literature review of PCL-based composite

scaffolds in water treatment

Abstract

PCL-based materials have attracted increasing attention in water treatment due to their
biodegradability, tunable structure, and compatibility with various functional modifications. This
section systematically summarises recent progress in the development and application of PCL-based
composite materials across four central treatment mechanisms: adsorption, membrane separation,
and photocatalytic degradation. Emphasis is placed on how different fabrication methods, including
electrospinning, phase separation, freeze-drying, and 3D printing, affect membrane morphology,
surface functionality, and pollutant removal performance. Strategies to enhance the adsorption and
separation efficiency of PCL-based membranes are discussed, focusing on polymer blending,
incorporation of nanofillers (e.g., GO, metal oxides), and structural design innovations. The review
also highlights multifunctional systems integrating photocatalysis with separation or adsorption.
Despite promising laboratory results, challenges persist in terms of mechanical durability,
regeneration, scalability, and performance under real-world wastewater conditions. This section
provides a comprehensive overview of the state of the art in PCL-based water treatment materials,

outlining future research directions to advance their practical applications.

3.1 Introduction

Water pollution and freshwater scarcity have become pressing global challenges, intensified by rapid
industrialisation, urban expansion, and population growth. Access to clean water is essential for
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human health and sustainable development. However, more than 80 countries are already
experiencing water shortages, and nearly 25% of the global population lacks reliable access to safe
freshwater sources [1]. As global water scarcity grows, wastewater reclamation and reuse have
emerged as essential strategies to supplement conventional water resources. Wastewater contains
diverse pollutants originating from domestic, industrial, and agricultural activities. Organic
contaminants such as oils, fats, proteins, volatile organic compounds (VOCs), and petroleum
derivatives mainly arise from domestic sewage, food processing, and petrochemical industries [22].
Inorganic pollutants, including heavy metals, acids, alkalis, and suspended solids, are associated with
manufacturing, mining, and construction. Agricultural runoff and livestock operations introduce
excess nitrogen and phosphorus, causing eutrophication and ecosystem degradation [126], while
pesticides and pharmaceuticals further contaminate surface and groundwater [6]. Moreover,
pathogenic microorganisms from domestic, medical, and aquaculture wastewater threaten both
public health and aquatic life [125]. The complex composition and environmental persistence of these

pollutants highlight the necessity for effective and adaptable water treatment strategies.

Currently, several treatment approaches are widely employed to address these challenges, including
adsorption, membrane separation, photocatalysis, and biological degradation. Adsorbents are used to
remove heavy metals, dyes, and organic molecules through physical and chemical interactions [6].
Membrane-based methods, such as ultrafiltration, microfiltration, nanofiltration, and forward
osmosis, achieve selective separation by tuning pore size and surface hydrophilicity, often offering
high separation efficiency and good antifouling performance [23]. Photocatalytic processes,
especially those utilising TiO; or ZnO, facilitate the breakdown of organic contaminants under light
irradiation [127]. As illustrated in Figure 3. 1a, interest in research on adsorption, membrane filtration,
and photocatalysis has steadily grown over the past decade. To improve the functionality of these
materials, various fabrication techniques have been developed, including electrospinning [128],
phase separation [129], freeze-drying [130], and 3D printing [131]. These methods enable control
over microstructure and surface properties, allowing materials to be tailored to specific treatment
needs. Over the past decade, research on electrospun membranes has dominated the field,
representing approximately 65% of relevant publications. In comparison, studies on phase separation,

freeze-drying, and 3D printing have also grown steadily, accounting for 14.2%, 12.4%, and 8.4%,
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respectively (Figure 3. 1b).
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Figure 3. 1: (a) Number of publications on adsorbents, filtration membranes, and photocatalytic
materials for water treatment (Web of Science data); (b) proportion of studies on membranes
fabricated by electrospinning, phase separation, freeze-drying, and 3D printing for water treatment
over the past decade.

The processability of PCL across multiple fabrication routes makes it suitable for developing a range
of functional water-treatment materials [29, 30]. Recent studies have focused on enhancing the
properties of PCL-based composites by incorporating nanoparticles, natural polymers, and
photocatalysts to improve pollutant removal, mechanical stability, and long-term durability. These
composite systems combine the advantages of each component, resulting in improved performance
and multifunctionality [30, 31]. For instance, incorporating natural polymers, such as CS or cellulose,
into PCL matrices enhances hydrophilicity and mechanical strength, thereby improving membrane
separation efficiency and resistance to fouling [130]. Similarly, embedding TiO, or ZnO
photocatalysts enhances their dispersion and reactive surface area, promoting more effective

degradation of organic pollutants [127].

Despite growing interest, a comprehensive synthesis of the latest developments in the fabrication and
functionalisation of PCL-based materials for water treatment remains absent. To bridge this gap, this
section systematically examines recent progress in the use of PCL-based composites across

adsorption, membrane separation, and photocatalytic degradation. It also evaluates the impact of
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diverse fabrication techniques, mainly including electrospinning, phase separation, freeze-drying,
and 3D printing, on the physicochemical properties and water treatment efficiency of these materials.
By offering a comparative analysis of structural design strategies and their application outcomes, this
section aims to provide a knowledge base for future material innovation and system integration,
ultimately promoting the translation of PCL-based composites into scalable, sustainable solutions for

practical water pollution challenges.

3.2 Functional applications of PCL-based materials in water

treatment

3.2.1 Functionalized PCL composites for selective adsorption

The adsorption performance of PCL-based materials in aqueous environments is primarily
determined by their porous structures and surface functionalities. Depending on their
functionalisation and composite design, these materials have been applied for the removal of various
water contaminants, including oils, organic dyes, heavy metal ions, and emerging pollutants such as
pharmaceuticals. Fabrication techniques such as electrospinning and phase separation produce
materials with high specific surface areas and interconnected porosity, promoting the physical
capture of pollutants from aqueous media [29]. Chemical adsorption can be further enhanced by
functionalizing the surface with carboxyl, amino, or other reactive groups [132] or by incorporating
high-affinity components such as CS, GO, and metal-organic frameworks (MOFs) [133, 134].
Additional mechanisms, including electrostatic interactions, coordination complexation,
hydrophobic effects, and n—x stacking, contribute to improved adsorption selectivity and capacity

[133, 135].

3.2.2 PCL-based membranes for selective separation

The separation efficiency of PCL-based membranes is governed by their selective permeability and
surface characteristics, enabling the removal of pollutants via size-exclusion and interfacial
interactions. Due to its excellent film-forming properties and mechanical stability, PCL serves as an
effective matrix for fabricating micro- and nanostructured membranes, particularly via

electrospinning and phase separation. These membranes act as physical barriers to contaminants such
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as dyes, microorganisms, and colloids, primarily via molecular sieving [136]. Incorporation of
hydrophilic modifiers improves surface wettability, reduces fouling, and enhances both water flux
and antifouling performance [137]. In nanofiltration and ultrafiltration systems, removal of heavy
metals and organic pollutants is further facilitated by electrostatic repulsion and hydrophilic—

hydrophobic interactions [138].

3.2.3 PCL-supported photocatalytic membranes for advanced oxidation

Photocatalytic degradation has emerged as a promising strategy for water treatment. Commonly used
photocatalysts include metal oxides (e.g., TiO2, ZnO, Fe304) and organic semiconductors (e.g.,
graphitic carbon nitride (g-C3N4), carbon quantum dots (CQDs)) [139]. Upon light irradiation, the
embedded photocatalysts generate electron—hole pairs, which react with water and oxygen to form
reactive oxygen species (ROS) such as -‘OH and -O,". These ROS rapidly oxidise and decompose
organic pollutants, such as antibiotics, pesticides, and dyes, into non-toxic end products, including
CO;, and H;O [140]. The PCL matrix provides mechanical stability and a large surface area,
facilitating the exposure of active sites and enhancing overall photocatalytic efficiency. Furthermore,
the photocatalytic process supports material regeneration and self-cleaning under light, eliminating
the need for additional chemical or physical regeneration steps [141]. The porous nature of PCL-
based photocatalytic membranes also enables simultaneous adsorption and filtration, imparting

multifunctionality to these systems [142, 143].

3.3 Functional optimisation of PCL-based composites for

water treatment

Fabrication methods introduced in Section 2.2, including electrospinning, 3D printing, freeze-drying,
and phase separation, are also widely applied in the design of PCL-based materials for water
treatment. Unlike their roles in tissue engineering, where emphasis is placed on biomimicry, porosity,
and cell-material interactions, the requirements in water treatment are centred on stability, reusability,
and pollutant removal efficiency. Accordingly, the same techniques exhibit different strengths and

limitations when translated into this context.
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3.3.1 Optimisation strategies for PCL-based adsorbents

The inherent hydrophobicity of PCL and limited surface functionality constrain performance in
adsorption and complex separation scenarios. To address these limitations, two primary strategies
have been explored: material modification and structural design. Material modifications involve
polymer blending and the integration of functional additives. For instance, blending electrospun PCL
adsorbents with PLLA [144] or polyvinylpyrrolidone (PVP) [145] improves mechanical strength and
adsorption efficiency, while nanofillers such as GO [146], Fe304[147], SiO, aerogels [148], and
activated carbon [149] introduce properties like magnetic responsiveness, hierarchical porosity, and
enhanced hydrophilicity. GO facilitates adsorption through m—r interactions, and Fe;O4 enables
magnetic separation. Additional examples include phenyl polysilsesquioxane (ph-LPSQ) for
improved chemical resistance [150] and perfluorooctyl acrylate (TFOA) copolymer (PCL-b-PTFOA)

copolymers for enhanced mechanical performance and self-cleaning capability [151].
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Figure 3. 2: (a) Schematic of electrospun PCL-b-PTFOA nanofibre membrane; (b) droplet behaviour
on the membrane surface; (c) biodegradation progression shown by photographs and SEM images at
different time intervals (Reproduced with permission from [151]. Copyright 2020 Elsevier).

Electrospun PCL-b-PTFOA membranes exhibit increased elongation at break (from 152.97% to
678.15%) and tensile strength (from 4.11 to 5.78 MPa), as well as superior degradability, antifouling

properties, and self-cleaning performance (Figure 3. 2). These modifications have led to membranes
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capable of achieving separation efficiencies above 99%, with high durability under harsh pH and
temperature conditions. Structural designs further boost separation performance. Hierarchical
architectures created by alternating electrospinning and electrospraying mimic lotus-leaf surfaces,
resulting in superhydrophobicity and enhanced oil/water separation (Figure 3. 3) [152]. These
structures increase roughness and air-pocket capacity, leading to superhydrophobicity (WCA > 150 °)
and high oil sorption (30-50 g/g), while maintaining >99.9% separation efficiency for oils such as n-
hexane and wax oil [28, 153]. Layered PCL/GO membranes and porous composite structures

demonstrate similarly high performance, achieving 99.94% hexane/water separation and 35.8 g/g

adsorption capacity [154].
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Figure 3. 3: (a) PCL composite membrane; (b) natural lotus leaf structure; (c) PCL microspheres; (d)
porous PCL microspheres; (¢) PCLM-4 membrane; (f) comparison between porous microspheres and
PCLM-4; (h) schematic of the oil/water separation mechanism; (i) SEM and (j) wettability of the
PCL composite membrane; (k—m) separation of n-hexane (red)/water (blue) mixtures; (n) permeate
flux and separation efficiency; (o) performance comparison after 1 and 10 cycles (Reproduced with
permission from [152]. Copyright 2019 Royal Society of Chemistry).

Phase separation techniques offer an effective route to fabricate multiscale porous adsorbents,
supporting additive dispersion and rapid contaminant uptake. Mechanical reinforcement is achieved
by embedding electrospun poly (methyl methacrylate) (PMMA) fibres [155] or by incorporating
nanofillers such as multiwall carbon nanotubes (MWCNTs) [156], significantly improving Young’s
modulus and yield stress. Functionally, PCL-based adsorbents combined with MOFs [157], clay
minerals [29], or metal oxides [158] exhibit strong selectivity and reusability. Amine-functionalized
MOFs mixed with PCL adsorbents exhibited uniform porosity and high adsorption capacities for

methyl orange (309 mg/g) and methylene blue (208 mg/g), with stable performance over 10
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adsorption—desorption cycles (Figure 3. 4) [157]. NIPS-fabricated PCL composites incorporating
degradable PCL-D and Laponite demonstrated improved porosity, antifouling behaviour, and
mechanical robustness. These membranes achieved adsorption capacities of ~84.9 mg/g for Pb?*,
~90.6 mg/g for Cd**, ~45 mg/g for methylene blue, and ~57 mg/g for neutral red, along with a 36—

40% salt rejection rate and ~82% flux recovery after five cycles [29].

3.3.2 Performance enhancement of PCL-based filtration membranes

Over the past decades, membrane separation has attracted growing interest in wastewater treatment.
PCL-based filtration membranes have shown strong potential for the efficient removal of oils, dyes,
salts, and emerging contaminants, benefiting from tunable microstructures, hydrophilic surface
modifications, and the incorporation of diverse nanomaterials. Effective membranes require pore
sizes small enough to retain pollutants yet sufficiently large to allow water transport. Among the
available fabrication methods, electrospinning [128] and phase separation, particularly NIPS and
EIPS [129], are the most extensively studied for producing PCL-based membranes with tailored
porosity, surface energy, and antifouling properties. Performance enhancements have been achieved

through the addition of biopolymers, metal oxides, and functional nanomaterials.

By introducing hydrophilic polymers [159], surfactants [160], or biomimetic modifiers [161],
electrospun PCL membranes can attain superhydrophilic and underwater superoleophobic properties,
allowing gravity-driven emulsion separation with efficiencies above 97% and high flux recovery
across multiple cycles. PCL/sulfonated kraft lignin (SKL) membranes exhibited superhydrophilicity
(WCA = 0 °) and oil contact angles exceeding 150 °, enabling gravity-based separation without
external pressure [159]. These membranes achieved pure water fluxes of 800-900 L/(m?xh) (LMH)
and emulsion fluxes of 170-480 LMH, with over 98% flux recovery after 10 cycles. Mussel-inspired
surface treatments using tannic acid and silane coupling agents improved reusability and antifouling
performance, maintaining > 99% separation efficiency after 20 cycles [161]. Integration of CS into
PCL generated a nanofibre—nanonetwork architecture that enhanced water affinity and pollutant
retention. The resulting CS@PCL membranes successfully separated immiscible oil/water mixtures,
oil-in-water, and water-in-oil emulsions, with efficiencies of 94.6%, 99.9%, and 94.5%, respectively

[162]. The separation mechanism is shown in Figure 3. 5. Sustainable additives such as cellulose
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nanofibres (CNFs) [163] and bio-derived activated carbon [149] have also been employed to improve
both pollutant removal and environmental compatibility, demonstrating the adaptability of

electrospun membranes for diverse treatment needs.
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Figure 3. 4: (a) Preparation of MOF@PCL composite membrane; (b) SEM of pristine PCL and 5
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(b, ¢) setups for water and oil removal; (d) liquid flux and (e) oil/water separation efficiency; (f, g)
setups for water-in-hexane and hexane-in-water emulsions; (h—m) visual comparison of emulsions
before and after separation (Reproduced with permission from [162]. Copyright 2021 American
Chemical Society).

In parallel, phase separation techniques (NIPS and EIPS) provide reliable methods for fabricating
PCL membranes with controllable pore structures and effective pollutant removal. NIPS enables pore
formation through solvent—nonsolvent exchange, which can be tuned by polymer blending (e.g.,
polybutylene succinate (PBS) [164], SKL [165]), solvent selection [166], and nanofiller
incorporation (TiO, [167], GO [168], MXene (Ti3C2(OH)) [169]). These strategies enhance porosity,
hydrophilicity, and fouling resistance, leading to increased pure water flux, improved dye or heavy
metal removal, and enhanced flux recovery under pressure-driven conditions. SKL/PCL membranes
prepared using acetic acid showed improved hydrophilicity (WCA reduced from 72 © to 56 °), stable
water flux (~45 LMH at 0.276 MPa), and low flux decline ( < 7%), with recovery rate over 98%
(Figure 3. 6) [165]. Incorporating 4 wt.% MXene into PCL reduced WCA to 50.3+1.7 ° and
increased water permeance to 5.99 LMH, approximately four times higher than neat PCL (1.43 LMH)
at 1 wt.% MXene. Composite membranes rejected 98.92% of crystal violet dye, while also showing

enhanced tensile strength and biodegradability (Figure 3. 7) [169].
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Figure 3. 6: (a) Schematic of PCL/SKL membrane fabrication; removal performance of 9 wt.%
PCL/SKL membrane for (b) reactive red dye/NaCl and (c) reactive red dye/Na;SO4 mixtures; (d)
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long-term operational stability (Adapted from [165]. Licensed under CC BY 4.0).
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Figure 3. 7: (a) Cross-sectional SEM of PCL/MXene membranes; (b) ATR-FTIR spectra (3200—
3500 cm™); (c) antifouling performance; (d) permeate flux over filtration time; (e) rejection
efficiency toward crystal violet dye (Reproduced with permission from [169]. Copyright 2021
Elsevier).

EIPS, in contrast, relies on solvent evaporation to control pore morphology, allowing the formation
of dense, sponge-like, or hollow structures. The use of block copolymers [170] or inorganic fillers
such as ZnO [171], Ag—-MMT (Montmorillonite) [172], and GO—-CuO [173] further strengthens
mechanical properties and imparts functionalities such as antibacterial activity, contaminant
selectivity, and ion removal. ZnO-filled membranes exhibited improved elastic modulus and removal
efficiency for nitrate and cadmium, while Ag—-MMT incorporation enhanced hydrophilicity,
antimicrobial activity, and the removal of heavy metals and anions. Post-treatment of poly(e-
caprolactone)-b-poly(4-vinyl pyridine) (PCL-b-P4VP) membranes with NaOH altered their cross-
sectional morphology from dense to hollow and increased surface hydrophilicity (Figure 3. 8) [170].
Even without such modifications, these membranes achieved high electrodialysis desalination
performance, with a current efficiency of 97.7% at 11.32 mA/cm? over six cycles. However, the
reproducibility of phase-separated membranes may be affected by variations in coagulation
conditions such as temperature and humidity. Additionally, reliance on toxic solvents and the need
for extensive post-treatment steps pose challenges for large-scale manufacturing and environmental

sustainability.
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Figure 3. 8: (a) Schematic of membrane fabrication by EIPS; (b) SEM of membrane surfaces and
cross-sections: M3 (b1-b3) and dM3 (b4-b6); (c) salt flux and removal efficiency; (d) energy
consumption and current efficiencys; (e, f) operational stability over six cycles (M3 and dM3 represent
PCL-b-P4AVP membranes without and with NaOH treatment, respectively) (Reproduced with
permission from [170]. Copyright 2024 Elsevier).

3.3.3 Photocatalyst integration in PCL-based composite membranes

Photocatalytic degradation is a significant application of PCL-based composite membranes, utilising
the polymer’s flexibility and biodegradability as a support matrix for metal oxide catalysts.
Incorporation of photocatalysts such as TiO2, ZnO, Fe;04, MnWO4, and WO3 can enhance membrane
hydrophilicity, mechanical stability, and reusability, while enabling UV- and visible-light-driven

degradation of organic pollutants.

The large surface area and high porosity of electrospun membranes facilitate efficient light absorption
and pollutant contact, enabling high photocatalytic efficiency under both UV and visible light.
Electrospun TiO»-loaded membranes have achieved over 96% degradation of Rhodamine B (RhB)
under visible light [174]. Composites combining PCL with CS [175], PU [176], or
polyhydroxybutyrate (PHB) [177] offer adsorption capability and mechanical reinforcement,
allowing near-complete removal of dyes such as Acid Orange 7 and RhB. Further enhancements have
been achieved through coaxial fibre designs [177], Janus structures [178], and layered hybrids with

rectorite [179] and Fe;04 [177], which contribute to stable photocatalytic performance and separation
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efficiencies exceeding 99% across multiple reuse cycles. However, their broader practical
applicability is constrained by limited structural stability under hydraulic pressure and prolonged

irradiation, as well as by difficulties in achieving scalable, reproducible fabrication.

NIPS and freeze-drying offer complementary benefits for the fabrication of photocatalytic
membranes. By carefully controlling solvent—non-solvent exchange and incorporating photocatalysts,
NIPS membranes exhibit enhanced pore interconnectivity and dye rejection, along with UV-triggered
self-cleaning. Freeze-drying, though less commonly used, enables the formation of highly porous 3D
scaffolds that serve dual roles in adsorption and photocatalysis. These techniques facilitate the
incorporation of TiO, [180], ZnO [181], or MnWO4 [182] into bulk PCL matrices with well-defined
porous structures, enabling high flux, mechanical strength, and dye removal efficiency. NIPS-derived
CA/PCL membranes doped with TiO, or ZnO achieved over 95% rejection of various dyes and
exhibited UV-triggered self-cleaning [180, 181]. Freeze-dried PCL/poly (D, L-lactide) (PDLLA)
membranes loaded with Fe;04@WO3 demonstrated dual-functionality, combining >99% oil-water
separation with 90% RhB degradation under visible light (Figure 3. 9) [183]. Nevertheless, NIPS-
derived membranes typically exhibit lower photocatalytic efficiency than electrospun counterparts
due to limited surface exposure of active sites. Freeze-dried membranes, while highly porous, often
suffer from inferior mechanical strength and limited process control, making them more suitable as

support layers or for batch-mode applications rather than as standalone systems.

To enhance responsiveness under visible light, PCL membranes have also been combined with
advanced semiconductors such as CQDs [184], g-C3N4 [185], and PANI [143]. These additives
improve charge separation and extend the light absorption spectrum, thereby increasing
photocatalytic efficiency. For example, CQD/g-C3N4 composites enabled 96.88% degradation of
Aflatoxin B; within 30 minutes [184]. FElectrospun membranes integrating TiO,/g-C3Ns4
heterojunctions [185] or GO/PANI [143] have shown stable photocatalytic performance with good
reusability. Yu et al. [142] developed a multifunctional tri-mode membrane by integrating GO/PANI
particles onto electrospun PCL substrates (Figure 3. 10a), enabling solar-driven evaporation,
photocatalytic degradation, and electrically driven cross-flow filtration. In solar mode, the membrane
absorbed 97.44% solar energy and achieved a 1.47 kg/m*h evaporation rate (Figure 3. 10d—¢). In

photocatalytic mode, it removed 93.22% of the organic dyes under 1 kW/m? of solar irradiation over
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12 hours (Figure 3. 10f-g). In crossflow filtration mode, it reached 99% dye rejection with stable
flux > 40 LMH (Figure 3. 10h). Such tri-mode membranes highlight the potential of PCL-based

platforms to serve as integrated, high-efficiency systems for water purification.
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Figure 3. 9: (a) Photocatalytic mechanism of the PCL/PDLLA/Fe304@WO3; membrane; (b) SEM of
the membrane; (c) oil-water separation through oil adsorption; (d) oil absorption capacity; (e—i) UV—
vis spectra of RhB, Bright Yellow, Congo Red, and Methylene Blue before/after treatment; (j)

degradation efficiencies of the corresponding dyes (Reproduced with permission from [183].
Copyright 2024 Elsevier).

3.4 Stability, reusability, and environmental impacts

Adsorption is valued for its simplicity and versatility; however, its limited capacity and challenges
in regenerating spent materials restrict its long-term use [186]. For example, MOF@PCL mixed-
matrix membranes fabricated via EIPS maintained dye removal over 10 cycles, but their durability
remained suboptimal [157]. Desorption regeneration is particularly problematic, as the use of strong
acids, alkalis, or organic solvents often leads to membrane degradation and a decline in performance,
thereby limiting practical recyclability. Membrane separation offers high selectivity and effluent
quality, and has been widely applied in industry; however, fouling and pore clogging induce flux
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decline and compromise operational longevity [159]. Enhancing antifouling performance and
developing efficient cleaning strategies are therefore essential. Photocatalysis enables the complete
degradation of pollutants under irradiation and is considered environmentally favourable, but its
application is constrained by limited light responsiveness, catalyst instability, and poor recyclability.
Catalyst leaching, nanoparticle aggregation, and degradation of PCL supports under prolonged

irradiation further hinder stability and scalability.
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solar irradiation; (h) foulant flux and rejection under cross-flow mode; (i) UV spectra of permeate
over three filtration cycles (Adapted from [143]. Licensed under CC BY 4.0).

Although PCL is biodegradable and generally low-toxic, its large-scale use still raises environmental
concerns. Solvent-based fabrication can release volatile organic compounds and generate large
volumes of contaminated wastewater [187]. The membrane industry alone produces over 50 billion
litres of solvent-contaminated wastewater annually, accounting for more than 95% of its total waste

output [188]. At the same time, energy-intensive operations such as UV/visible-light photocatalysis
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increase the carbon footprint [189]. Enhancing material durability and resistance to fouling helps
extend service life, reduce replacement, cleaning, and energy consumption, thereby lowering the
lifecycle footprint. Conversely, harsh chemical cleaning and repeated regeneration generate
concentrated waste streams, while leaching of active additives (e.g., TiO2, ZnO, CNTs) introduces
nanotoxicity risks [190]. Moreover, mechanical abrasion or UV exposure may fragment PCL into

microplastics that persist temporarily in aquatic environments and pose ecological risks [191].

To mitigate these issues, lifecycle assessment should be integrated into design, operation, and
disposal stages. Green fabrication strategies, including the use of sustainable solvents (e.g., formic
or acetic acid) and solvent-free processes (e.g., 3D printing), are recommended. Incorporating solar-
light-responsive photocatalysts and strengthening evaluations of reusability, degradation byproducts,
and system-level toxicity will be essential to ensure environmental safety and energy efficiency [192].
Robust waste management practices and regulatory frameworks are likewise required to minimise

the ecological burdens of large-scale implementation.

Based on current understanding, Figure 3. 11 presents a radar chart comparing five key performance
indicators (stability, reusability, environmental sustainability, industrial translation potential, and
carbon footprint) across adsorption, membrane separation, and photocatalysis approaches.
Membrane separation has seen broader adoption but is hindered by solvent use and the potential for
microplastic generation. Adsorption suffers from inefficient regeneration and reliance on solvents,
limiting its sustainability. Photocatalytic systems are currently constrained by catalyst leaching,

aggregation, and PCL degradation, which limit their performance and scalability.

Stability

Carbon -~

footprint Reusability

Industrial Environmental
translation sustainability
"] Adsorption Membrane separation

Photocatalysis
Figure 3. 11: Radar chart comparing adsorption, membrane separation, and photocatalysis based on
five performance indicators, including stability, reusability, environmental sustainability, industrial

translation, and carbon footprint.

46



3.5 Multifunctional integration and machine learning for

industrial translation

A key direction for advancing PCL-based water treatment is to integrate multiple functions,
adsorption, separation, photocatalysis, and biodegradation, within a unified system to address the
complex composition of wastewater. For example, a tri-modal membrane successfully combined
solar evaporation, photocatalytic degradation, and electrically assisted filtration within a single
substrate [143]. Emerging designs, such as Janus membranes and multilayered architectures, further
enhance functionality by introducing intelligent features, including self-cleaning, pH responsiveness,

and in-situ regeneration.

Most existing studies have been conducted under controlled laboratory conditions, typically focusing
on single-component systems such as RhB, methylene blue, or crude oil. These simplified scenarios
fail to reflect the complexity of actual municipal or industrial wastewater, which often contains a
broad range of interacting contaminants, including pharmaceutical residues, fluctuating pH levels,
high salinity, and biofouling agents. To bridge the gap between laboratory research and practical
application, pilot-scale investigations under real-world conditions are urgently needed. Additionally,
the development of standardised performance evaluation protocols is essential for enabling

meaningful comparisons and guiding future material optimisation.

The integration of digital technologies represents a transformative opportunity. High-performance
computing (HPC), automation, and ML can accelerate material discovery and application [193].
High-throughput screening (HTS) and robotic platforms facilitate rapid synthesis and testing, while
ML models can identify structure—performance relationships and optimise fabrication parameters.
For example, physics-informed ML frameworks have successfully screened 2D materials for the
removal of per- and polyfluoroalkyl substances (PFAS). They may be adapted to predict PCL
membrane performance in heavy metal remediation [194]. Toolkits such as Materials Simulation
Toolkit for Machine learning (MAST-ML) help lower the entry barrier for deploying predictive
models [195]. Ensuring data quality, model interpretability, and reproducibility remains essential.
The convergence of ML with sensor networks and Internet of Things (IoT) infrastructure will enable

real-time, responsive treatment systems tailored to dynamic environmental conditions [196].
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Ultimately, the synergistic deployment of HPC, automation, and ML offers a promising pathway for
scaling up PCL-based technologies, ensuring their robustness and sustainability in next-generation

water treatment.

3.6 Conclusions

PCL-based materials offer a versatile and sustainable platform for water treatment, integrating
biodegradability, structural tunability, and compatibility with various functional components.
Advances in fabrication techniques, such as electrospinning, NIPS, EIPS, freeze-drying, and 3D
printing, have enabled the development of PCL-based materials with tailored porosity, wettability,
and mechanical properties. Through material modifications and structural design, significant
progress has been made in enhancing adsorption capacity, improving separation efficiency, and

increasing photocatalytic activity.

However, several limitations still hinder the development of large-scale applications. These include
limited long-term stability under hydraulic stress and irradiation, insufficient data on reusability and
pollutant desorption, and reliance on toxic solvents or energy-intensive processing. Additionally,
most studies are confined to single-contaminant systems under ideal laboratory conditions, lacking
validation in real wastewater scenarios. To overcome these challenges, integrating digital
technologies, such as HTS, ML, and IoT-enabled monitoring, offers significant potential to accelerate
the design, optimisation, and implementation of PCL-based water treatment systems. When
combined with advances in green fabrication techniques and comprehensive lifecycle sustainability
assessments, these approaches can facilitate the transition of PCL-based composites from laboratory-

scale prototypes to scalable, multifunctional platforms for sustainable water purification.
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CHAPTER 4

4 General materials and methods

4.1 Experiment with raw materials

4.1.1 Raw materials in cell culture experiments

Three PCL samples purchased from Sigma-Aldrich (UK) with different average MW were used. The
measured values and designations were 38600 g/mol (Low molecular weight, LMW), 83700 g/mol
(Medium molecular weight, MMW), and 96700 g/mol (High molecular weight, HMW). Acetic acid
(AA) and formic acid (FA) were also purchased from Sigma-Aldrich (UK) as solvents for fabricating
PCL scaffolds. Phosphate Buffer Saline (PBS) and Dulbecco's Modified Eagle Medium (DMEM)
were obtained from Thermo Fisher Scientific (UK). Penicillin, fetal bovine serum (FBS), ethanol
(70%), trypsin, bovine serum albumin (BSA), 4',6-diamidino-2-phenylindole (DAPI), isopropanol,
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (UK). The Phalloidin-iFluor 488 reagent (ab176753) was obtained from Abcam (UK).

NCTC clone 929 (L929) was obtained from the American Type Culture Collection (USA).

4.1.2 Raw materials in oily water filtration experiments

The PCL (sample in MMW) and PMMA (average MW of 120,000 g/mol) were purchased from
Sigma-Aldrich (UK). Acetic acid and formic acid were also obtained from Sigma-Aldrich (UK) as
solvents for fabricating the PCL membranes for the top and bottom layers. Dimethylformamide
(DMF) and dichloromethane (DCM) were obtained from Thermo Fisher Scientific (UK) and used as

solvents for PMMA and PCL in the middle layer, respectively. n-hexadecane (purity >95%), ethanol
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(100%), the zwitterionic surfactant [2-(Methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl)

ammonium hydroxide (DMAPS), and Coumarin 6 dye were also ordered from Sigma-Aldrich (UK).

4.2 Electrospinning of PCL-based materials

Before electrospinning, the prepared solution was loaded into syringes fitted with 26 G spinnerets
(inner diameter of 0.25 mm). A high-voltage source (Series ES, Gamma High Voltage, USA)
connected to a low-voltage safety switch unit was used to supply the electrospinning voltage of 15
kV. The jets were ejected from the tips of spinnerets towards a vertical collector (15 cm x 15 cm).
The KDS 100 Legacy Single Syringe Infusion Pump (KD Scientific, USA) fed solutions in syringes
to the spinneret tips at different flow rates. All the fibrous membranes were collected on aluminium

foils and peeled off after drying overnight at ambient temperature.

4.3 Cell culture experiments

Cell culture experiments were performed to evaluate the biocompatibility and cell-scaffold
interactions of PCL electrospun nanofibrous membranes using L929 fibroblast cells. Figure 4. 1
illustrates the process of cell thawing and subculture. Briefly, cryovials were removed from liquid
nitrogen and immediately placed in a 37 °C water bath for rapid and uniform thawing to minimise
thermal shock and cell damage. Once the ice had melted entirely, the cell suspension was transferred
into a centrifuge tube containing pre-warmed complete DMEM to dilute the cryoprotectant (dimethyl

sulfoxide, DMSO).

The mixture was then centrifuged to remove DMSO, after which the supernatant was discarded, and
the cell pellet was resuspended in fresh pre-warmed medium. The recovered cells were subsequently
transferred into culture flasks and placed in a CO; incubator (37 °C, 5% CO», 95% relative humidity)
for recovery and proliferation. Once the cells reached approximately 80—90% confluence, they were
subcultured into new flasks for further expansion. These steps ensured that healthy, metabolically

active cells were obtained for the subsequent scaffold-seeding experiments.
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Figure 4. 1: The process of cell thawing and subculture.

The culture process of L929 cells on PCL electrospun nanofibrous scaffolds is shown in Figure 4. 2.
Before cell seeding, the electrospun PCL mats were cut into 16 mm-diameter discs (well diameter of
24-well plates), and the peripheral regions were trimmed to ensure uniform thickness and consistent
fibre morphology across all samples. To ensure sterility, the scaffolds were immersed in 70% ethanol
for 30 min under aseptic conditions, followed by three rinses with pre-warmed phosphate-buffered
saline (PBS) to remove residual ethanol and restore physiological osmotic balance. L929 cells were
maintained in DMEM supplemented with 10% FBS and 1% penicillin—streptomycin (Pen-Strep),

which provides essential nutrients and prevents bacterial contamination.

For seeding, a cell suspension (2 x 10* cells/mL) was carefully dispensed onto each scaffold placed
in 24-well culture plates. The plates were then incubated in DMEM media at 37 °C in a humidified
atmosphere with 5% CO», which supports optimal cell adhesion and proliferation on the nanofibrous
matrix. The culture medium was replenished every two days to sustain nutrient levels and remove
metabolic byproducts. The 2D control group was prepared under identical conditions, except that
tissue-culture polystyrene (TCP) plates were used instead of PCL scaffolds. This allowed for a direct
comparison between conventional 2D culture and the 3D nanofibrous environment provided by the
electrospun scaffolds. The cell culture experiments were conducted with technical assistance from

Dr. Ross Carnachan (formerly affiliated with the Department of Engineering, Durham University).
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Figure 4. 2: The culture process of L929 cells on PCL electrospun nanofibrous scaffolds.

4.4 Oil/water emulsion preparation and filtration

4.4.1 Emulsion Preparation

A fresh and stable oil/water emulsion was prepared before each filtration experiment to ensure
reproducibility of results, as shown in Figure 4. 3. The oil phase (n-hexadecane) was dyed using
Coumarin 6 (5 mg dye per g of oil) to enhance visual observation during filtration. As the dye tends
to bleach over time, the coloured n-hexadecane should be freshly prepared before each filtration
experiment. The mixture was ultrasonicated for 10 min to achieve uniform dye dispersion, then

filtered through Millipore paper to remove undissolved residues.

Separately, 1 g of zwitterionic surfactant (DMAPS) was dissolved in 1 L of DI water using a
laboratory high-shear mixer operating at 15,000 rpm for 4 min, ensuring complete dissolution. The
coloured oil was subsequently added to the surfactant-containing aqueous phase and further
emulsified at 15,000 rpm for 10 min to obtain a uniform, stable emulsion. The resulting emulsion
exhibited a narrow and approximately normal distribution of oil droplet sizes, providing a
reproducible model system for membrane filtration. Although the emulsion remained stable over
several hours under quiescent conditions, it was used immediately after preparation to minimise

gradual phase separation and dye oxidation during storage.
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Figure 4. 3: Preparation process of oil/water emulsion.

4.4.2 Filtration experiments

Oil/water separation experiments were conducted using a pressurised crossflow filtration rig as
illustrated in Figure 4. 4. This configuration allows for continuous tangential flow over the membrane
surface, reducing fouling and providing more representative conditions than conventional dead-end
setups. Prior to testing, cold-pressed membrane samples (7.5 cm % 5.0 cm) were immersed in 100%
ethanol for 1 hour to thoroughly wet and degas, then rinsed with DI water to remove residual ethanol.
Each membrane was mounted at the centre of the filtration cell, fully covering the effective filtration
area (7 cm x 4.5 ¢cm, 31.5 cm?). The cell was then sealed with six sets of bolts and connected to the

crossflow circuit using flexible tubing.

During operation, the oil/water emulsion was circulated across the membrane surface under a feed
pressure of 0.5 MPa, a value determined to provide stable flow and measurable permeate flux without
causing mechanical deformation of the membrane. The permeate was continuously collected on an
electronic balance (ME4002, Mettler Toledo, USA), with mass data automatically recorded every 30
seconds for flux calculations. Oil droplets larger than the membrane pores were retained on the feed
side, forming a concentrated retentate, while water permeated through, demonstrating effective

oil/water separation.
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Figure 4. 4: The Schematic 3D diagram of the crossflow filtration unit.

4.5 Common characteristics analysis in cell culture and water

treatment

4.5.1 Viscosity

Solutions' viscosity was measured using a rotational rheometer (Pro Rotational Rheometer,
KINEXUS, UK). A CP4/40 SR5862 cone-plate geometry was employed, and the shear rate was set

at 100 s™! for all measurements.

4.5.2 Morphology analysis

The morphology of the PCL-based composite electrospun nanofibre materials was examined using
an SEM (Zeiss Evo 10, Carl Zeiss Microscopy Ltd., Germany) operated at an accelerating voltage of
12 kV. Before imaging, the membranes were coated with a 17 nm gold layer to enhance surface
conductivity and minimise charging effects. The fibre diameters, pore sizes, and porosity of the
scaffolds were measured in SEM images using ImageJ. Average values and standard deviations were

calculated based on the measurement results.

The thickness of the electrospun membranes used for mechanical testing was typically 80-200 um,
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depending on the electrospinning duration. The thickness was measured using a high-precision
calliper (CCMA-M, TESA Technology, Switzerland) with a precision of up to 0.001 inch (25.4 pm).
A microscope was first used to measure membrane thickness. It turned out rather challenging to
prepare cross-sectional samples by scissor-cutting. The resulting compression from scissors would
collapse the cross-section into a narrow line, leading to an underestimation of thickness. To preserve
this, cryo-fracturing was then tried by rapidly freezing the membranes with liquid nitrogen. However,
the resulting cross-sections from cryo-fracturing were often irregular or distorted, making it difficult
to achieve a focused field with sufficient depth for reliable measurements under the microscope.
Given these limitations, the high-precision calliper was ultimately adopted, as it is simple yet
provides adequate accuracy for samples of this thickness range. To minimise compression effects
during measurement, only a moderate contact force was applied when using the calliper. Thickness
measurements were performed at three different positions on each membrane, and the mean value
was recorded. The triplicate measurements showed a variation of + 5%, confirming that the calliper

resolution provided adequate precision for comparative analysis.

The volumetric porosity of the electrospun membranes was also determined. Membranes (7.5 cm X
5 cm), after ethanol treatment, were immersed in DI water for 24 hours. Lint-free wipes gently
absorbed excess surface water, and the weight of the wet membranes was measured by a high-
precision electronic balance (XS104, Mettler-Toledo International Inc., Switzerland). The wet
membranes were then dried in a vacuum oven at 40 °C for 24 hours, and the dry weight was measured.
The volumetric porosity (¢) of the electrospun membranes was calculated by the following Eq. (1)
[197]:

W, W,

=——<—x100
¢ dWxAXEX M

where ¢ is the volumetric porosity of the electrospun membranes (%); W, and Wy are the weight of
the wet and dry membranes (g), respectively; 4 is the effective area of membranes (cm?); J is the

thickness of wet membranes (cm); and d is the density of water at room temperature (1 g/cm?).

The average pore radius (7, nm) of the membranes was calculated based on the Guerout-Elford-Ferry

equation as illustrated in Eq. (2) [159]:
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where d is the fibre diameter of the membrane.
4.5.3 Hydrophilicity

The surface wettability of electrospun membranes was evaluated by measuring the WCA, as it plays
a crucial role in determining interfacial interactions in both biomedical and environmental
applications. In tissue engineering, an appropriate level of hydrophilicity promotes nutrient
penetration and facilitates cell adhesion, proliferation, and differentiation on the scaffold surface. In
water treatment, hydrophilic surfaces help form a hydration layer that suppresses the adhesion of oils

and contaminants, thereby enhancing antifouling performance and maintaining water permeability.

The WCA was measured using a sessile drop instrument (Model 260 Goniometer/Tensiometer, ramé-
hart Instrument Co., USA). A 15 pL droplet of DI water was dispensed onto the membrane surface
using a manual micropipette (F151305, Scientific Laboratory Supplies Ltd., UK). The evolution of
the droplet was recorded using uEye Cockpit software, and the static contact angle (8) was analysed
by ImagelJ software. Each membrane sample was measured three times, with average values and
standard deviations calculated. A smaller WCA (< 90 °) corresponds to higher surface energy and
improved hydrophilicity, facilitating nutrient penetration and cell growth in tissue engineering and
enhancing antifouling and water permeability in water treatment. Conversely, a larger WCA (> 90 ©)

indicates a hydrophobic surface with lower water affinity.

4.6 Specific analysis in cell culture experiments

4.6.1 MTT cell proliferation assay

The MTT method was used to measure absorbance and determine cell viability after 1, 3, and 7 days.
The stale media was discarded, and then 400 pl of fresh media and 100 pl of MTT solution were
added to each well. After 3 hours of incubating, the mixed solution was carefully removed, leaving

the purple crystals behind. Then, 500 pl of isopropanol was added to each well and shaken for 30
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minutes to dissolve all formazan crystals. 100 pL of dissolved purple solution was transferred from
each well to a 96-well plate. The absorbance values were measured at 570 nm in a microplate reader
(Synergy™ H4 Hybrid, Thermos Fisher Scientific, UK). Cell viability was compared between the

3D and 2D control groups. Each test was replicated 3 times.

4.6.2 Immunostaining

To estimate cell adhesion and proliferation on/in the scaffolds, Laser Scanning Confocal Microscopy
(LSCM) was performed on the 3™ and 7" days of the culture period. After discarding the media, the
samples were washed with PBS and fixed in 4% paraformaldehyde overnight at 2 °C in the fridge.
Then, the samples were washed twice in PBS, incubated in permeabilisation solution (0.1% w/v
Triton X-100 in PBS) and blocking buffer (1% BSA and 0.1% w/v Triton X-100 in PBS) for 60
minutes. Next, the samples were incubated with the Phalloidin-iFluor 488 Reagent (ab176753) at
1/1000 for 3 hours. Labelled constructs were washed and counter-stained with DAPI (1/1000 dilution
in blocking buffer) for 3 hours. Finally, the samples were mounted onto slides and analysed using the

LSCM (Zeiss 800 LSCM, Carl Zeiss Microscopy Ltd, Germany).

4.6.3 Cellular morphology

After 3 and 7 days of cell culture, SEM was used to survey cell adhesion and proliferation on/in the
PCL scaffolds. The samples were removed from the incubator, and the media in each well was
discarded. Each scaffold was rinsed with PBS 3 times to remove nonadherent cells, then fixed in 4%
formalin solution overnight at 4 °C for cell growth imaging. The constructs were washed in PBS and
dehydrated with graded ethanol concentrations (30, 50, 70, 80, 90, and 100%). The ethanol was then
replaced with t-butanol and stored at 2 °C until t-butanol solidifies. After that, the constructs were
stored in dry ice overnight, then freeze-dried for 24 hours. Finally, the samples were sputter-coated

with gold (thickness 15 nm) and observed through SEM, as mentioned in Section 4.5.2.
4.7 Specific analysis in oily water filtration experiments

4.7.1 Combined FTIR-DSC analysis

The chemical composition of samples was analysed using a PerkinElmer Frontier Fourier Transform
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infrared spectroscopy (FTIR) spectrometer equipped with a Specac Quest attenuated total reflectance
(ATR) accessory featuring an extended-range diamond puck. Each sample was scanned in the mid-
infrared range from 4000 to 400 cm™ at a resolution of 4 cm™!. Thermal behaviour was analysed using
a PerkinElmer DSC 8500 differential scanning calorimeter operated under a helium purge
atmosphere (CP grade, 20 mL/min). Both heating and cooling were conducted at 10 °C/min over the
temperature range from —80 to 250 °C. The combined FTIR and DSC analysis was employed to
assess potential interactions or compatibility between PCL and PMMA in the fabricated membrane

samples.

4.7.2 Mechanical properties

The mechanical properties of electrospun membranes were analysed using a universal testing
machine (ElectroForce® 3200 Series III Test Instrument, TA Instruments, USA) at a crosshead speed
0f 0.05 mm/s. Dog-bone-shaped specimens in the size of 6 X 15 mm were prepared for testing. Stress-
strain curves were obtained, from which the elongation at break, tensile strength, and Young’s

modulus of fabricated membranes were determined.

4.7.3 Dynamic light scattering

All oil-water emulsion samples were characterised for droplet size distribution using dynamic light
scattering (DLS, Malvern Instruments, UK). Approximately 5 mL of each emulsion was drawn into
a syringe and carefully transferred into a folded capillary zeta cell, ensuring complete filling without
air bubbles. The cell was then inserted into the instrument. Measurements were performed in
automatic mode, with three consecutive runs of 120 seconds per sample. The average droplet size

was used as an indicator of the dispersion state and emulsion stability.

4.7.4 Pure water filtration test

The pure water fluxes (PWF) were measured in real-time at a pressure of 0.5 MPa and calculated

using Eq. (3) [169]:

V
J= 3
Tx A @

where J is the flux of pure water (L/m?/h, LMH); V is the real-time volume (L); 7 is real-time (h);
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and A is the effective area of membranes (fixed at 0.00315 m? in this work)

4.7.5 Oil/water emulsion separation test

The performance of the membranes for oil/water emulsion separation was tested by short-term
multicycle filtration experiments following the procedure: (1) PWF (J) was first measured for 15
minutes; (2) the pure water was replaced with oil/water emulsion, and emulsion filtration was
conducted for 15 minutes with the flux of oil/water emulsion (J;) calculated; (3) the fouled membrane
was then rinsed with DI water to remove the cake layer. This sequence was considered as one
filtration cycle. In the second cycle, pure water was filtered again, and the resulting flux was recorded
as J». Each filtration test was conducted for 3 consecutive cycles and repeated 3 times. The flux
decline rate (FDR) and flux recover rate (FRR) were calculated using Eqs. (4) and (5), respectively

[159]:

FDRz(l—%jxlOO (4)

FRR = (%jx 100 5)

The percentage of oil rejection was calculated based on Eq. (6) [198]:

C
R=| 1-—|{x100 (©6)
C

where R is the percentage of oil rejection (%); Cp and Crare the concentration of oil in the permeation

and feeding (%), respectively.

The oil/water emulsion separation performance was also evaluated through long-term filtration
experiments: distilled water was filtered for 15 minutes, then the oil/water emulsion for 60 minutes,
and finally distilled water for another 15 minutes. The same parameters were calculated using Eqs.

(4-6).

4.8 Integration of image processing and ANN modelling
An integrated, data-driven workflow combining automated image processing with ANN modelling
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was developed to enable high-throughput, accurate prediction of fibre morphology across diverse
electrospinning conditions. This approach significantly reduced experimental workload and material
consumption. The overall workflow is illustrated in Figure 4. 5. Initially, image processing was
performed to extract fibre-diameter data from SEM images obtained under systematically varied
fabrication parameters. The extracted data were then used to train and validate an ANN model
capable of predicting fibre diameters for unseen parameter combinations. This integrated strategy not
only facilitates the design and optimisation of electrospun PCL fibres but also provides a

generalisable framework for morphological prediction in a wide range of fibrous material systems.
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o A total of 140 data
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e A promising strategy for the design and optimization of PCL electrospun fibres
o A broadly applicable framework for morphological prediction of fibrous materials

Figure 4. 5: The workflow of the integrated image processing-ANN model for prediction and
analysis of fibre diameter of electrospun PCL membranes.

Electrospun membranes were characterised using SEM to assess their morphological features. To

benchmark the accuracy and consistency of fibre diameter measurements, three approaches were
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compared: two automated image-processing programmes, namely DiameterJ (a plugin in Imagel/Fiji)
[35] and SIMPoly (a programme in MATLAB) [36], which automatically identify and measure fibre
diameters from SEM micrographs, and a manual measurement method using the Line tool in
Imagel/Fiji, where individual fibres are selected and measured manually one by one. An SEM image
of commercial 53-gauge steel wire with a known diameter of 16.7 + 0.1 um was used as a reference,

as shown in Figure 4. 6.

ST

Figure 4. 6: The SEM image of 53-gauge steel wire.

4

4.8.1 DiameterJ plugin and SIMPoly programme

The SEM image of the 53-gauge steel wire was analysed using both the Diameter] plugin and the
SIMPoly programme to evaluate the accuracy and consistency of automated fibre diameter
measurements. The algorithmic workflow of Diameter] is illustrated in Figure 4. 7. Diameter]
analyses the segmented SEM image through a sequence of centreline tracing, intersection removal,
and iterative correction steps to compute fibre diameter, orientation, intersection density, and mesh
hole characteristics. In contrast, Figure 4. 8 illustrates the SIMPoly workflow, where SEM images
are processed sequentially via histogram equalisation, morphological reconstruction, global
thresholding, and Canny edge detection, followed by noise removal and edge refinement to obtain a
binary image. The programme then traces the fibre centrelines and automatically generates the

diameter distribution.

While both tools perform automatic diameter extraction from SEM images, they differ substantially
in their implementation platforms, image segmentation strategies, and workflow flexibility, as

summarised below.
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i) Operating platform and image segmentation strategy. DiameterJ is implemented as a plugin for

Imagel/Fiji. For each SEM image, multiple built-in thresholding algorithms (e.g., Default, Mean,

Otsu, Triangle, Li) are automatically applied to produce a series of binary segmentations. Users then

visually inspect the results and select the segmentation that best distinguishes fibres from the

background for subsequent analysis. This approach ensures robust adaptability across images with

varying brightness or contrast. In contrast, SIMPoly is a MATLAB-based script that executes a fixed

sequence of image-processing operations, including contrast enhancement through contrast-limited

adaptive histogram equalisation, morphological reconstruction, global thresholding, and edge

refinement. The entire segmentation process is automated and consistent across samples, but lacks

user control for adaptive selection.
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Figure 4. 7: Workflow diagram of the Diameter]J fibre analysis algorithm (Reproduced with

permission from [35]. Copyright 2015 Elsevier).

ii) Diameter extraction method. Diameter] provides two built-in algorithms for fibre diameter

estimation: the Super-Pixel method, which computes the mean diameter by dividing the total fibre

area by the total centreline length, and the Histogram method, which overlays the fibre skeleton on
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the Euclidean distance map to calculate per-pixel radii, followed by Gaussian fitting. SIMPoly, on
the other hand, performs skeletonisation using axial thinning and computes local diameters via
distance transforms applied to the skeleton pixels. A histogram is then constructed from doubled
skeleton distances, and a single Gaussian peak is fitted to obtain the average fibre diameter.
Additionally, SIMPoly generates a colour-coded diameter map that visualises the spatial variation in

fibre size.

ii1) Workflow control and analytical throughput. Diameter] offers user interaction in segmentation
selection and provides additional structural metrics such as fibre orientation, pore size, and porosity.
It also supports batch processing, enabling high-throughput analysis of large image datasets. In
contrast, SIMPoly follows a rigid, one-image-at-a-time workflow, offering full automation but lower
flexibility and throughput. In summary, DiameterJ provides greater flexibility and structural analysis
options through a semi-automated, user-guided workflow. In contrast, SIMPoly delivers a fully

automated but more rigid image-processing sequence suitable for single-image analysis.
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Figure 4. 8: Workflow diagram of the SIMPoly fibre analysis algorithm (Adapted from [36].
Licensed under CC BY 4.0).
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4.8.2 Manual measure using the line tool

The Line tool in Imagel/Fiji software was used to manually measure fibre diameters in an SEM
image of 53-gauge steel wire. After calibrating the scale bar, lines were drawn across the fibre cross-
sections using the Line tool (see Figure 7. 2a), with efforts made to ensure perpendicularity to the
filament axis. All measured segments were recorded using the ROI Manager, and their lengths were
taken as the corresponding fibre diameters. 150 filament segments were randomly selected and
measured to calculate the average fibre diameter. The manually measured results were compared
with those obtained using the Diameter] plugin and the SIMPoly programme to assess consistency

and accuracy across different analysis methods.

4.8.3 ANN model

An ANN was employed to establish a quantitative relationship between electrospinning parameters
and the resulting fibre diameter. The detailed construction, training, and validation procedures of the

ANN are presented in Section 7.2.

The multilayer perceptron (MLP) is the most fundamental and widely used neural network
architecture in ANN models [199]. An MLP consists of an input layer, one or more hidden layers,
and an output layer, responsible for receiving original feature inputs, extracting and transforming
features, and generating prediction outputs, respectively [200]. The network operates in a
feedforward manner, where the output of one layer serves as the input to the next layer, continuing
sequentially until the final output is obtained. To enable nonlinear mapping and prevent gradient
vanishing, activation functions such as Sigmoid, Tanh, or ReLU are commonly applied in the hidden
layers. The backpropagation (BP) algorithm is a widely used and effective nonlinear statistical
method for calculating the weights and biases of neurons [201]. During the learning process, the BP
algorithm iteratively updates the weights and biases based on the difference between the predicted

and actual values until the optimal performance is achieved [202].

A MATLAB-based MLP network (Neural Network Toolbox) was independently constructed and
trained. The network comprised an input layer, a single hidden layer with 10 neurons, and an output

layer, and was trained using the BP algorithm with the Levenberg—Marquardt optimisation method.
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An adaptive learning rate and early-stopping strategy were introduced to enhance convergence and
prevent overfitting. Four electrospinning parameters, including polymer molecular weight, solution
concentration, feed flow rate, and tip-to-collector distance, served as input variables, while the
experimentally obtained average fibre diameter was set as the output variable. The dataset was
randomly divided into training (70%), validation (15%), and testing (15%) subsets to ensure
generalisability. The training was repeated with different random initialisations to confirm stability,
and model performance was assessed using the mean squared error (MSE) and coefficient of
determination (R?). A schematic of the ANN architecture (Figure 7. 1) and its mathematical
formulation (Egs. (7-8)) are provided in Section 7.2. Overall, the ANN serves as a predictive tool to
capture nonlinear correlations among the electrospinning parameters and to guide process

optimisation.
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CHAPTER 5

5 Electrospun PCL scaffolds for tissue

engineering

Abstract

Electrospun PCL nanofibrous scaffolds closely mimic the ECM, offering significant potential for
tissue engineering. However, precise morphological control remains essential. In this section,
scaffold morphology was systematically optimised by adjusting molecular weight, solution
concentration, and flow rate during electrospinning. Bead-free fibres with suitable pore sizes and
porosity were achieved using medium- and high-MW PCL. In vitro assays with L.929 fibroblasts
confirmed enhanced cell adhesion, proliferation, and spreading on the optimised scaffolds. Notably,
an unexpected interaction between PCL and MTT assay reagents was observed, suggesting potential
artefacts in standard viability measurements. Although the morphological features were improved,
the intrinsic hydrophobicity remained a limitation, highlighting the need for surface modification or
blending with biomass-derived polymers to enhance hydrophilicity and biocompatibility, thereby

supporting broader applications in regenerative medicine.

5.1 Introduction

The development of electrospun nanofibrous scaffolds has revolutionised tissue engineering by
enabling the fabrication of biomimetic structures that closely resemble the ECM. Their high porosity
and interconnected nanofibre networks provide favourable environments for cell attachment,
proliferation, and nutrient exchange. Among various polymers, PCL is one of the most widely used
synthetic materials due to its biocompatibility, mechanical robustness, and slow hydrolytic
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degradation under physiological conditions, which make it suitable for long-term implantation and

regenerative applications [203].

Polymer molecular weight (MW) plays a key role in influencing electrospinning behaviour and
membrane morphology. Gel permeation chromatography (GPC) analysis is strongly recommended
before electrospinning to verify the actual MW of commercial PCL polymers, yet it is frequently
overlooked. Significant discrepancies were observed between the labelled and measured MW values
of purchased PCL batches. For example, a batch produced in 2014 and labelled as M,, of 80,000
g/mol was found to have degraded to 38600 g/mol, likely due to long-term humid air exposure. Even
two recent batches from 2021, both labelled as 80,000 g/mol, showed measured M,, values of 83700
and 96700 g/mol, respectively. Such deviations are critical, as MW governs the viscosity, chain
entanglement density, and surface tension of polymer solutions, thereby affecting Taylor cone

formation, jet stability, and ultimately fibre morphology during electrospinning.

Despite its fundamental importance, the influence of PCL molecular weight on scaffold
microstructure and resulting biological performance has limited systematic investigation.
Furthermore, while many studies have attempted to improve PCL’s biocompatibility through polymer
blending, copolymerisation, or surface functionalization as summarised in Section 2, these composite
modifications introduce additional variables that obscure the intrinsic structure—property
relationships. Therefore, in this section, pure PCL was deliberately chosen as a model system to
provide a clear and quantitative understanding of how molecular weight, solution concentration, and

feed flow rate affect electrospinning behaviour and scaffold properties.

The fabricated nanofibrous scaffolds were characterised using SEM to analyse morphology (fibre
diameter, pore size, and porosity). The solution viscosity was measured to determine its dependence
on both MW and concentration, and WCA was used to evaluate surface wettability and assess
scaffold hydrophilicity. To elucidate cell-scaffold interactions, L929 fibroblasts were cultured on
PCL scaffolds, with TCP as a 2D control. Cell viability, attachment, and morphology were assessed
using MTT assays, LSCM, and SEM. This systematic investigation aims to elucidate the fundamental
relationships among PCL molecular weight, electrospinning parameters, and scaffold architecture,
thereby establishing a reproducible baseline for the rational design and optimisation of PCL-based

composite or surface-modified scaffolds in future tissue engineering applications.
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5.2 Preparation of electrospun scaffolds

A schematic diagram of the electrospinning setup is shown in Figure 5. 1, and the experimental design
for PCL solution preparation is summarised in Table 5. 1. For low molecular weight (LMW) PCL,
solutions were prepared at concentrations of 20%, 30%, and 40% w/v. For medium (MMW) and high
molecular weight (HMW) PCL, solutions were prepared at 15%, 20%, 25%, and 30% w/v. To obtain
homogeneous solutions, PCL particles were dissolved in a solvent mixture of acetic acid and formic
acid (AA/FA, 3:1 v/v) and stirred overnight using a magnetic stirrer (Thermo Cimarec Stirring
Hotplate SP131635, The Lab World Group, USA). Electrospinning was performed under ambient
atmospheric conditions. Each solution was loaded into a 5 mL plastic syringe equipped with a
metallic spinneret (inner diameter: 0.25 mm). A high-voltage power supply (Series ES, Gamma High

Voltage, USA) integrated with a safety switch unit applied 15 kV during electrospinning.

——

PCL pellets

Acetic acid : Formic D —
acid=3:1 \IIHIII\I

< = [

Magnetic stirring PCL solution Electrospinning

Figure 5. 1: Schematic diagram of the electrospinning setup for the fabrication of PCL nanofibrous
scaffolds.

The polymer jet was directed from the spinneret tip toward a vertically mounted copper collector (15
cm % 15 cm) covered with aluminium foil, located 15 cm from the tip, a typical distance that allows
sufficient solvent evaporation before fibre deposition. The PCL solution was delivered using a KDS
100 Legacy Single Syringe Infusion Pump (KD Scientific, USA) at controlled flow rates of 0.8, 1.5,
or 2.3 mL/h. Following electrospinning, the resulting PCL nanofibre scaffolds were carefully
removed from the foil and air-dried overnight at room temperature. For clarity, samples were labelled
by molecular weight, solution concentration, and flow rate. For example, "LMW-20%-1.5" refers to

a scaffold fabricated from a 20% w/v LMW solution at a flow rate of 1.5 mL/h.
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Table 5. 1: Experimental design summary for the preparation of PCL solutions with varying MWs,

concentrations, and flow rates.

Molecular weight ~ Solution concentration Flow rate
(g/mol) (% w/v) (ml/h)
20 1.5
38600 30 1.5
40 1.5
15 1.5
20 1.5
25 0.7
83700
25 1.5
25 23
30 1.5
15 1.5
20 0.7
20 1.5
96700
20 2.3
25 1.5
30 1.5

5.3 Results and discussion

5.3.1 Viscosity

As shown in Figure 5. 2, the viscosity of the PCL solutions increased with both polymer
concentration and molecular weight. This trend is expected because higher-molecular-weight
polymers contain longer chain segments that become more easily entangled as the solution
concentration increases. At lower concentrations (e.g., MMW-15%), the chains were only weakly
entangled. When the concentration increased to 25%, the chains overlapped and formed a transient
network that resisted shear deformation, leading to a sharp increase in viscosity. The difference

between MMW-15% (0.190£0.011 Pa-s) and MMW-25% (1.058 £ 0.065 Pa-s) clearly illustrated
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this transition, while HMW-25% reached the highest viscosity (~ 2.24 Pa-s), reflecting its greater

chain length and entanglement density.
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Figure 5. 2: Influence of molecular weight and solution concentration on viscosity of PCL solutions

measured at 25 °C and a shear rate of 100 s™!.

Although only one LMW sample was tested due to material limitations, the data still showed a
coherent trend that supported the general relationship among molecular weight, concentration, and
viscosity. Similar observations have been reported in previous studies on electrospinning-grade PCL
solutions [204, 205]. These results also explain the subsequent fibre morphologies presented in
Section 5.3.2. Solutions with very low viscosity (such as LMW-20% and MMW-15%) tend to
produce unstable jets and bead formation, whereas the more viscous formulations (MMW-25% and

HMW-25%) provide better jet stability and continuous fibre formation.

The viscosity values in Figure 5. 2 define a practical processing window for the present work, that
is, below approximately 0.5 Pa-s, the solution is too fluid for stable spinning. In contrast, beyond
about 2 Pa-s, the jet becomes difficult to stretch, potentially resulting in thicker fibres. The selected
MMW-25% and HMW-20% samples, therefore, represent a balanced condition that ensures
continuous fibre formation and good structural uniformity, as confirmed in the following section on

scaffold morphology.

5.3.2 Morphology of nanofibre scaffolds

Figure 5. 3-Figure 5. 5 collectively illustrate how the molecular weight and concentration of PCL

solutions determine the morphology, uniformity, and structural parameters of the electrospun
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scaffolds. Under identical spinning conditions (1.5 mL/h flow rate, fixed voltage, and temperature),
the micrographs in Figure 5. 3 revealed a gradual transition from bead-dominated structures to
smooth and continuous fibre networks as the viscosity of the precursor solutions increased. At low
viscosities, particularly in LMW and low-concentration solutions, insufficient polymer chain
entanglement led to unstable jet formation and droplet ejection rather than continuous fibre spinning.
This phenomenon, known as electrospray, produces bead-like or droplet morphologies that disrupt
scaffold continuity [206]. As polymer concentration and MW increase, the enhanced chain overlap
and viscoelasticity stabilise the jet, allowing smooth elongation of the polymer stream and uniform
fibre deposition [207]. This morphological evolution directly mirrors the rheological behaviour
described in Figure 5. 2 and reflects the crucial role of chain entanglement in sustaining a stable

polymer jet during electrospinning.

For low-viscosity LMW solutions, the jet lacked sufficient elasticity to resist surface tension, leading
to extensive bead and droplet formation. The images of LMW-20% (Figure 5. 3a) clearly showed
thin fibres interspersed with spherical beads, while LMW-30% and LMW-40% (Figure 5. 3b and c)
exhibited fewer beads but still displayed irregular fibre diameters and discontinuities. Quantitative
analysis (Figure 5. 5a) confirmed this instability: the mean fibre diameter increased from 118 + 35
nm at 20% to 188 + 95 nm at 40%, accompanied by bead distribution suggesting that the jet oscillated
frequently between electrospray and true electrospinning regimes. Correspondingly, the pore size
distribution (Figure 5. 4b) showed a gradual upward shift but remained heterogeneous, consistent
with the irregular spacing observed in SEM. These results indicated that even at high concentrations,
LMW PCL lacked the molecular chain length required to form an interconnected entanglement
network. Bead defects persisted throughout, severely limiting the scaffolds' structural integrity. Such
discontinuities are undesirable in tissue engineering because they lead to uneven stress distribution
and disrupted cell attachment, often resulting in poor proliferation and migration on the scaffold

surface [208].
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Figure 5. 3: SEM images of electrospun PCL nanofibre scaffolds prepared at various concentrations
(flow rate, 1.5ml/h).

The situation improved markedly for MMW and HMW PCL. At 15%, both still displayed bead-on-
string morphologies (Figure 5. 3d and h), which corresponded to the onset of chain overlap but
insufficient viscosity for a fully stable jet. When the concentration increased to 20%, the fibres
became smooth, continuous, and uniform across the field of view (Figure 5. 3e and 1). As depicted in
Figure 5. 4c and e, fibre diameter increased with rising PCL concentration. The average fibre
diameters increased from 202 + 46 nm (MMW-15%-1.5) and 182 + 39 nm (HMW-15%-1.5) to 470
+ 209 nm and 594 + 313 nm, respectively, when the concentration was raised to 25%. The SEM
images also revealed well-defined inter-fibre voids and uniform pore networks, which were ideal for
supporting cell infiltration and nutrient transport. Further increasing the concentration to 30%
introduced adverse effects. Both MMW-30%-1.5 and HMW-30%-1.5 samples (Figure 5. 3g and k)
exhibited noticeably thicker fibres with occasional fusion at cross-points and reduced inter-fibre
spacing. The surfaces appeared smoother and denser, lacking the open porous texture observed at

20-25%.
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Statistical results (Figure 5. 5c¢) confirmed that porosity decreased sharply by nearly 10% as the
concentration increased from 25% to 30%. This densification can be attributed to two coupled factors.
First, as viscosity increased, jet stretching was hindered, leading to large, slow-moving fibres that
compactly deposit on the collector. Second, at high polymer concentrations, solvent evaporation
becomes kinetically limited. As the solvent evaporates from the fibre surface, a polymer-rich outer
layer forms rapidly. This layer can behave as a semi-solid “crust” that hinders further solvent
diffusion from the fibre core to the surface, thereby reducing the effective evaporation rate. Such
crust formation during solvent removal has been well documented in thin polymer films and is
associated with diffusion-limited drying processes [209]. The slightly glossy or off-white background
visible in these SEM micrographs provided visual evidence of incomplete drying and partial fibre
coalescence. As successive fibre layers accumulated, residual solvent within the underlying layer
softened the deposited mat, further reducing pore interconnectivity. Such morphological compaction
and residual solvent entrapment are detrimental to cell culture applications because they limit the
diffusion of oxygen and nutrients through the scaffold thickness [210]. Given the resulting reduction
in porosity and poor solvent removal, 30% PCL solutions were unsuitable for fabricating electrospun

scaffolds for tissue engineering applications.
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Figure 5. 4: Distributions of fibre diameters ((a), (c), (¢)) and pore sizes ((b), (d), (f)) of PCL scaffolds
fabricated with different concentrations and MWs (flow rate of 1.5 ml/h).

The quantitative results in Figure 5. 5 identified MMW-25%-1.5 as the most balanced formulation

among the tested samples. It combined a moderate fibre diameter (470 + 209 nm) with the largest

average pore size (1.7 £ 0.6 um) and a porosity of 58.38 + 2.68%, representing a structure that was
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open enough for cell penetration yet mechanically coherent. In comparison, HMW-20%-1.5
exhibited slightly smaller pores (1.4 £ 0.5 pm) but higher overall porosity (60.26 + 1.54%),
suggesting that higher molecular weight polymers reach optimal spinnability at slightly lower
concentrations due to their inherently greater chain entanglement. When the HMW PCL
concentration was further increased to 25%, the porosity decreased and the fibre packing became
denser, confirming that over-entanglement can restrict fibre thinning. Since pore size and porosity
are key parameters influencing cell adhesion, migration, and nutrient diffusion, scaffolds with larger,
more open structures are generally more favourable for tissue regeneration [211]. Electrospun
scaffolds with limited pore size and low porosity have been shown to hinder cell infiltration and

tissue ingrowth [203].

Taken together, Figure 5. 3-Figure 5. 5 clearly demonstrated the dual control of fibre morphology by
molecular weight and concentration. Both parameters governed solution viscosity, which, in turn,
determined the stability of the electrospinning jet and the resulting scaffold architecture. For tissue
engineering, achieving the right balance between fibre diameter and porosity is essential. Fragile
fibres may form dense mats that restrict cell infiltration, whereas overly thick fibres reduce surface
area and impair initial cell adhesion. The scaffolds fabricated from MMW-25%-1.5 and HMW-20%-
1.5 achieved the most desirable microstructure, providing an interconnected pore network suitable
for fibroblast proliferation and migration. These two compositions were therefore selected for

subsequent wettability and biocompatibility assessments described in Sections 5.3.3 and 5.3.4.
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Figure 5. 6: Morphology of MMW-25% and HMW-20% PCL scaffolds fabricated with different
flow rates.

Figure 5. 6 and Figure 5. 7 illustrated the influence of flow rate on the morphology of electrospun
scaffolds fabricated from the two optimal formulations identified earlier (MMW-25% and HMW-

20%). All other spinning parameters were kept constant so that the observed differences could be
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attributed solely to changes in flow rate. As shown in Figure 5. 6, both materials exhibited the most
uniform and porous fibre networks at a moderate flow rate of 1.5 mL/h. When the flow rate was
reduced to 0.7 mL/h, the deposited fibres appeared thinner and more densely packed, with shallow,
discontinuous pores. At the opposite extreme, 2.3 mL/h produced an irregular surface with partially
fused fibres, suggesting incomplete solvent evaporation. These contrasting features clearly indicated

that fibre morphology and porosity were sensitive to the polymer solution feed rate.

Quantitative data in Figure 5. 7 confirmed these visual observations. Among the tested conditions,
MMW-25%-1.5 and HMW-20%-1.5 yielded the most favourable scaffold morphologies, as
evidenced by uniform fibre formation and well-distributed pores (Figure 5. 6b and e). For MMW-
25%, the average pore size increased from 0.8 + 0.3 um at 0.7 mL/h to 1.7 = 0.6 um at 1.5 mL/h,
before decreasing to 1.2 + 0.4 um at 2.3 mL/h. In terms of porosity (Figure 5. 5¢), MMW-25%-1.5
achieved a significantly higher value of 58.4 =2.7%, outperforming both lower and higher flow rate
conditions. The same trend was observed in the HMW-20% series, where 1.5 mL/h produced the
most open structure, with a pore size of 1.4 £ 0.5 pm and a porosity of 60.26 + 1.54%. At both lower
and higher flow rates, porosity dropped noticeably, accompanied by a denser fibre arrangement.
These results suggested that an intermediate flow rate allowed a balance between polymer supply
and solvent evaporation, producing scaffolds with high interconnectivity and uniform fibre

distribution.

This behaviour can be explained by the dynamic balance among three competing factors: the volume
of solution delivered, the rate of solvent evaporation, and the stretching capacity of the
electrospinning jet. At low flow rates, the polymer supply is insufficient to maintain a stable Taylor
cone, which refers to the conical meniscus formed at the spinneret tip when electrostatic forces
overcome the surface tension of the polymer solution, enabling the ejection of a charged jet [212].
This instability leads to intermittent jet formation and the production of overly thin fibres that pack
tightly upon deposition. Such dense fibre stacking decreases effective pore area and overall porosity.
In contrast, when the flow rate is too high, the incoming jet carries excess solvent that cannot fully
evaporate during its travel from the spinneret to the collector. As a result, the fibres reach the collector
in a semi-liquid state and fuse at contact points, forming compact regions and reducing pore

connectivity. The intermediate value of 1.5 mL/h provided a compromise between these two extremes.
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It supplied enough polymer to form a continuous jet while still allowing sufficient solvent removal,
resulting in smooth fibres and open pores. This explanation is consistent with previous findings on

the importance of maintaining balanced mass flux and drying kinetics in electrospinning [213, 214].
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Figure 5. 7: Distributions of fibre diameters ((a), (c)) and pore sizes ((b), (d)) of MMW-25% and
HMW-20% PCL scaffolds fabricated from different batches with different flow rates.

The flow-rate optimisation complemented the earlier findings on molecular weight and concentration.

In summary, low-concentration solutions or those based on LMW PCL tended to produce a mixture
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of fibres and beads due to insufficient chain entanglement and low viscosity. Increasing either
concentration or molecular weight enhanced chain entanglement and viscoelasticity, enabling the
electrospinning process to overcome surface tension and generate uniform, bead-free fibres. Once
the concentration and molecular weight were tuned into the optimal range (as with MMW-25% and
HMW-20%), the flow rate became the key factor determining fibre uniformity and scaffold
architecture. A moderate flow rate was critical for achieving smooth, continuous fibre formation and
a porous scaffold structure. Both excessively low and high flow rates resulted in dense surface
morphologies, either due to fibre thinning or incomplete solvent evaporation. The selected conditions
(MMW-25%-1.5 and HMW-20%-1.5) thus represent an optimal combination that consistently
produces uniform, bead-free fibres with interconnected pores and balanced porosity around 60%.
Such structural characteristics are essential for tissue engineering scaffolds because they facilitate
nutrient transport and provide sufficient space for cell proliferation and migration. These two
formulations were therefore chosen for subsequent evaluations of surface wettability and

biocompatibility in the following sections.

5.3.3 Hydrophobicity of the scaffolds

WCA measurements were performed to evaluate the surface wettability of the electrospun PCL
scaffolds, as the degree of hydrophilicity or hydrophobicity strongly influences nutrient diffusion,
protein adsorption, and cell adhesion behaviour. As shown in Figure 5. 8a—c, the contact angles of
scaffolds fabricated from LMW, MMW, and HMW PCL varied with concentration and flow rate, and
the comparative results were summarised in Figure 5. 8d. A clear dependence on polymer chain
characteristics was observed: LMW scaffolds showed relatively low contact angles that increased
sharply with concentration, whereas MMW and HMW scaffolds remained highly hydrophobic under

all tested conditions.

For LMW PCL, increasing the solution concentration from 20% to 40% increased the water contact
angle (WCA) from 74 £ 10 ° to 115 + 5 °, representing an absolute increase of approximately 41 °,
consistent with enhanced surface hydrophobicity. This increase correlated with the morphological
changes seen in Figure 5. 3 and Figure 5. 4, thicker fibres and a smoother surface at higher

concentrations. The increase in fibre diameter and the decrease in surface roughness resulted in a less
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wettable surface. The pronounced hydrophobicity was shown in dense LMW-40% scaffolds. In
contrast, scaffolds electrospun from MMW and HMW PCL exhibited contact angles consistently
above 110 ° across all spinning parameters. These values confirmed the intrinsic hydrophobic nature
of PCL and suggested that neither molecular weight, concentration, nor flow rate altered the
hydrophobicity of the as-spun fibres. Minor variations observed between samples can be attributed

to differences in fibre packing and local surface roughness.
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Figure 5. 8: Contact angles of PCL scaffolds fabricated from LMW (a), MMW (b), and HMW (c)

with different concentrations and flow rates. Data comparison chart (d).

In general, a contact angle greater than 90 ° denotes a hydrophobic surface that resists water
spreading and limits the infiltration of aqueous media into the scaffold. While such surfaces may
slow initial wetting, they can also hinder protein adsorption and subsequent cell attachment. By
contrast, moderately hydrophilic surfaces (contact angles below 90 °) are known to promote fluid

penetration and support cell-material interactions. Prior studies have shown that surface wettability
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plays a critical role in regulating cell adhesion, spreading, and proliferation, with moderately
hydrophilic surfaces providing more favourable conditions for cellular attachment than strongly
hydrophobic ones [215]. Although the MMW-25%-1.5 and HMW-20%-1.5 scaffolds were identified
as optimal from a structural perspective, exhibiting uniform fibres, interconnected pores, and high

porosity, their strong hydrophobicity represented a limitation for direct biological application.

The results of Figure 5. 8 thus highlighted an essential trade-off in scaffold design: the processing
conditions that yielded ideal morphology and mechanical stability did not necessarily provide
sufficient hydrophilicity for cell adhesion. Improving the hydrophilicity of electrospun PCL scaffolds
is therefore a necessary step before biological use. Common strategies include plasma treatment
[216], alkaline hydrolysis [217], or surface coating with bioactive polymers [218]. These approaches
can introduce polar functional groups onto the PCL surface, significantly lowering the contact angle

and enhancing cell-material interactions.

Although the Section 5 focused on pure PCL scaffolds, the systematic investigation of their
processing—structure—property relationships provided an essential foundation for future work on
composite scaffolds. Since reports on the use of unmodified PCL alone in tissue engineering remain
limited, understanding the detailed correlations between processing parameters, fibre architecture,
and resultant scaffold properties is crucial. These insights in Section 5 not only clarified the intrinsic
behaviour of PCL but also offered a mechanistic basis for interpreting and optimising the

performance of PCL-based composite scaffolds in future studies.

5.3.4 In vitro biocompatibility

The primary aim of fabricating electrospun 3D scaffolds is to mimic the structural and functional
characteristics of the native ECM, thereby providing a suitable physical framework for cellular
attachment, proliferation, and migration. Among the fabricated samples, the HMW-20%-1.5 PCL
scaffold was selected for cell culture studies due to its optimal morphology and porosity, which
support nutrient diffusion and facilitate cell infiltration. Its balanced fibre diameter and
interconnected pore network were expected to create a microenvironment capable of sustaining long-
term cell growth while maintaining adequate mechanical stability. The average pore size of the

electrospun scaffolds was approximately 1.5-2 um, with an overall porosity of around 60%.
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Although this pore size is smaller than the typical diameter of L929 fibroblasts (approximately 10—
20 pum), electrospun nanofibrous scaffolds primarily support cell attachment and surface spreading
rather than full-cell penetration through individual pores. Cells interact with the fibrous network by
extending filopodia along and between fibres, enabling migration across the scaffold surface.
Meanwhile, the interconnected pore structure and moderate porosity facilitate oxygen and nutrient
diffusion throughout the scaffold thickness. Therefore, while the pore dimensions do not permit bulk
cellular infiltration, they provide a microenvironment conducive to cell adhesion, proliferation, and

metabolic exchange.

The proliferation of 1929 fibroblast cells on this scaffold was evaluated using the MTT assay after
1, 3, and 7 days of incubation, with the results presented in Figure 5. 9. A gradual increase in cell
viability was observed over time for both the PCL scaffolds and the tissue culture plate (TCP) control,
confirming that the material did not exert cytotoxic effects and could support cell survival. Although
overall metabolic activity on PCL was lower than on TCP, the positive growth trend across all time
points indicated that fibroblasts adhered to and proliferated on the scaffold surface. The difference in
proliferation rates is mainly due to surface wettability. As demonstrated in Figure 5. 8, the electrospun
PCL scaffolds exhibited contact angles above 110 °, indicating a hydrophobic surface that limited
protein adsorption and the initial cell-anchoring phase. In contrast, the hydrophilic nature of the 2D
TCP substrate promoted rapid wetting and stable integrin-mediated adhesion, explaining its higher

apparent viability values.
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Figure 5. 9: Proliferation results of L929 cells on the TCP (2D control) and PCL nanofibrous scaffold
(3D) after 1, 3, and 7 days from the MTT tests (P* < 0.05).
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In addition to the quantitative MTT results, a distinct colour change was observed in the PCL
scaffolds during the assay: the samples developed purple even in the absence of cells when exposed
to PBS, cell culture medium, or MTT reagents. This phenomenon suggested possible interactions
between the polymer surface and assay components. One plausible explanation was the absorption
of formazan crystals or medium constituents within the scaffold’s porous network, which can
intensify the apparent colour and influence the accuracy of colourimetric readings. Therefore, while
the overall increasing trend confirmed biocompatibility, the absolute absorbance values obtained

from the MTT assay should be interpreted cautiously.

Taken together, the results confirmed that the electrospun HMW-20%-1.5 PCL scaffold supported
fibroblast viability and proliferation over one week, demonstrating good cytocompatibility in vitro.
Nevertheless, the relatively low wettability and the potential interference with colourimetric reagents
highlighted intrinsic limitations of pristine PCL surfaces. Future work should consider
complementary cell-viability assays, such as Live/Dead staining or Alamar Blue, to more accurately

quantify cell activity on PCL scaffolds.

It was hypothesised that chemical interactions between PCL and the reagents used in the MTT assay
might compromise the test's accuracy. A careful review of the literature revealed no published studies
that explicitly describe or explain such interactions in PCL. To examine this possibility, a set of six
blank control experiments was designed to isolate the contribution of each component involved in
the assay. The experimental conditions were as follows: (1) pure PCL scaffold, (2) PCL with PBS,
(3) PCL with culture medium, (4) PCL with PBS + MTT, (5) PCL with medium + MTT, and (6) PCL
with MTT alone. All samples were incubated for three hours under standard culture conditions and

subsequently air-dried at room temperature.

As shown in Figure 5. 10a, a pronounced purple colouration developed in all samples exposed to the
MTT reagent, regardless of whether PBS or culture medium was present. In contrast, no colour
change was observed in samples without MTT exposure. This finding provided clear evidence that
PCL interacted directly with the MTT reagent rather than with the medium components. Such a direct
reaction implied that the polymer itself or reactive species associated with its surface may participate

in non-enzymatic reduction of MTT, generating coloured products even in the absence of viable cells.
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To investigate the nature of this interaction, FTIR spectroscopy was employed to analyse potential
molecular changes in the scaffold after exposure to the different treatments. The spectra in Figure 5.
10b showed that all samples retained the characteristic absorption bands of PCL, consistent with
previous studies [199, 219]. However, scaffolds treated with MTT displayed noticeable variations in
peak intensity at several key positions: CH, stretching vibrations at 2940 and 2860 cm!, ester
carbonyl stretching at 1725 cm™!, CH3 deformation bands at 1466 and 1368 cm™!, and C-O—C and C—
O stretching vibrations at 1294, 1171, and 1104 cm™'. An additional band appeared near 730 cm™!,
corresponding to NH bending, which may be attributed to MTT residues or weak interactions
between the polymer backbone and the reagent’s aromatic amine groups. These spectral changes
suggested that reactive radicals or surface groups in PCL may interact with the MTT, partially

reducing or consuming MTT molecules.
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Figure 5. 10: Pristine PCL scaffold and PCL scaffolds treated by different solutions (a) and the
comparison of FTIR spectra of PCL scaffolds treated by different solutions (b).

Because the MTT assay relies on enzymatic reduction of MTT to formazan by mitochondrial
dehydrogenases in viable cells, any non-specific consumption of the reagent by the scaffold material
would lead to underestimation of actual cell viability. Notably, when comparing 3D PCL scaffolds to
2D culture surfaces, the larger surface area and porosity of PCL mats increased the likelihood of
reagent absorption. The observed colour change and FTIR evidence thus indicated that pristine PCL
can chemically interfere with MTT, potentially biasing quantitative results and limiting the reliability

of this method for assessing cell proliferation on PCL scaffolds.
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To overcome this limitation and gain a more accurate understanding of cell-scaffold interactions,
complementary imaging approaches were employed. SEM and confocal fluorescence microscopy
were used to visualise cell adhesion, spreading, and morphology directly on the scaffold surface.
These observations provided valuable confirmation of cell viability, independent of colourimetric
interference, and helped establish a more comprehensive assessment of the biological performance

of electrospun PCL scaffolds.

To assess the adhesion and proliferation behaviour of fibroblast cells on the electrospun scaffolds,
SEM imaging was performed on the HMW-20%-1.5 PCL samples after 3 and 7 days of culture. As
shown in Figure 5. 11, the low-magnification image (scale bar: 40 um) revealed that, by day 3, L.929
cells were already uniformly distributed across the scaffold surface, forming a continuous layer that
followed the underlying fibre contours. At higher magnification (scale bar: 3 um), the cells displayed
elongated shapes with numerous filopodia and lamellipodia extending along and between adjacent
fibres. These pseudopodial extensions created multiple anchoring points, suggesting active

cytoskeletal engagement with the nanofibrous matrix and stable adhesion.

Local Overall

Day 3

Day 7

Figure 5. 11: SEM images of L1929 cells cultured for 3 and 7 days on the HMW-20%-1.5 PCL
scaffold.

After 7 days of culture, the extent of cellular coverage increased markedly. The scaffold surface
appeared almost filled with fibroblasts, with individual cell boundaries no longer clearly visible. The
cells exhibited a plump, well-spread morphology with flattened centres and radiating edges, an
appearance often described as “fried-egg-like”, which is characteristic of healthy, metabolically

active fibroblasts [220, 221]. This morphology, combined with the dense and continuous layer
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observed, indicated that the PCL scaffold not only supported initial cell attachment but also facilitated
proliferation and lateral migration over time. The close association between cells and fibres also
implied that the nanoscale roughness and 3D porosity of the scaffold provided topographical cues

conducive to cytoskeletal organisation and cell spreading.

To further visualise cellular distribution and morphology, confocal fluorescence microscopy was
performed on the same scaffolds. L929 cells were stained with DAPI (blue) to label nuclei and with
Phalloidin-iFluor 488 (green) to highlight filamentous actin (F-actin) within the cytoskeleton. The
fluorescence micrographs shown in Figure 5. 12 corroborated the SEM observations. After 3 days,
discrete cells with well-defined nuclei and emerging actin filaments were clearly visible across the
scaffold surface, with cell nuclei stained blue and actin filaments stained green. By day 7, the
fluorescence signal intensified substantially, reflecting higher cell density and the development of
interconnected cytoskeletal networks spanning multiple fibres. The cells appeared to bridge
neighbouring filaments, forming a continuous tissue-like layer with evenly distributed nuclei. Such
extensive actin organisation indicated strong adhesion and mechanical integration with the

underlying PCL matrix.

Day 3

Day 7

Figure 5. 12: Fluorescent microscopic images of L292 cells seeded on HMW-20%-1.5 PCL scaffolds
stained with DAPI (blue, nuclei) and Phalloidin-iFluor 488 reagents (green, cytoskeleton).

The SEM and confocal microscopy results demonstrated that the electrospun HMW-20%-1.5 PCL
scaffold provided a favourable microenvironment for fibroblast attachment, spreading, and
proliferation. Despite its intrinsic hydrophobicity, the interconnected pores and nanoscale topography
promoted sufficient cell adhesion and growth. These findings confirmed the cytocompatibility of the

optimised PCL scaffold and highlighted its potential for tissue-engineering applications, providing
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3D cellular support and guidance.

5.3.5. Perspective on modification of PCL scaffolds

Despite encouraging biocompatibility results, the intrinsic hydrophobicity of PCL remains a key
limitation for its use in tissue engineering. Numerous studies have demonstrated that surfaces with
moderate hydrophilicity promote faster wetting and liquid infiltration throughout porous scaffolds
[27, 44,47, 59, 69, 106]. Improved wettability allows culture media to spread more evenly, enabling
cells to penetrate deeper into the structure and establish firm attachment at earlier stages of growth.
This enhanced cell-material interaction not only supports higher proliferation rates but also
accelerates tissue integration and more efficient regeneration, ultimately reducing overall healing

time.

Composite scaffolds composed of PCL and a selected biomass-based hydrophilic polymer have
received significant attention. These added polymers are expected to adjust the composite's
hydrophilicity, favouring cell adhesion and further proliferation. Furthermore, materials derived from
biomass are attractive because biomass is one of the largest sustainable energy sources worldwide
and has attracted significant attention for its availability, renewability, and carbon neutrality [222,
223]. Garcia et al. [224] fabricated composite scaffolds by electrospinning a mixture of PCL and
starch, then combined with 5 wt.% CaO nanoparticles derived from eggshells. The PCL/Starch/CaO
scaffolds showed improved hydrophilicity and degradation, evidenced by 3500% water absorption
over 7 days and 60% mass loss. The in vivo and in vitro experiments verified the superior
biomineralisation, biological performance, and biocompatibility. Rashtchian et al. [104] produced
CNC (cellulose nanocrystals)-incorporated PCL-PVA/CaAlg (calcium alginate) nanofibres by
biaxial electrospinning technique. They found that CNC-incorporated and CaAlg-crosslinked
samples showed higher hydrophilicity. Additionally, PCL/CaAlg-CNC showed higher cell viability
(> 90%) and enhanced cell coverage, making it a good candidate for biological applications. Unal et
al. [225] fabricated PCL/Gel/BCNC (bacterial cellulose nanocrystal) nanofibrous composite
scaffolds via electrospinning to mimic the ECM of glioblastoma (GBM) cells. PCL/Gel/BCNC
showed better cell adhesion than the PCL/Gel control group. GBM cells spread on the

PCL/Gel/BCNC surface and inside the scaffold, attributed to the suitable fibre diameter (259 + 225
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nm) and pore size. Tolba et al. [226] prepared the PCL electrospun nanofibrous scaffolds
functionalized with CIMD (cellulose-bearing imidazolium tosylate) and SA (sodium alginate). The
addition of CIMD and SA contributed to the antibacterial effect and the in vitro response of hMSCs,

respectively.

To simulate the natural ECM of skin, Rad and the co-workers [227] produced PCL/Zein/GA (gum
Arabic) scaffolds. PCL, GA, and Zein played roles in improving mechanical properties, enhancing
hydrophilicity, and moderating the degradation behaviour of composite scaffolds, respectively.
PCL/Zein/GA scaffolds exhibited high hydrophilicity, favourable porosity (around 80%), and
appropriate tensile strength (1.36-3 MPa) and elongation (19.13-44.06%), which were desirable for
mimicking skin. Therefore, PCL/Zein/GA illustrated good proliferation and adhesion of L929 cells.
Kamalipooya et al. [230] prepared electrospun PCL/cellulose acetate (CA)-based nanofibrous
scaffolds integrated with CeO,-CSNPs (chitosan nanoparticles encapsulated with cerium oxide
nanoparticles) by electrospraying. The PCL/CA/CeO,-CSNPs electrospun scaffolds displayed
significantly high antibacterial properties against S. aureus (< 58.59 pg/mL), antioxidant activity up
to 89.59%, cell migration rate up to 90.3% after 2 days, and repair rate of diabetic wounds up to

95.47% after 15 days.

Table 5. 2 summarises the components, process parameters, morphology, and improvements of
biomass-incorporated PCL composite scaffolds. Plenty of evidence shows that incorporating
biomass-based polymers into PCL is a promising approach for fabricating nanofibre scaffolds for
cell growth. For example, Rad et al. [107] fabricated composite scaffolds combining PCL with zein
and gum Arabic to better mimic the ECM architecture while improving scaffolds’ biocompatibility
and mechanical performance compared to pure PCL scaffolds. Cellulose-based polymers are natural
polymers that are the main component of biomass [212-220]. Cellulose is a linear polymer formed
by the basic units of glucose connected via B-1,4 glycosidic bonds, which have excellent
biocompatibility, biodegradability, mechanical properties, chemical stability, and low cytotoxicity. In
recent decades, cellulose-based polymers have been widely researched for various cell types in tissue
engineering applications. Furthermore, to improve cellulose solubility, a series of cellulose
derivatives, such as cellulose acetate and ethyl cellulose [43, 229], are often prepared by esterifying

or etherifying cellulose hydroxyl groups with other functional groups.

88



Table 5. 2: Biomass-incorporated PCL composite scaffolds: components, process parameters, morphology, and improvements achieved

Process parameter Morphology
Dist Inner Ave. fib Avg.
Material ~ CONC? Cell Voltage FR e needle d\'/g' lt e pore Improvement Reference
iameter
kV) (ml/h) diameter size
(cm) (nm)
(mm) (um)
Enhanced hydrophilicity
(3500% water absorption)
PCL 15% wiv .
Preosteoblast and degradation (60% mass
Starch 15% wiv . 1.0 15 0.60 1200 — [220]
ic M3T3-El loss) over 7 days.
CaO 5wt.% . L L
Superior biomineralisation
and biocompatibility.
Crosslink -
19% w/v . Enhanced hydrophilicity.
PCL Fibroblast ) oo
3% wiv 12 0.1 16 0.51 216 + 89 — Superior cell viability and [104]
CaAlg NIH/3T3
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In addition, post-processing treatments, such as plasma [216] or alkaline activation [217], and
biofunctional coatings [218], can also significantly alter the surface energy and biological behaviour
of electrospun PCL scaffolds. Understanding how these strategies influence morphology, mechanical
stability, and cell response is crucial for tailoring materials to specific clinical requirements. This
insight provides a practical framework for selecting appropriate processing parameters and
modification methods to enhance the biological performance of PCL-based scaffolds for future

tissue-engineering applications.

5.4 Conclusions

This section systematically demonstrates that optimising electrospinning parameters, particularly the
molecular weight and solution concentration of PCL, is essential for tailoring scaffold morphology
and improving biocompatibility. Under optimised conditions, medium- and high-molecular-weight
PCL solutions produced bead-free nanofibrous scaffolds with desirable features, including fibre
diameters of 470-490 nm, pore sizes of 1.4-1.7 um, and porosity greater than 58%. These structures
significantly enhanced 1929 fibroblast adhesion, proliferation, and spreading in vitro. An unexpected
colourimetric response observed between PCL scaffolds and MTT reagents highlighted a key
methodological issue in viability testing, which should be carefully addressed in future studies.
Despite the promising morphological and biological performance, the hydrophobic nature of PCL
remains a limitation for effective cell infiltration. Strategies such as surface modification or blending

with hydrophilic, natural polymers may offer a practical route to improving scaffold—cell interactions.
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CHAPTER 6

6 Multilayer PCL-based membranes for oily

water treatment

Abstract

This section reports the fabrication of sandwich-structured PCL/PMMA@PCL/PCL electrospun
membranes with PCL outer layers and a PMMA@PCL middle layer, where “@” denotes the physical
blending of PMMA and PCL, designed to enhance mechanical strength and separation efficiency for
oil-in-water emulsion treatment. To improve surface wettability, the membranes were treated with
ethanol, introducing physically adsorbed hydroxyl groups without altering the chemical structure. A
cold-pressing process was employed to increase membrane compactness, thereby enhancing
mechanical performance. Morphological and structural characterisation confirmed the successful
formation of the layered architecture, with reduced fibre diameter attributed to axial stretching under
compressive force. Compared with single-layer PCL membranes, the multilayer structure exhibited
a more balanced combination of mechanical robustness and separation performance. The Sandwich-
1 membrane exhibited high oil rejection rates (~95%) and satisfactory mechanical properties in short-
term filtration tests, indicating its suitability for water treatment applications. Although the flux
recovery ratio remained above 90%, it was somewhat limited by basic DI water rinsing, which was
insufficient to remove trapped oil droplets entirely. Long-term filtration further revealed a gradual
decline in flux, attributed to membrane compaction and partial pore blockage. These findings
highlighted the potential of structural and physical surface modifications for developing high-
performance membranes, suggesting that future optimisation should focus on more effective
antifouling and cleaning strategies to improve long-term operational stability.
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6.1 Introduction

Water pollution remains a persistent global challenge, critically endangering human populations and
aquatic ecosystems [231]. The level of water pollution and the corresponding health problems are
increasing rapidly due to anthropogenic activities, including rapid population growth, unchecked
industrialisation, and sprawling urbanisation [232]. As projected, global demand for freshwater will
rise by 35% by 2050, a trend poised to strain already further-compromised water resources and
amplify environmental degradation [233]. Oily wastewater is a major contributor to water
contamination [234]. Various oily wastewaters are widely generated across industrial processes,
including produced water from oil and gas extraction, wastewater from metal cutting and grinding
operations, emulsified effluents from metallurgical rolling, and water mixed with oil during
extraction, storage, and transportation. Without proper treatments, these effluents would eventually
enter rivers, lakes, and oceans via surface runoff, posing significant threats to aquatic organisms such

as fish, algae, and coral, and gradually disrupting the entire marine ecosystem.

Oily wastewater typically exists as either immiscible oil/water mixtures or oil/water emulsions. The
immiscible oil/water system is relatively easy to separate based on its physical differences. The
separation of oil/water emulsions is much more difficult because surfactants stabilise the oil and
disperse it as small droplets in water. Various chemical (electrocoagulation and demulsification),
physical (centrifugation, skimming, and air flotation), and biological (biodegradation) approaches
have been used to address oil-contaminated wastewater [235]. However, these conventional
approaches exhibit inherent limitations, including low separation efficiency, high energy
consumption, operational and processing complexity, and the risk of secondary pollution [236].
Those critical shortcomings would hinder their practical implementation in real-world water
remediation. Thus, developing efficient, environmentally friendly, and cost-effective separation

techniques is imperative.

Membrane filtration emerges as a strategically viable solution to address these challenges, combining
high separation efficiency, energy conservation, operational simplicity, and a significantly reduced
risk of secondary pollution [237]. Among the various membrane fabrication approaches, the

electrospun nanofibrous membrane is considered a cutting-edge membrane technology with a simple
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fabrication process, a large specific surface area, high porosity, and controllable physicochemical
properties (porosity, morphology, and hydrophilicity) [150, 238]. Various polymers have been
electrospun into nanofibrous membranes and utilised in water treatment applications, including PCL
[159], Poly(methyl methacrylate) (PMMA) [239], Poly(butylene succinate) (PBS) [240], Poly(lactic
acid) (PLA) [241], and Poly(vinylidene fluoride) (PVDF) [198], etc. PCL electrospun membranes
have been widely used in water treatment, due to their favourable mechanical properties (flexibility
and plasticity), nontoxicity, biocompatibility, and biodegradability [234]. The electrospun PMMA
fibrous membranes are fluffy and intractable, resulting in good compressive strength but low tensile
strength [242]. Therefore, its applications in water treatment are limited due to fibre breaking.
Polymer blending is attracting increasing attention owing to its ability to incorporate properties from
multiple components and offset the disadvantages of individual polymers [243]. Simdes and the
coauthor [244] prepared core-sheath fibres combining PMMA and PCL using a coaxial
electrospinning system. Compared to the pure PMMA fibres, the thermal stability and mechanical
properties were improved in the PMMA-PCL core-sheath fibres. Son et al. [245] fabricated
PCL/PMMA electrospun biopolymer composites with different ratios. They found that the average

fibre diameter of PCL/PMMA increased with increasing PMMA ratio.

The principle of membrane separation is that when emulsion passes through the membrane under the
action of transmembrane pressure, oil droplets that are larger than the pore sizes of the membrane
are trapped on the surface of the membrane, forming a filter cake, while the water droplets that are
smaller than the membrane pore sizes pass through the membrane to achieve the purpose of filtration
[246]. To reject oil droplets, membranes should be hydrophilic; otherwise, severe fouling and pore
blockage pose significant challenges for hydrophobic membranes, reducing flux and lifetime [247].
However, both PCL and PMMA are hydrophobic; therefore, improving the hydrophilicity is

imperative for the PCL/PMMA composite membranes to mitigate fouling.

Hydrophilicity can be achieved by plasma treatment [247], blending with hydrophilic polymers [20],
solvent-soaking treatment (group substitution) [249], etc. Plasma surface treatment has the
disadvantages of being expensive, complex in process, and resulting in product instability [250].
Regarding blending with hydrophilic polymers, phase separation is a common issue that impairs the

electrospinning process [160]. The hydrophilic components are likely to be washed off during
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filtration without cross-linking. In addition, the fibre morphology may be altered due to the addition
of new polymers. Compared to the techniques mentioned above, solvent treatment is an efficient,
simple, and cost-effective technique to improve the hydrophilicity of membrane materials [251].
Ethanol, as a solvent rich in hydroxy groups, can be a promising candidate for treating membranes
by introducing a large number of hydrophilic hydroxyl groups to membrane surfaces. Xu et al. [252]
reported that hydrophilic groups, such as hydroxyl groups, could be introduced onto the surface of
PVDF membranes via ethanol treatment, thereby enhancing the membrane's hydrophilicity. However,
there are limited reports on the use of ethanol to improve the hydrophilicity of PCL-based membranes

for water filtration applications.

Sandwich-like membranes offer distinct advantages for water treatment. Their multi-layer structure
can effectively disperse mechanical stress, thereby prolonging service life [253]. The assembly of
multiple layers also results in a more intricate pore distribution, which enhances the rejection of oil
droplets. Additionally, incorporating functional materials, such as TiO, and ZnO (for photocatalysis)
[176] or Ag (for antibacterial properties) [254], into specific layers enables multifunctional

integration, allowing for simultaneous filtration, degradation, and sterilisation within a single system.

This section fabricated sandwich-structured PCL/PMMA@PCL/PCL electrospun membranes for
oil/water separation, employing mechanical pressing (9.81 MPa) to enhance layer integration and
ethanol treatment to improve hydrophilicity. A pressurised crossflow filtration system was utilised to
evaluate performance, overcoming limitations of conventional dead-end setups. The influence of
PMMA content on solution rheology, morphology, mechanical strength, and filtration efficiency was
systematically analysed. Membranes were characterised via WCAs (pre-/post-ethanol treatment),
SEM (surface/cross-section), and mechanical testing. Filtration efficacy was assessed through flux,
flux decline rate (FDR), flux recovery rate (FRR), and oil rejection rates, elucidating structure-

performance relationships for optimised separation and antifouling capabilities.

6.2 Preparation of the electrospun membranes

The fabrication process of the sandwich-like electrospun membranes is illustrated in Figure 6. 1c.
Before electrospinning, 2.5 mL of Solution A and 5 mL of Solution B were separately loaded into

syringes fitted with 26 G spinnerets (inner diameter of 0.25 mm). The electrospinning voltage was
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supplied by a high-voltage source (Series ES, Gamma High Voltage, USA) connected to a low-
voltage safety switch unit. The polymer jets were ejected from the spinneret tips toward a vertically
mounted collector covered with aluminium foil. The KDS 100 Legacy Single Syringe Infusion Pump

(KD Scientific, USA) fed the solutions to the spinneret tips at controlled flow rates.

The sandwich-like fibrous membranes shown in Figure 6. 1d were fabricated by sequential
electrospinning, in which Solution A (2.5 mL) was first electrospun to form the bottom PCL layer,
followed by Solution B (5 mL) to create the functional middle layer (Mid-1 or Mid-2, depending on
composition). Finally, another 2.5 mL of Solution A was added to produce the top PCL layer. The
resulting structure thus comprised two outer PCL layers and an intermediate central layer. For
comparison, membranes electrospun solely from 10 mL of Solution A were prepared as the single-

layer control group.

The electrospinning parameters were kept constant across all solutions, with a voltage of 15 kV, a
flow rate of 1.5 mL/h, and a spinneret-to-collector distance of 15 cm, to ensure consistent fibre
formation conditions. All membranes were collected on aluminium foil and peeled off after drying
overnight at room temperature. The fabricated membranes and their corresponding compositions are
summarised in Table 6. 1, which also indicates the layer configuration of each structure. Sandwich-
type membranes differed from Mid-type membranes by incorporating an additional middle layer that

modified overall thickness and porous characteristics.

Prior to the filtration experiments, all membranes were compressed using a cold-pressing machine
(Specac AtlasTM) under a load of 10 tons at room temperature to eliminate fluffiness caused by
PMMA fibres. The membranes were clamped between two square plates measuring 10 cm x 10 cm,
ensuring even load distribution. The applied load of 10 tons corresponded to a pressure of

approximately 9.81 MPa.
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Figure 6. 1: Schematic illustration of the preparation processes for Solution A (a) and Solution B (b);
the electrospinning setup for fabricating the PCL/PMMA @PCL/PCL nanofibrous membrane (c); and
the structure of the sandwich-like PCL/PMMA @PCL/PCL nanofibrous membrane (d).

Table 6. 1: Summary of fabricated membranes involved in this work.

Sample Treatment
20% PCL (Solution A)
30% PMMA (Solution B)
Mid-1 (20%PCL/30%PMMA = 1:1, Solution B)

Without
Mid-2 (20%PCL/30%PMMA = 1:2, Solution B5)

ethanol
Sandwich-1 (Sandwich-like structure composed of PCL outer layers and a Mid-1

treatment
middle layer)
Sandwich-2 (Sandwich-like structure composed of PCL outer layers and a Mid-2
middle layer)
20% PCL With
Sandwich-1 ethanol
Sandwich-2 treatment

6.3 Results and discussion

6.3.1 Viscosity

The viscosity of PCL solutions with different molecular weights and concentrations was determined
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using a rotational viscometer, as described in Section 4.5.1. Figure 6. 2 compares the viscosities of
20% PCL (in DCM), 30% PMMA (in DMF), and their two mixed solutions, designated as Solution
Bi and Bo. The results showed a pronounced difference in rheological behaviour among the samples.
Pure PCL exhibited a viscosity of 2.198 + 0.146 Pa-s, nearly an order of magnitude higher than that
of PMMA (0.270 + 0.055 Pa-s). In contrast, both blended solutions displayed viscosity values close
to that of PMMA, 0.239 + 0.030 Pa‘s for Solution B; and 0.258 + 0.040 Pa‘s for Solution By,
indicating a substantial decrease relative to pure PCL. This reduction represented an apparent
viscosity-lowering effect, or a negative deviation from the expected average, suggesting that mixing
the two polymers altered molecular interactions within the solution rather than simply combining

their individual behaviours.
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Figure 6. 2: Viscosity of 20% PCL (dissolved in DCM), 30% PMMA, and their two mixtures,

Solution B; and By, respectively.

N

The observed decrease in viscosity can be explained by differences in polymer—solvent affinity and
the resulting chain conformation. DMF is known to be a strong solvent for PMMA, promoting
extensive solvation and chain expansion, whereas DCM provides relatively poor solvation for PCL,
leading to compact coil structures [255]. When the two systems were mixed, the DMF fraction
introduced by the PMMA solution can improve the overall solvent quality, increasing PCL chain
mobility and reducing inter-chain friction. At the same time, partial miscibility between PMMA and
PCL may lead to rearrangement of polymer segments, weakening the entanglement network. As a

result, the overall viscosity of the mixed solutions decreased.

Another contributing factor may be the disruption of PCL’s pseudo-plastic (shear-thinning) behaviour
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by the presence of PMMA chains. The more rigid PMMA backbone interferes with the cooperative
chain alignment typical of PCL, thereby lowering the effective viscosity [257]. Similar viscosity-
reducing effects have been reported in other polymer blends, where incompatible or weakly

interacting chains restrict the entanglement network, thereby promoting lower viscosity [256].

From a processing standpoint, this viscosity reduction has essential implications for electrospinning.
Lower viscosity generally decreases the degree of chain entanglement within the jet, which can
influence fibre uniformity, diameter distribution, and the likelihood of bead formation. These
morphological effects are examined in detail in Section 6.3.4, where the relationship between
solution viscosity and fibre structure is further analysed. Overall, the results presented in Figure 6. 2
demonstrated that incorporating PMMA into the PCL solution significantly altered solution dynamics,

producing a more fluid mixture that may affect the resulting fibre morphology.

6.3.2 Combined FTIR-DSC analysis

The FTIR and DSC characterisations were conducted following the procedures described in Section
4.7.1. Figure 6. 3a compares the FTIR spectra of the membranes, which display characteristic
absorption bands consistent with those reported in previous studies [199]. All samples exhibited the
typical vibrational features of ester-based polymers, including peaks at 2940 cm™' (CH; stretching),
1725 cm! (C=O0 stretching of ester groups), 1466 cm™! (asymmetric deformation of CH3), 1368 cm-
I (symmetric wagging of CH3), 1240 cm™! (CH3 vibrations), 1104 cm™! (asymmetric and symmetric
stretching of C-0), 1050 cm™' (C-O stretching and CH; rocking), and 960 cm™! (symmetric C-O-C
stretching). No new absorption bands were detected, indicating that no new covalent bonds were
formed during processing. However, minor peak shifts were observed in the Mid-1 and Mid-2
systems relative to the PCL-dominant membranes (PCL, Sandwich-1, and Sandwich-2), particularly
in the bands at 1466, 1171 (asymmetric and symmetric C—O stretching), 960, and 730 (CH: rocking)
cm’!. In addition, the characteristic band at 1294 cm™! (asymmetric and symmetric C—-O—C stretching)
became significantly weakened or indistinct in the blended systems. These spectral changes, although

subtle, suggest the presence of local chain interactions and partial mixing between PCL and PMMA.
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Figure 6. 3: FTIR spectra (a), DSC thermograms from the second heating run (b), and the first

cooling run (c) of the fabricated membrane samples.

The thermal behaviour of the membranes, as presented in the DSC thermograms in Figure 6. 3b and
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6.3c, further supported the FTIR findings. The first heating scan was used to eliminate the prior
thermal history and remove residual stresses or solvent effects. The first cooling scan recorded the
crystallisation behaviour of the molten sample as it cooled. In contrast, the second heating scan
captured the intrinsic thermal transitions of the polymer, including the melting temperature (7r),
crystallisation temperature (7¢), and glass transition temperature (7;) after baseline correction. This
standard heat—cool-heat cycle is routinely used in polymer DSC measurements to eliminate the
effects of previous thermal history and obtain reproducible intrinsic transition temperatures. As a
semi-crystalline polymer, PCL exhibits distinct melting and crystallisation peaks, typically at 7 (55—
65 °C) and T. (3040 °C), together with a low Ty (—65 to —60 °C). By contrast, PMMA, being
amorphous, shows only a T, in the range of 100-105 °C [200, 201]. These expected values in the

peaks of the individual polymer samples confirm the reliability of the measurements.

However, notable differences emerged in the blended systems. In Mid-1 and Mid-2, the T, peak
intensity decreased markedly, and both 7. and 7, became less distinct in the cooling scan. These
changes indicate reduced crystallinity and restricted chain mobility, consistent with local interfacial
interactions between PCL and PMMA. It should be noted that thermal softening during the first
heating cycle may promote limited interfacial interdiffusion; therefore, the second heating scan
reflects the thermal behaviour after this potential rearrangement. In contrast, the Sandwich-1 and
Sandwich-2 membranes, which contained PCL as the dominant phase, retained well-defined T, 7,
and T, peaks close to those of pure PCL. This similarity indicated that the PCL layers primarily
governed the thermal behaviour of the sandwich membranes, while the PMMA middle layer exerted

only a limited influence on the composite's overall crystallinity.

Overall, the combined FTIR and DSC analyses support the presence of local interfacial interactions

and partial mixing between PCL and PMMA.

6.3.3 Hydrophilicity

The WCA of the fabricated membranes, both before and after ethanol treatment, together with
comparative data, are shown in Figure 6. 4a—c. Before ethanol treatment, all membranes displayed
distinctly hydrophobic characteristics, with WCAs exceeding 100 °. Among the tested samples, the

PMMA membrane exhibited the highest WCA of 127.7 + 2.5 °, followed by the PCL membrane at

101



111.3 £3.1 °. The difference in these values reflected the intrinsic surface properties of the polymers:

PMMA has lower surface polarity than PCL, which accounts for its higher hydrophobicity. In mixed

and multilayer membranes in which PCL was incorporated into the PMMA matrix, the WCA

decreased relative to pure PMMA, suggesting that PCL contributed to slightly higher surface polarity

and improved wettability.
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Figure 6. 4: WCA measurements of the fabricated membranes before (a) and after (b) ethanol
treatment; (c) comparative WCA values; and (d) FTIR spectra of membranes before and after ethanol

treatment.

After ethanol treatment, a dramatic change in surface behaviour was observed. The WCA of both the
control group (PCL) and the sandwich-like membranes (PCL/PMMA@PCL/PCL) dropped below
50 °, and the deposited water droplets were fully absorbed into the membranes within one minute.
This rapid water uptake demonstrated that ethanol treatment effectively transformed the membrane
surface from hydrophobic to hydrophilic. Enhanced hydrophilicity played a vital role in oily water
separation, as it promoted water permeation through the membrane, reduced oil adhesion to the
surface, and mitigated fouling caused by oil film or cake formation. The results in Figure 6. 4
therefore, confirmed that ethanol treatment was a simple yet highly effective method for temporarily

improving membrane wettability.

However, it is worth noting that the hydrophilicity enhancement caused by ethanol treatment is
temporary. When the ethanol-treated membranes were dried and re-examined, their WCAs gradually
returned to values comparable to those of the untreated samples. To clarify whether the treatment
induced any chemical modifications, the FTIR spectra of ethanol-treated and pristine membranes
were compared (Figure 6. 4d). The two spectra showed identical characteristic peaks, with no new
bands or peak shifts, indicating that the ethanol treatment did not alter the chemical structure of the
polymers. This finding implied that the observed improvement in hydrophilicity arose primarily from
physical effects, specifically the temporary adsorption of hydroxyl groups or residual ethanol

molecules onto the membrane surface.
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Previous studies support this interpretation. Ethanol has been reported to transiently increase
membrane hydrophilicity by forming hydrophilic groups or weakly associating with polar sites on
the polymer surface [202, 252]. Once the solvent evaporates, these interactions disappear, and the
surface reverts to its native hydrophobic state. Zhao et al. [258] also noted this reversible
phenomenon, showing that ethanol-treated membranes regained their original WCA values after
complete drying. Therefore, ethanol can be regarded as a convenient short-term modifier that
provides immediate, but temporary, enhancement of surface hydrophilicity. For practical use, the
membranes should be kept immersed in DI to retain their wettability or re-treated with ethanol before

filtration experiments to ensure optimal water permeability and antifouling performance.

6.3.4 Morphology

SEM analysis was carried out to examine the morphology and fibre distribution of the electrospun
membranes. Representative micrographs of the PMMA, Mid-1, and Mid-2 samples are presented in
Figure 6. 5. The PMMA membrane showed the largest average fibre diameter of 1918 + 638 nm,
forming thick, uneven fibre diameters with a loosely entangled arrangement. When PCL was
incorporated into the spinning solution, the average fibre diameter gradually decreased. The Mid-2
and Mid-1 composites exhibited mean diameters of 1883 + 586 nm and 1427 + 567 nm, respectively.
This gradual reduction in fibre diameter is consistent with the viscosity data reported in Figure 6. 2,
where the addition of PMMA led to lower solution viscosity. A decrease in viscosity typically reduced
polymer chain entanglement during electrospinning, resulting in thinner fibres. The correspondence
between the rheological and morphological results confirmed that solution viscosity was a key factor

influencing fibre size and uniformity.
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Figure 6. 5: SEM images (a, c, €) and corresponding fibre diameter distributions with average fibre
diameters for PMMA (b), Mid-2 (d), and Mid-1 (f) membranes.

In addition to differences in fibre diameter, all PMMA, Mid-1, and Mid-2 membranes exhibited a
fluffy, fragile surface texture. This was evident from visual inspection under ambient conditions,
where even gentle handling results in observable fibre deformation or detachment, indicating poor
structural integrity [242]. This fragility is likely attributed to several physicochemical and mechanical
factors. First, PMMA is an inherently brittle polymer; its molecular chains fracture easily under stress
and show minor plastic deformation before breaking [259]. Second, the relatively high glass
transition temperature of PMMA (around 105 °C) restricts chain mobility at room temperature,
limiting the ability of fibres to deform or recover when external forces are applied [260]. Third, the

intrinsic rigidity of PMMA chains results in limited fibre flexibility and poor inter-fibre packing,
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which gives the membrane a loose, fluffy appearance. Finally, the weak adhesion between adjacent
fibres prevents efficient load transfer throughout the network, further reducing mechanical strength

and making the membranes prone to surface cracking or delamination during handling [212, 261].

Because of these material limitations, the PMMA-rich membranes (PMMA, Mid-1, and Mid-2) are
unsuitable for practical filtration. Their brittleness and low cohesive strength would make them
unstable under the pressure and shear conditions encountered during oily water separation.
Consequently, subsequent investigations focused on the structural and functional evaluation of the
specifically PCL, Sandwich-1, and Sandwich-2 membranes, which possessed greater flexibility and
better mechanical robustness. These membranes were further examined to assess their potential for

effective oil/water separation performance.

Sandwich-1 Sandwich-2

Focus on middle layer Focus on outlayer 1

Focus on outlayer 2

Figure 6. 6: Microscope images showing the sandwich structure of pressed sandwich-1 and
sandwich-2 membranes.

Microscope images of the cold-pressed Sandwich-1 and Sandwich-2 membranes (Figure 6. 6) clearly
confirmed the formation of a well-defined sandwich-like configuration, consisting of distinct outer

and inner layers. The outer layers were composed of electrospun PCL, while the middle layer was
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composed of the respective PCL/PMMA composite. The three layers were closely integrated after
cold-pressing, with no visible delamination or interfacial gaps. The detailed cold-pressing procedure,

including the applied pressure (9.81 MPa) and pressing duration, is described in Section 4.4.2.

It should be noted that the microstructural differences between the Mid-1 and Mid-2 layers have
already been characterised in Figure 6. 5. Figure 6. 6 is therefore presented to verify the successful
assembly of the multilayer sandwich-like configuration in both membranes after the cold-pressing
process. Both Sandwich-1 and Sandwich-2 exhibited similar three-layer architectures consisting of
two PCL outer layers and a central composite middle layer, with no visible delamination or interfacial
gaps. This observation verified the structural integrity of multilayer architecture, which was essential

for ensuring mechanical stability and consistent filtration behaviour during operation.

Figure 6. 7 presents the SEM micrographs of both pressed and unpressed membranes, together with
their fibre diameter distributions and average values for the PCL, Sandwich-1, and Sandwich-2
membranes. All membranes exhibited smooth, continuous, and randomly oriented nanofibres free of
beads or defects, indicating that the electrospinning process produced high-quality fibrous mats.
Because the external surfaces of all three membranes consisted entirely of PCL, their surface
morphologies were similar: a uniform, porous network of interconnected nanofibres. The measured
average fibre diameters of the unpressed samples were 201 + 92 nm for pure PCL, 202 + 84 nm for
Sandwich-1, and 213 + 113 nm for Sandwich-2, showing negligible variation among them. This
similarity further confirmed that the outer PCL layers dominated the composite membranes' surface

features.

After cold pressing, noticeable morphological changes occurred. The fibres in all membranes became
more compact and closely packed, with a visible reduction in apparent diameter. The average
diameters decrease to 175 + 40 nm (PCL), 175 + 38 nm (Sandwich-1), and 179 = 56 nm (Sandwich-
2). The pressed samples displayed denser textures, suggesting that the applied perpendicular pressure
effectively compressed the membrane structure. Visually, the cold-pressed fibres in SEM images
appeared slightly flattened and thinner compared with their pristine counterparts, supporting the

quantitative findings.
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Figure 6. 7: SEM images of pressed and unpressed membranes and fibre diameter distributions with

average fibre diameters for the PCL, Sandwich-1, and Sandwich-2 membranes.

This reduction in fibre diameter can be attributed to mechanical deformation induced by the cold-
pressing process. The perpendicular force exerted during pressing generated both transverse
compression and axial tensile stress along individual fibres. Under this stress field, the fibres were
subjected to fibre flattening or axial stretching. Axial stretching generated tensile stress along the
fibre length, resulting in fibre elongation and a reduction in fibre diameter. The combination of axial
stretching and local fibre rearrangement resulted in a more compact fibrous network with a higher
packing density. Similar stretch-induced diameter reduction behaviour has been reported previously

in electrospun membranes subjected to mechanical compaction [262].

Therefore, based on morphological evidence and diameter measurements, the decrease in fibre
diameter after pressing can be explained by the axial stretching effect produced under the applied
perpendicular pressure. This process not only reduced fibre size but also enhanced fibre—fibre contact
and network cohesion, thereby improving the overall mechanical integrity and stability of the

membranes. These changes were expected to influence the subsequent mechanical performance and
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separation behaviour examined in the following sections.

It should be noted that pressing the sandwich-like PCL/PMMA@PCL/PCL membranes is an
essential step to ensure structural stability. In the unpressed state, the individual layers adhered only
loosely, and the interfaces between the PCL and PCL/PMMA layers could easily separate, especially
during handling or filtration. This separation made the multilayer structure unstable and unsuitable
for practical use. The pressing process effectively eliminated this issue. Since PCL is a thermoplastic
polymer with inherent flexibility and ductility at room temperature, it can undergo slight deformation
under pressure without fracturing. The combination of PCL’s ductility and the applied high
compressive force of 9.81 MPa promoted physical bonding and inter-fibre entanglement across the
interfaces, resulting in strong adhesion between layers. As a result, the pressed membranes behaved
as nearly unified structures at the macroscopic scale, exhibiting improved dimensional stability and

mechanical integrity.

For this reason, only the pressed PCL, Sandwich-1, and Sandwich-2 membranes were selected for
subsequent characterisation and oil/water separation testing. Their porosity and pore structure were
evaluated to assess how the multilayer configuration influences internal architecture. Volumetric
porosity and average pore radius are calculated according to Egs. (1) and (2), and the results are
summarised in Table 6. 2. The membrane thickness followed the order PCL < Sandwich-1 <
Sandwich-2. The pure PCL membrane exhibited the highest volumetric porosity (35.15 + 12.35%)
and the largest average pore radius (0.610 £ 0.293 pm), indicating a more open structure with a

greater number of interconnected pores per unit volume.

In contrast, the multilayer membranes exhibited slightly reduced porosity and smaller pore sizes,
which can be attributed to compaction induced by pressing and to the additional middle layer in the
sandwich configuration. The thicknesses of Sandwich-1 (0.171 + 0.038 mm) and Sandwich-2 (0.171
+ 0.025 mm) were approximately double that of the single-layer PCL membrane (0.086 + 0.058 mm).
The increased thickness and more compact structure were expected to influence both the mechanical
strength and the permeability characteristics of the membranes. Specifically, while the denser
configuration may enhance tensile strength and resistance to deformation under pressure, it could

also result in slightly lower flux during filtration.
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Table 6. 2: Properties of the fabricated membranes regarding thickness, volumetric porosity,

average fibre diameter, and pore radius.

Volumetric Average fibre Average pore
Thickness
Sample porosity diameter radius
(0, mm)

(e, %) (d, nm) (r, pm)
PCL 0.086 +0.058 35.15+12.35 175 +40 0.610+0.293
Sandwich-1 ~ 0.171 +£0.038 30.75 +10.06 175 +38 0.522 +0.247
Sandwich-2  0.171 +0.025 29.66 +2.04 169 + 36 0.456 +0.116

6.3.5 Mechanical properties

The stress—strain curves of the electrospun membranes are presented in Figure 6. 8. The
corresponding tensile strength, elongation at break, and Young’s modulus are summarised in Table
6. 3. The mechanical testing procedure, including specimen geometry (dog-bone-shaped samples, 6
x 15 mm) and testing conditions (crosshead speed of 0.05 mmy/s), followed the method described in

Section 4.7.2.
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Figure 6. 8: Stress-strain curves for fabricated electrospun membranes.

The pure PCL membrane exhibited the highest tensile strength of 7.74 = 0.02 MPa, demonstrating
its superior mechanical robustness among all samples. When PMMA was introduced into the
structure to form the sandwich-like membranes, the tensile strength decreased progressively,
reaching 4.36 = 0.18 MPa for the Sandwich-2 membrane. This decline indicated that the inclusion of

the PMMA middle layer slightly reduced the composite's overall load-bearing capacity, most likely
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because PMMA was a brittle polymer with limited chain flexibility. Its incorporation reduced inter-

fibre cohesion and disrupted the continuous load network provided by the PCL matrix.

In contrast, the elongation at break showed the opposite trend, increasing from 60.75 £ 0.62% for the
pure PCL membrane to 80.28 + 0.11% for Sandwich-2. As discussed in Section 6.3.4, the slightly
greater thickness of the sandwich structures may help distribute tensile stress more evenly through
the membrane during deformation, reducing the likelihood of premature fracture. The multi-layer
configuration could also provide a small degree of buffering at the interfaces, allowing the membrane
to extend marginally more before failure. These effects together may explain the modest increase in

elongation at break observed for the sandwich membranes compared with pure PCL.

The calculated Young’s modulus values followed the order PCL > Sandwich-1 > Sandwich-2,
consistent with the observed tensile strength trend. This progressive reduction in modulus reflected
a decrease in stiffness as the PMMA content increases, again due to the intrinsic brittleness and lower
inter-fibre bonding strength of PMMA compared to PCL. Overall, the mechanical properties of the
PCL-based membranes developed in this section are comparable to those reported for similar
electrospun PCL systems in previous literature (Table 6. 3). Although the incorporation of PMMA
slightly compromised tensile strength, the resulting sandwich-like membranes still exhibited
sufficient strength and elasticity to meet the mechanical requirements for practical water treatment
applications. The mechanical results suggested that the membranes can maintain their fibrous

structure during operation, providing a stable basis for subsequent separation testing.

6.3.6 Short-term multi-cycle oil/water emulsion separation experiment

Short-term multi-cycle oil/water emulsion separation experiments were conducted according to the
procedure described in Section 4.4.2 to evaluate the filtration performance and stability of the PCL-
based membranes. The variation in DI water flux over 60 minutes is shown in Figure 6. 9a. All
membranes exhibited a gradual, modest decline in flux during the test. Specifically, the DI water flux
decreased by 3.75%, 12.15%, and 26.64% for the pure PCL, Sandwich-1, and Sandwich-2
membranes, respectively. This behaviour is common in pressure-driven filtration and can be

attributed to gradual membrane compaction and minor pore blockage under sustained load.
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Table 6. 3:

Comparison of the mechanical properties and separation performance of PCL-based electrospun membranes from this section with those reported

for other electrospun membranes.

Mechanical properties

Rejection rate

Samples Filtered solutions  Facilities Tensile strength  Elongation at Young’s FDR (%) FRR (%) Reference
(%)
(MPa) break (%) modulus (MPa)
PCL 7.74 £ 0.02 60.75 £0.62 9.13 £0.02 85.67+1.49 3643+156 92.06+0.61
n-hexadecane/water  Pressure
Sandwich-1 5.99+0.01 79.00 £ 0.46 5.25+0.05 95.58+1.16 37.09+1.84 90.09+0.45 This work
emulsion -driven
Sandwich-2 4.36+0.18 80.28 £0.11 4.53£0.01 05.89+0.87 42.16+321 90.31+1.14
SKL-incorporated = n-hexadecane/water  Gravity-
— — 6.96+0.17 97.5 79 98 [159]
PCL emulsion driven
hexadecane/water  Gravity-
PCL/Tween 80 6.59 £ 1.67 130 £ 21 — 99 — — [160]
emulsion driven
Hexane/water Gravity-
Chitosan/PCL 8.2 97+ 11 — 99.9 — — [162]
emulsion driven
n-hexane/water Gravity- 132.52 +
PAN/PU-TA 6.42 +0.50 — 95.44 — — [265]
emulsion driven 14.72
PA6(3)T Dodecane or motor ~ Pressure — — — ~50 — ~80
[266]
PAN oil -driven — — — ~80 — ~75
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Medium-chain

Pressure
PEF/PLA triglyceride oil/water 1.53 ~ 60 ~0.11 95.45 98.65 [267]
-driven
emulsion
n-hexane/water Pressure
MPNs coated PST — — — 97.5 96.4 [268]
emulsion -driven
PVAc-coated Machine oil/water Pressure
233 — — ~99 85 [269]
N6/S10; emulsion -driven
Light mineral
PMMA/PCL — 0.95+0.15 31.7+79 20.9+25 — — [270]

oil/water emulsion

Note: PAN/PU-TA, polyacrylonitrile/polyurethane-tannic acid; PA6(3)T, Poly(trimethyl hexamethylene terephthalamide); PAN, Polyacrylonitrile; PEF/PLA,

Poly(ethylene furanoate)/poly(lactic acid); MPNs coated PSf, Metal-phenolic network coated polysulfone; PVAc-coated N6/SiO», Polyvinyl acetate-coated

nylon 6/Silica.
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During filtration, the membranes were clamped tightly between the upper and lower parts of the
filtration cell to ensure leak-free operation, uniform pressure distribution, consistent mechanical
support, and accurate flux measurement. This setup was necessary to maintain membrane integrity,
ensure consistent filtration conditions, and prevent bypass or leakage, both of which could
significantly impact experimental accuracy and distort flux measurements. However, sustained
compression over time can lead to slight structural deformation or “creep compaction,” which
reduces the adequate pore size and thereby increases flow resistance. This structural densification
explains the observed slow decline in flux over time [263]. Moreover, even though DI water contains
no visible contaminants, trace amounts of dissolved organic residues or fine particulates may
accumulate within the pores, contributing to membrane pore blockage and further flux reduction
[264].
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Figure 6. 9: (a) DI water flux over 60 minutes, (b) flux variation of membranes over three cycles of
oil/water emulsion, (c) FDR, FRR, and oil rejection of membranes after filtration of oil/water

emulsions in short-term multi-cycle filtration experiments.

Among the three membranes, Sandwich-2 showed the most significant flux decline (26.64%),
consistent with its greater thickness, lower porosity, and smaller average pore size. These structural
characteristics made it more prone to compaction and clogging under pressure. In contrast, the pure
PCL membrane, with its thinner, more porous structure, showed only a slight 3.75% decrease in flux,

maintaining relatively stable permeability throughout the test period.

The flux variations across three cycles of oil/water emulsion separation are shown in Figure 6. 9b. In
each cycle, the flux dropped rapidly when switching from DI water to the oil/water emulsion due to
the introduction of oil droplets and residual surfactant, which immediately increased flow resistance.
Although a simple rinse with distilled water partially restored the flux, a gradual decline persisted
after each cycle. This reduction can be attributed to the accumulation of tiny oil droplets trapped
within membrane pores, which could not be wholly removed by simple rinsing. Over time, these

trapped droplets formed partial blockages that restricted effective flow channels.

When comparing membrane performance, the PCL membrane maintained the highest relative flux,
followed by Sandwich-1, while Sandwich-2 exhibited the lowest flux. The lower permeability of
Sandwich-2 was consistent with its lower porosity (29.66 + 2.04%) and smaller pore radius (0.456 +
0.116 pm), which provided fewer, narrower pathways for water permeation. Consequently, under

identical operating conditions, its flux was the lowest among the three.

The FDR, FRR, and oil rejection values calculated using Eqs. (4—6) are summarised in Figure 6. 9c.
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The FDR values followed the order: PCL (36.4 + 1.56%) < Sandwich-1 (37.1 & 1.84%) < Sandwich-
2 (42.2 +£3.21%). The increase in FDR corresponded to a decrease in porosity and pore size, as lower
porosity and smaller pore sizes made it easier for tiny oil droplets to embed in the membrane, thereby
intensifying pore blockage and causing a decline in flux. Despite these variations, all membranes
exhibited high FRRs of approximately 90% after simple DI water rinsing, indicating that most
fouling was reversible and that the membranes exhibited good short-term antifouling performance.
This suggested that all three membranes exhibited decent short-term oil antifouling properties, which
can be attributed to their lipophobic and hydrophilic characteristics, consistent with the WCA results

in Section 6.3.3.

The PCL, Sandwich-1, and Sandwich-2 membranes exhibited oil rejection values of 85.67 £+ 1.49%,
95.58 + 1.16%, and 95.89 = 0.87%, respectively. The PCL membrane, with the highest porosity
(35.15£12.35%) and the largest pore size (0.610 + 0.293 um), exhibited unsatisfactory oil rejection,
indicating it was ineffective at separating oil from water despite its higher flux. Conversely, the
Sandwich-like membranes effectively blocked the passage of oil droplets while maintaining good

water permeability, resulting in much higher separation efficiency.

Among all tested samples, Sandwich-1 achieved the best overall balance of performance. It
maintained a relatively high flux, exhibited strong antifouling characteristics (high FRR), and
completed oil rejection above 95% during the short-term multi-cycle filtration experiment. The pure
PCL membrane, although offering the highest initial flux, performed poorly in oil rejection, whereas
Sandwich-2 suffered from limited permeability due to its dense structure. Therefore, the Sandwich-
1 membrane demonstrated the most favourable combination of permeability, antifouling behaviour,
and separation efficiency, making it the most suitable candidate for short-term oily water treatment

applications.

The separation performance and mechanical properties of the electrospun membranes developed in
this section were compared with those of previously reported membranes, as summarised in Table 6.
3. The fabricated sandwich-structured membranes demonstrated oil rejection rates of approximately
95% and mechanical strength values comparable to those found in the literature, indicating that the
present fabrication strategy successfully achieved both structural robustness and high separation

efficiency. This section provided a relatively comprehensive evaluation of membrane performance,
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encompassing both mechanical and filtration aspects. In contrast, many earlier studies have focused
primarily on either mechanical durability or separation behaviour [266, 268, 270]. Such narrowly
scoped investigations can lead to incomplete or unbalanced assessments of overall membrane

suitability for practical use.

Although the FRR values obtained in this work exceeded 90%, they were slightly lower than those
reported by Mizan et al. [159], Juraij et al. [267], and Obaid et al. [268]. The difference is mainly
attributed to the cleaning procedure used after each separation cycle. In this section, only a simple
rinse with DI water was applied between cycles, which may not be sufficient to remove oil droplets
trapped within the membrane pores completely. Other researchers have reported higher FRR values
by employing more advanced cleaning techniques, such as alkaline washing with NaOH solutions to
dissolve residual grease, UV-assisted photocatalytic cleaning using TiO»-based membranes, or
mechanical back-flushing with specialised systems [180]. These approaches help to recover flux
more effectively and extend membrane lifespan. However, these procedures are not implemented in
the present work due to laboratory constraints and equipment availability. Future studies will
incorporate these cleaning methods to further enhance the reusability and long-term stability of the

fabricated membranes.

Figure 6. 10a shows the size distribution of oil droplets in the prepared oil/water emulsions, as
measured by DLS. The results indicated that 74.59% of the droplets had diameters greater than the
average value of 1.376 um. Given the mean pore sizes of the membranes (0.610 + 0.293 pm of PCL,
0.522 + 0.247 um of Sandwich-1, and 0.456 + 0.116 um for Sandwich-2), it is clear that all three
membranes possess pore sizes substantially smaller than the predominant droplet sizes. This size
disparity is essential for effective physical separation, as it allows the membranes to retain oil droplets

at the surface while permitting water to pass through under applied pressure.

Figure 6. 10Db further illustrated this phenomenon using confocal and optical microscopy images, as
well as digital photographs of the emulsions before and after filtration. The initial emulsion appeared
cloudy and milky, typical of a stable oil/water emulsion with fine dispersed droplets. After filtration,
the permeate collected from the sandwich-like membranes became visibly clear and transparent,
demonstrating efficient removal of oil droplets. The confocal images confirmed these observations:

numerous oil droplets were visible in the feed emulsion, whereas none were detected in the permeate

117



after filtration through Sandwich-1 and Sandwich-2 membranes. In contrast, a small number of oil
droplets remained in the permeate after filtration through the PCL membrane, consistent with the oil
rejection results. This correlation between microscopic observations and quantitative separation data
reinforced the conclusion that the single-layer PCL membrane was less effective for oil/water

separation, whereas multilayer sandwich configurations performed better.
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Figure 6. 10: (a) Size distribution of oil droplets in oil/water emulsions, and (b) confocal and optical
microscope images, along with digital photos of the oil/water emulsions before and after filtration
through the fabricated membranes.
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These findings confirmed that the sandwich-like electrospun membranes achieved a favourable
balance between mechanical integrity, separation efficiency, and short-term reusability. Their well-
controlled pore structure and layered design enabled efficient rejection of oil droplets while
maintaining stable flux in the short term, highlighting their potential for practical oily wastewater

treatment.

6.3.7 Long-Term Oil/Water Emulsion Filtration Experiment

Long-term oil/water emulsion separation experiments were conducted to evaluate the filtration
stability and fouling resistance of the electrospun membranes during extended operation, following
the procedure detailed in Section 4.7.5. The variation of flux with time is presented in Figure 6. 11a.
A sharp decline in flux was observed during the first 10 minutes after switching from DI water to the
oil/water emulsion, which was consistent with the behaviour observed in the short-term multi-cycle
tests (see Figure 6. 9b). This initial drop corresponded to the rapid accumulation of oil droplets on
the membrane surface, leading to the formation of a thin fouling layer. As filtration proceeded, the
flux gradually decreased over the next 50 minutes due to the progressive blockage of surface pores

and internal channels by retained oil droplets and emulsified residues.

After 60 minutes of continuous filtration, the recorded fluxes were 94.5 LMH for the PCL membrane,
71.1 LMH for Sandwich-1, and 66.7 LMH for Sandwich-2. The overall flux hierarchy remained
consistent with that observed in short-term experiments, PCL > Sandwich-1 > Sandwich-2, reflecting
the influence of membrane thickness, porosity, and pore size on permeability. The pure PCL
membrane, with its thinner structure and larger pores, maintained the highest flux, whereas the

thicker, denser sandwich membranes exhibited lower permeation rates.

Figure 6. 11b summarises the FDR and FRR values for all membranes. The FDR stabilised at around
90% for the duration of the test, suggesting that the degree of fouling remained under constant long-
term pressure operation. In contrast, the FRR gradually decreased to approximately 73%, indicating
partial irreversibility of fouling over time. The combination of high FDR and reduced FRR suggested
that long-term exposure to the emulsion resulted in more persistent pore blockage and compaction
than short-term operation. These results implied that, while the membranes maintained structural

integrity, the simple DI water rinsing was limited. As noted earlier, employing more advanced
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cleaning protocols could improve flux recovery and extend the operational lifetime of the membranes

[180].
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Figure 6. 11: Flux (a) and FDR, FRR, and oil rejection rate (b) during long-term oil/water emulsion

separation experiments using the fabricated membranes.

In terms of separation efficiency, the oil rejection rates followed the order PCL (84.95 + 1.38%) <

Sandwich-1 (93.67 + 1.62%) < Sandwich-2 (93.88 + 1.93%), consistent with the short-term results.

The relatively low rejection of the PCL membrane could be explained by its larger pore size (0.610

+ 0.293 pm), which allowed fine oil droplets to pass through. Both Sandwich-1 and Sandwich-2

exhibited significantly higher rejection efficiencies (>93%), confirming that the introduction of the

PMMA middle layer and the resulting denser pore structure effectively enhanced oil retention.

In terms of overall performance, Sandwich-1 continued to exhibit the most balanced characteristics

among the tested membranes. It combined high oil rejection with moderate flux and stable antifouling
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behaviour, outperforming the pure PCL membrane, which suffered from lower rejection, and the
Sandwich-2 membrane, which was limited by lower flux. The consistent short-term and long-term
results demonstrated that the Sandwich-1 configuration provided a more balanced and favourable

performance, making it a strong candidate for practical oily wastewater treatment.
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Figure 6. 12: Schematic diagram of the sequential electrospinning and post-treatment processes

enhancing the oil/water separation performance of sandwich-like membranes.

Figure 6. 12 illustrates the overall mechanism by which the sequential electrospinning and post-
treatment processes enhance the oil/water separation performance of the sandwich-like membranes.
Sequential electrospinning followed by mechanical pressing formed a stabilised
PCL/PMMA@PCL/PCL sandwich structure with an intricate 3D pore network, providing both
mechanical robustness and interconnected pathways for selective separation. Subsequent ethanol
treatment further improved the membrane’s surface wettability by introducing temporary —OH
groups, thereby promoting hydrophilicity, facilitating water permeation, and repelling oil droplets.
These combined structural and interfacial modifications allowed clean water to pass through while

retaining oil, thereby achieving stable and high-performance separation behaviour.

6.4 Conclusion

In this section, sandwich-like electrospun membranes composed of PCL and PMMA were

successfully fabricated and systematically evaluated for oil/water emulsion separation. The
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combination of ethanol surface treatment and cold-pressing enhanced membrane hydrophilicity and
mechanical integrity. The hydrophilicity induced by ethanol was due to physical adsorption of
hydroxyl groups, as confirmed by FTIR-DSC, with a temporary effect that diminished after drying.
The cold-pressing process resulted in denser membrane structures and reduced fibre diameters, both
of which were attributed to axial stretching during pressing. The fabricated membranes exhibited
high oil rejection rates (~95%) and satisfactory mechanical properties, indicating their suitability for
water treatment applications. Long-term filtration tests revealed that flux decline was associated with
membrane compaction and partial pore blockage. Although the FRR remained above 90%, it was
limited by the simple DI water rinsing protocol, which was insufficient to entirely remove trapped
oil droplets. This section provides a thorough characterisation of sandwich-structured electrospun
membranes, highlighting their advantages and identifying current limitations. Future research may
focus on integrating more advanced cleaning strategies to enhance long-term antifouling
performance and ensure membrane reusability in practical applications. In addition, incorporating
functional additives with photocatalytic or antibacterial properties may further expand the

membranes' application potential.
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CHAPTER 7

7 Integrated image processing-ANN for

Electrospun Fibre Prediction

Abstract

Electrospun nanofibrous membranes are widely used in biomedical, filtration, and energy-related
applications, where fibre diameter plays a key role in determining membrane morphology and
performance. However, conventional manual measurement of fibre diameters from SEM images is
inefficient and subject to human error. In this section, two image-processing tools, Diameter] and
SIMPoly, were compared for fibre-diameter analysis to improve efficiency, accuracy, and consistency.
DiameterJ was selected for its higher measurement accuracy and support for batch processing. Using
DiameterJ, 144 datasets were collected and used to train an ANN model with four electrospinning
parameters (molecular weight, solution concentration, flow rate, and tip-to-collector distance) as
inputs. The ANN model showed high predictive accuracy, with correlation coefficients exceeding
0.97 and prediction errors below 4%. A RSM model was also developed for comparison; however, it
showed limited predictive accuracy in unseen conditions, with prediction errors reaching up to
28.57%. The ANN model exhibited superior reliability and generalisability. IRI and contour plots
indicated that molecular weight and concentration had the most significant effects on fibre diameter.
Overall, combining image processing with machine learning offers a promising strategy for the
design and optimisation of PCL electrospun fibrous materials and holds potential for broader

applications in related fields.

123



7.1 Introduction

In recent decades, electrospun nanofibrous materials have attracted extensive attention due to their
unique advantages, including versatile fabrication methods, broad material selection, high porosity,
large specific surface area, and excellent mechanical properties. Consequently, these materials
exhibit promising applications in various fields, including tissue engineering [271], filtration [272],
flexible sensors [273], electrode materials [274], and packaging materials [275]. In these applications,
the morphology of nanofibres, particularly fibre diameter, significantly influences membrane
porosity and mechanical properties, thereby affecting the overall performance of nanofibrous
membranes [32]. Fibre diameter is primarily determined by solution characteristics (e.g., molecular
weight and concentration) and processing parameters (e.g., flow rate and tip-to-collector distance)
[276]. Therefore, developing precise and efficient analytical tools to characterise fibre morphology
is crucial for elucidating structure-performance relationships and optimising fabrication parameters.
Given that electrospun fibres typically range in diameter from the nanoscale to the microscale, SEM

remains the most widely used and effective technique for detailed morphological analysis.

Traditional fibre diameter measurement commonly relies on manual analysis of SEM images using
the line tool in Imagel/Fiji, followed by basic statistical processing [33]. However, manual methods
are prone to subjective bias due to limited human sampling, and they exhibit low throughput and
time inefficiency [34]. Automated computational tools that quantitatively analyse SEM images offer
enhanced objectivity and efficiency [277]. For instance, Hotaling et al. [35] developed "Diameter]",
an open-access Imagel/Fiji plugin that automates fibre diameter analysis, achieving approximately
10-fold speed improvement and generating at least 100-fold more data points (3,000-12,000
measurements within 10 seconds) compared to manual measurement (25 measurements in 100
seconds), without compromising accuracy. Diameter] can also provide additional data, such as fibre
orientation, diameter distribution histograms, porosity, and pore area. Similarly, Murphy et al. [36]
presented Semiautomated Image Measurements of Polymers (SIMPoly), an open-access MATLAB
programme for fibre diameter measurement from SEM images. SIMPoly demonstrated accurate,
rapid measurement capabilities validated through synthetic images and electrospun PLGA fibre
samples. Gotz et al. [37] introduced the General Image Fibre Tool (GIFT), which employs a strategy

involving Sobel edge extraction, image binarisation, multi-angle rotation, linear morphological
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opening operations, and edge spacing measurement. Although GIFT offers superior accuracy in fibre-
diameter measurements, its complexity and heavy reliance on parameter optimisation pose a higher

barrier to entry-level users.

The morphology of electrospun fibres is governed by the interplay of multiple processing parameters,
making it difficult to establish direct correlations that accurately predict fibre diameters [38].
Traditional experimental approaches often require extensive trials to disentangle these complex
relationships, resulting in considerable time and cost [39]. To address this challenge, researchers aim
to optimise the fabrication process and enable the targeted production of fibres with desired
properties for various industrial applications. ANNs, a class of machine learning models, offer a
promising solution by establishing a fitted, nonlinear structural model (black-box model) between
multiple input features and continuous output variables [40]. An ANN typically comprises an input
layer, one or more hidden layers, and an output layer [278]. Each neuron in the network receives
input signals, applies a set of weights and biases, and transmits the processed signals to subsequent
layers. These weights and biases are iteratively updated during training to minimise prediction error
[279]. Activation functions are used in the hidden and output layers to introduce nonlinearity and
improve model performance. For model development, the dataset is typically partitioned into training,
validation, and testing subsets [280]. The training set is used to learn the input-output mapping; the
validation set aids hyperparameter tuning (e.g., learning rate, regularisation); and the testing set

evaluates the model’s generalisation ability on unseen data [281].

ANN models have been widely applied to predict fibre diameters and optimise electrospinning
parameters. Samadian et al. [282] employed an ANN to investigate the effects of solution
concentration, tip-to-collector distance, and applied voltage on the diameters of electrospun PAN
fibres. Their model achieved a high coefficient of determination (R? = 0.994) with strong predictive
accuracy, revealing that fibre diameter increased with concentration and voltage but decreased with
distance. Premasudha et al. [283] trained an ANN to predict the diameters of electrospun Hylon VII
starch nanofibres based on the concentration, feed rate, voltage, and spinning distance. The model
achieved average errors of only 0.05% on the training dataset and 2.6% on the test dataset. Ma et al.
[284] also developed an ANN model to guide the production of PAN nanofibres, identifying solution

concentration and voltage as dominant factors influencing fibre diameter. Their model reached an R?
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of 0.990, further confirming the reliability of ANN predictions. Compared with conventional trial-
and-error methods, ANN models can process large datasets and capture complex nonlinear
relationships between processing variables and fibre morphologies. This significantly reduces
experimental workload, time, and material waste [41]. Their adaptive learning capability also makes
them suitable for dynamic systems such as electrospinning [279]. Previous studies have developed
ANN models for predicting electrospun fibre diameters in various systems with extensive manually
measured datasets. However, these studies generally relied on data collected by humans, which may
limit consistency and scalability. In contrast, this section integrates validated automated image-
processing tools (Diameter] and SIMPoly) with ANN modelling to enable objective, high-throughput

data generation and morphological prediction.

RSM is also a widely used approach for modelling and predicting response variables while
minimising the number of required experiments. Unlike ANNs, RSM establishes explicit
mathematical relationships, typically in the form of quadratic polynomial regression models, between
input variables and the response, thereby offering clear quantitative interpretability. Khatti et al. [279]
developed an RSM model to investigate the effects of four factors, including polymer concentration,
applied voltage, tip-to-collector distance, and the PCL-to-Gel ratio, on the diameters of composite
PCL/Gel electrospun fibres. The model accurately predicted fibre diameters and identified
concentration as the most influential parameter. In a subsequent study, Khatti et al. [286] applied
RSM to predict the diameters of electrospun PCL fibres, demonstrating the model’s effectiveness in

guiding the fabrication of fibres with desired diameters.

Based on these insights, this section aimed to develop both ANN and RSM models to predict fibre
diameters under various electrospinning conditions. PCL electrospun membranes were used as the
model system to investigate how key electrospinning parameters influence fibre diameters, with the
ultimate goal of enabling intelligent optimisation and predictive control. To enhance the accuracy,
efficiency, and objectivity of data analysis, automated image-processing tools (Diameter] and
SIMPoly) were employed to extract large datasets of fibre diameters from SEM images. Unlike
previous ANN-based studies that relied mainly on manual measurements, this approach integrated
validated image analysis into the modelling framework, enabling more consistent and high-

throughput data generation. A large dataset of fibre diameter measurements was used to train both
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ANN and RSM models. Their predictive performance was evaluated by comparing prediction errors,
and the more accurate model was identified accordingly. Furthermore, the index of relative
importance (IRI) and contour map analyses were performed to reveal the influence of different
electrospinning parameters on PCL fibre diameters. This integration of image processing analysis
with ANN modelling offers a robust, intelligent framework for characterising and optimising the
morphology of electrospun membranes. It provides a data-driven foundation for process design and

quality control in practical applications.

7.2 Electrospinning Experimental Dataset

Pure PCL electrospun membranes were selected as the model system. A schematic illustration of the
electrospinning setup was presented in Figure 5. 1. Four key processing parameters were
systematically investigated: molecular weight (38600-96700 g/mol), solution concentration (15-40%
w/v), flow rate (0.7-2.3 mL/h), and tip-to-collector distance (11-19 cm). These parameters were
selected because they were widely recognised as the dominant factors governing fibre formation and
morphology in electrospinning. Molecular weight and concentration directly determine the viscosity
and entanglement density of the polymer solution, while flow rate and tip-to-collector distance affect
the jet stretching, solvent evaporation, and deposition behaviour. These four parameters together
represent the most influential and controllable variables determining the resulting fibre diameter and

membrane uniformity.

The PCL nanofibrous membranes used in this chapter were fabricated following the electrospinning
procedure described in Section 4.2. Briefly, PCL of different molecular weights was dissolved in an
acetic acid—formic acid solvent mixture (3:1 v/v) at various concentrations, and the resulting
solutions were electrospun under ambient conditions using a constant voltage of 15 kV, a controlled
flow rate, and a fixed tip-to-collector distance. All membranes were collected on a vertical copper
collector and dried under ambient conditions. In total, 144 membrane samples were designed and
fabricated by systematically varying the selected electrospinning parameters. This ensures that the
ANN was trained on a diverse parameter space that can represent different electrospinning regimes.

The resulting membranes were characterised using SEM to examine their morphological features.
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7.3 Construction of ANN models

ANN modelling was conducted using the ANN Toolbox in MATLAB. The MLP network, BP
algorithm, and Levenberg—Marquardt optimisation method were selected to construct the ANN
model for predicting fibre diameters. Based on the 144 datasets collected, a single hidden layer with
10 neurons was applied following Kolmogorov’s theorem, which indicated that a single hidden layer
could theoretically approximate [288]. Several researchers have employed single-layer hidden
architectures and verified the predictive performance of their established ANN models [282, 284,
287, 289]. The fibre diameter of PCL was designated as the output variable. At the same time, four
electrospinning parameters (polymer molecular weight, solution concentration, feed flow rate, and
tip-to-collector distance) were selected as input variables. A schematic representation of the proposed
ANN model is presented in Figure 7. 1. The activation functions used were the hyperbolic tangent
sigmoid function for the hidden layer and a linear function for the output layer, as shown in Egs. (7)

and (8).

—X

e’ —¢

tanh(x) =
(%) e (7)

g(x)=x (8)

where x denotes the input to each layer, and fank(x) and g(x) represent the activation functions used

in the hidden layer and output layer, respectively.

This configuration of activation functions corresponds to the default setting in MATLAB’s Neural
Network Toolbox for regression-type ANN models. It has been widely validated in electrospinning
and materials modelling studies [290, 291]. According to the MathWorks documentation, “Feed-
forward neural networks often have one or more hidden layers of sigmoid neurons followed by an
output layer of linear neurons. The linear output layer is most often used for function fitting (or

nonlinear regression) problems.” [292].

The tangent sigmoid function was particularly suitable because the four electrospinning input
variables were normalised prior to training, and their relationship with the fibre diameter was strongly

nonlinear. The symmetric output range of the tanh function (-1 to 1) helps the network capture these
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nonlinear dependencies efficiently and ensures smooth gradient propagation during learning. The
linear activation in the output layer allows the model to predict unbounded continuous outputs that
directly correspond to experimentally measured fibre diameters, which is appropriate for regression

problems involving physical quantities.

Input layer Hidden layer Output layer

Figure 7. 1: Constructed schematic diagram of the ANN model.

The use of a nonlinear model is essential because fibre formation in electrospinning depends on
multiple interacting parameters that simultaneously affect the viscosity, surface tension, and charge
density of the polymer jet. These factors interact in a coupled and nonlinear manner to determine jet
stability, stretching, and solvent evaporation, ultimately influencing fibre diameter. Therefore, an
ANN with nonlinear activation provides a more accurate and physically meaningful mapping than
linear regression models, which cannot capture such multivariate interactions. Despite having only
one hidden layer, the network remained nonlinear due to the activation function, enabling the
approximation of complex input—output relationships with a reliable balance between accuracy and

computational efficiency.

Each dataset entry contained four input variables (molecular weight, solution concentration, flow
rate, and tip-to-collector distance) and one output variable (average fibre diameter). All input
variables and the output variable were preprocessed before ANN fitting using the built-in processing
functions in MATLAB’s Neural Network Toolbox. For each input and output variable, MATLAB

automatically removed constant rows and applied min—max scaling through the “mapminmax”
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function to rescale the data to approximately [—1, 1] before training [293]. During prediction, the
toolbox internally applies the inverse transformation of “mapminmax”, so that the network outputs
are returned in the original physical units (i.e., fibre diameter in nm) [292]. A total of 140 samples

were randomly divided into training, validation, and test subsets at 70%:15%:15%.

In addition, 4 samples were reserved as an independent hold-out set and were not used during
network training or hyperparameter optimisation. The purpose of this small external set was to
provide an additional, unbiased check of the ANN model’s generalisation ability on completely
unseen data. The exact number of samples in a hold-out set is not fixed; a small number is sufficient
as long as they are excluded from the entire training/validation/testing pipeline. This practice is
commonly adopted in machine-learning-based modelling to avoid overly optimistic performance

estimates and to verify the robustness of the trained model on new input conditions [294, 295].

The model performance was evaluated using mean squared error (MSE) and the coefficient of

determination (R?), as defined in Eqgs. (9) and (10).

MSE=+— 9)

R=£— (10)

where y;, ¥, and y; denote actual values, predicted outputs, and the mean of the actual fibre diameters,
respectively, and n is the number of samples. Lower MSE and a higher R? identify the optimal ANN
model. These metrics serve as essential criteria for evaluating how accurately the predicted outputs

represent the actual results.

The dataset covered a broad range of fibre diameters (approximately 100—1200 nm) generated under
systematically varied electrospinning parameters, ensuring adequate statistical diversity for model
training. To control model complexity and reduce the risk of overfitting, early stopping and
validation monitoring were implemented during training. Model convergence and error

distributions were subsequently examined to verify that the training and testing errors remained
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comparable. In addition, the ANN was trained with five different random weight initialisations to
assess stability, and the resulting R? values varied by + 0.02, confirming consistent predictive
performance across multiple runs. A detailed description of the network convergence behaviour for

stabilisation and the associated learning curves is provided in Figure 7. 5 in Section 7.5.2.

The IRI was introduced to quantitatively evaluate the contribution or significance of each input
variable, thereby enabling the ranking of their relative influence [296-298]. Among various
approaches, Garson’s algorithm is one of the most commonly used methods in ANN models for
estimating the importance of input variables [299]. It is based on the distribution of absolute weights

in the hidden layer [300]. The formulation of the Garson algorithm was presented in Eq. (11).

_ Zb|wab thc
22

where a denotes the number of input variables, b the number of neurons in the hidden layer (b =10

IRT, (11)

Wa'b X Wbc

in this work), ¢ the number of neurons in the output layer (typically ¢ = 1), ¢’ traversal over all input

variables, and a'b all connection paths from the input layer to the hidden layer.

7.4 Construction of RSM models

RSM coupled with a Central Composite Design (CCD) was employed to develop a multiple-
regression model describing the relationship between electrospinning parameters and fibre diameters.
Consistent with the ANN approach, four electrospinning parameters (polymer molecular weight,
solution concentration, flow rate, and tip-to-collector distance) were defined as the model factors,
and fibre diameter was set as the response variable. A total of 140 experimental datasets were

imported into Design-Expert (v13) using the Custom Design — Blank Spreadsheet function.

Based on the CCD structure, an RSM analysis was conducted, and a quadratic polynomial model
was established to describe the combined effects of the four factors on fibre diameter. The
significance of the main, interaction, and quadratic terms was evaluated using Analysis of Variance
(ANOVA), which assesses statistical significance through each term’s F-value and corresponding p-
value. Following standard RSM practice, a term is considered statistically significant when its p-

value is < 0.05, with larger F-values indicating a greater contribution relative to the experimental
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error [301, 302]. Only significant terms are retained in the final regression model, while insignificant
terms are removed. The fitted regression equation derived from this procedure is presented and
discussed in Section 7.5.3. The remaining 4 datasets, which were excluded from model construction,

were used as an independent hold-out set to further validate the RSM model's predictive accuracy.

Additionally, the model’s explanatory and predictive capabilities were quantified using the adjusted
and predicted coefficients of determination (R?). The “lack-of-fit” (LOF) test was also examined to
determine whether the fitted model adequately represented the experimental data. A model is
considered adequate when the p-value of LOF exceeds 0.05, indicating that the unexplained variation
is not statistically greater than the pure experimental error. Conversely, a significant LOF (p < 0.05)
would suggest that the model is underfitted and fails to capture the proper relationship between the
factors and the response. Overall, ANOVA provides a systematic framework for optimising model
structure, eliminating insignificant terms, and establishing response models with reliable predictive

performance.

Since the input factors have different units and scales, coded values were used to normalise the

corresponding variables, as described in Eq. (12):

X_Xcenter
xX= (12)
(Xhigh _Xlow)/2

where X is the actual value of the factor, Xcenter i the central (median) value, and Xpigh and Xiow are

the maximum and minimum values of the factor, respectively.

7.5 Results and discussion

7.5.1 Comparing the performance of image processing methods

Before developing and evaluating the ANN and RSM predictive models, it was necessary to verify
the accuracy and consistency of the fibre-diameter measurements used as input data. As introduced
in Section 4.8, three image-processing approaches (manual measurement, the Diameter] ImagelJ
plugin, and the SIMPoly MATLAB programme) were considered for extracting fibre diameters from
SEM images. To assess the accuracy and reliability of these methods, a commercial 53-gauge steel

wire with a certified diameter of 16.7 = 0.1 um was used as a benchmark sample. Owing to its stable,
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uniform, and circular cross-section, this wire provided an ideal reference for evaluating measurement

consistency across the three techniques.

Manual measurements were first performed. As shown in Figure 7. 2, a total of 150 filament segments
were randomly selected (Figure 7. 2a), and each measurement was taken perpendicular to the
filament centreline to minimise geometric error. The resulting frequency distribution of measured
diameters displayed a narrow, symmetric Gaussian profile (Figure 7. 2b). The manually measured

average diameter was 16.91 = 1.40 um, as summarised in Table 7. 1.
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Figure 7. 2: Manual measurement (a) and corresponding diameter frequency distribution and
Gaussian fitting (b) of the benchmark.

The same image was subsequently processed using Diameter], which used automatic thresholding
and fibre skeletonisation. As illustrated in Figure 7. 3a, fifteen different thresholding algorithms were

applied to segment the SEM image. Among them, the segmentation that most accurately preserved
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the filament morphology relative to the original image was selected for subsequent operations,
including axial thinning, Euclidean distance transformation, and pore-structure analysis (Figure 7.
3b). The resulting diameter frequency distribution and Gaussian fitting (Figure 7. 3¢) demonstrated
a well-defined, unimodal distribution. As reported in Table 7. 1, the average diameter obtained using
Diameter] was 16.70 pm with a standard deviation of 1.39 pm, corresponding to a relative error of
0% compared with the benchmark diameter (16.7 = 0.1 um). This near-perfect agreement confirmed
the high accuracy and reliability of Diameter] for automated fibre diameter measurement. The
combination of multiple thresholding algorithms and morphology-based refinement allowed the
programme to effectively capture filament boundaries and minimise user bias, offering strong

reproducibility for large-scale fibre analysis.
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Figure 7. 3: Image processing of the SEM image of the benchmark using Diameter]: (a)
segmentation results obtained with different thresholding methods, (b) further processing of the
optimal segmentation (M4), and (c) corresponding diameter frequency distribution. (M and S denote

the mask image and the skeleton image, respectively.)

The SIMPoly programme adopted a different analytical approach, only employing a global threshold
for image segmentation (Figure 7. 4a). A visual overlay was used to verify that the extracted fibre

skeleton aligned accurately with the filament centreline (Figure 7. 4 b). A colour-coded diameter map
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was then generated to display local variations in fibre diameter along the filament axis (Figure 7. 4c).
The corresponding diameter distribution and Gaussian fitting (Figure 7. 4d) yielded an average
diameter of 16.67 pm with a standard deviation of 1.07 pm, producing a relative error of only 0.18%

compared with the benchmark.

Table 7. 1: Comparison of measured diameters and relative error of the benchmark using three image
processing methods.

Measured average diameter of  Standard deviation

Methods Relative error
benchmark (pm) (um)
Manual measurement 16.91 1.40 1.26%
Diameter] 16.70 1.39 0%
SIMPoly 16.67 1.07 0.18%

It is important to emphasise that manual diameter measurement, although straightforward, presents
several inherent drawbacks that can compromise both accuracy and efficiency. These limitations
include (a) the subjective selection of filament segments by the operator, which can introduce user
bias; (b) the restricted number of data points that can reasonably be collected, limiting statistical
reliability; and (c¢) the time-consuming nature of manual measurement, which makes it unsuitable for
large datasets or high-throughput analyses. The manually measured diameter of the benchmark
sample (16.91 + 1.40 pm) showed a slight deviation from the nominal diameter (16.7 = 0.1 pm),
corresponding to a higher relative error of 1.26%, indicating reduced precision compared with
automated approaches. These results highlight that manual measurement, while proper for
verification, lacks the objectivity, reproducibility, and efficiency required for high-throughput

systematic quantitative analysis.

In contrast, both Diameter] and SIMPoly provide more objective, reliable, and efficient means of
measuring fibre diameters. Their automated workflows eliminate the subjective element of manual
selection and allow a much larger number of measurements to be performed in a fraction of the time,
significantly improving statistical robustness. Among the two, DiameterJ offers particular advantages.
It supports multiple thresholding algorithms for image segmentation and allows flexible adjustment
of processing parameters, enabling accurate analysis across a wide variety of SEM image types

without extensive manual intervention. The plugin’s batch-processing capability also makes it
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especially suitable for high-throughput image analysis. Moreover, Diameter] includes an integrated
set of analytical tools capable of quantifying not only fibre diameter but also fibre orientation, pore

size, and porosity, which are valuable parameters for comprehensive characterisation of fibrous

membranes.
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Figure 7. 4: Image processing of the SEM image of the benchmark using SIMPoly: (a) segmentation
result, (b) segmentation overlay with centerlines extraction, (c) colour-coded diameter map along the
centerlines, and (d) corresponding diameter frequency distribution.

It should be noted that the steel-wire benchmark was used solely to validate the fibre-diameter
measurement capability of Diameter]. The steel wire has a uniform and well-defined diameter,
making it suitable for assessing whether the two programmes can accurately extract single-fibre
diameters from SEM images. While Diameter] also includes algorithms for estimating pore-structure
characteristics, these outputs are not reliable for electrospun membranes. This is because the input
imaging condition makes such calculations inherently inaccurate. The benchmark steel wire
represents a simple, single-layer structure with clearly defined openings, whereas electrospun

membranes consist of a randomly deposited, multilayered 3D fibre network. SEM, however, provides
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only a 2D projection of this complex 3D architecture. As a result, the pore-structure values derived
from Diameter] inevitably reflect only a flattened, partial view of the membrane and therefore do not
represent the actual porosity or pore connectivity of the scaffold. For this reason, pore-structure
outputs from Diameter] were not used in this work. The analysis focused exclusively on fibre
diameter, which remained the most measurable and meaningful morphological parameter influencing

membrane uniformity, mechanical behaviour, and filtration performance.

By comparison, the SIMPoly programme uses a simpler algorithm, applying a single global threshold
for segmentation and processing each image separately. While this approach produced highly
accurate diameter measurements, its limited adaptability and lack of batch-processing capability
made it less suitable for large-scale studies involving numerous SEM images acquired under varying
conditions. Given these considerations, the Diameter] plugin was selected as the primary analytical
tool for this research. It was subsequently applied to SEM images of electrospun PCL membranes
fabricated under different experimental conditions for fibre-diameter measurement. A total of 144
samples were processed and analysed, providing a comprehensive database of fibre diameter
distributions. These data were then used as input to the ANN model developed in the following
sections, enabling quantitative prediction of fibre diameters from process parameters while

significantly reducing experimental cost and time.

7.5.2 Performance of the ANN model

The architecture of the ANN used is shown in Figure 7. 1. The network was trained using the
Levenberg—Marquardt backpropagation algorithm, implemented through the “trainlm” function in
MATLAB’s Neural Network Toolbox. This algorithm is widely used for training feed-forward neural
networks because it provides fast convergence and high accuracy for nonlinear regression problems
[286, 303, 304]. To construct and validate the model, the dataset was randomly divided into three
subsets: training, validation, and testing. Specifically, 70% of the data (n = 98) was allocated for
training, during which the model iteratively adjusted the weights and biases to minimise prediction
errors and capture the underlying nonlinear relationships between the experimental input parameters

and the measured fibre diameters (output).

Throughout the training process, model performance was continuously monitored to fine-tune
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hyperparameters and determine the most effective network configuration. To prevent overfitting and
ensure that the trained model generalised well to new data, 15% of the dataset (n = 21) was reserved
for validation. Once training and validation were complete, the remaining 15% (n = 21) served as an

independent test set to evaluate the model’s predictive capability on previously unseen data.

The evolution of the training state is illustrated in Figure 7. 5a. The training gradient, which guided
the weight update process, decreased steadily from approximately 10° at the beginning of training to
232.47 by epoch 17, demonstrating a continuous reduction in the error-surface slope and indicating
evident progress toward convergence. The damping parameter Mu, a stabilising factor in the
Levenberg—Marquardt algorithm, initially increased as the algorithm adjusted the search step, but
subsequently stabilised at 10 by epoch 17, indicating that the Levenberg—Marquardt optimisation had
reached a stable update regime. The validation failure count (Val fail) increased gradually and
reached six at epoch 17, at which point early stopping was triggered. This confirmed that the model
was halted at the epoch corresponding to the minimum validation error, preventing overfitting and
ensuring that the selected network state generalised well. Overall, the combined trends, including
monotonic gradient reduction, stabilisation of Mu, and controlled validation-failure behaviour,
indicated that the training process converged efficiently and produced a stable, generalisable ANN

model.

The MSE evolution in Figure 7. 5b reflected the progressive reduction in prediction error during
training. In MATLAB’s Neural Network Toolbox, the MSE is computed as the mean of the squared
differences between the target and predicted fibre diameters. Because the fibre diameters spanned a
wide range from 100 to 1200 nm, initial prediction errors can also be significant. For example, if the
early network output deviated from the target by several hundred nanometres, the squared error may
readily reach magnitudes of 105-10°. This explains the high MSE values observed in the early epochs
of Figure 7. 5b. As training progressed, the MSE for the training, validation, and test sets decreased
rapidly and stabilised at lower values. The best validation performance occurred at epoch 11, where
the validation MSE reached 958.97, corresponding to an average squared error of less than 31 nm in
root-mean-square terms. The convergence of all training, validation, and test curves to comparably
low MSE values demonstrated that the ANN successfully captured the nonlinear relationship

between the electrospinning parameters and the fibre diameter without overfitting. The error
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histogram in Figure 7. Sc illustrates the distribution of prediction errors across the training, validation,
and test subsets. Most of the error values were concentrated near zero (marked by the orange line),
indicating a good model fit, i.e., the model predictions were highly consistent with the experimental

data.
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Figure 7. 5: Training state plot (a), MSE plot (b), and error histogram (c) for training, validation, and
test sets in the established ANN model.

The overall correlation between the predicted and experimentally measured fibre diameters is

presented in Figure 7. 6. In all subplots, the x-axis represents the actual fibre diameters obtained from

139



SEM images analysed using DiameterJ, and the y-axis represents the corresponding ANN-predicted
diameters. Across the training, validation, and test sets (Figure 7. 6a—c), most data points clustered
closely around the y = x parity line, indicating strong agreement between predictions and
experimental measurements. It should be noted that the fitted regression lines shown in Figure 7. 6
represent linear relationships between predicted and actual values, rather than any internal functional
mapping between the input variables and the ANN output. Thus, these lines were used solely as
diagnostic tools to assess prediction accuracy and potential systematic bias, and did not reflect the
ANN's underlying nonlinear structure. The high R? (0.980 for training, 0.984 for validation, and 0.977
for testing) confirmed the excellent predictive capability and generalisation performance of the ANN

model.

Nevertheless, several systematic features are evident and warrant discussion. First, the fitted
regression lines deviated slightly from the ideal parity line (yy = 0.97x + 11 for training, y = 0.87x +
40 for validation, y = 1.10x — 15 for test), indicating mild systematic bias in different subsets.
Specifically, deviations were most pronounced in the large-diameter range (>800 nm), where the
distribution of a small number of samples made this region intrinsically more difficult for the network
to learn with uniform accuracy. In contrast, the lower-diameter region (50-600 nm), where the
majority of data were concentrated, exhibited very tight clustering around the parity line with
minimal deviation. Importantly, the magnitude of the observed deviations was small relative to the
whole experimental diameter range of 100—1200 nm, and the fitted lines remained closely aligned
with the parity line across all subsets. Overall, these results indicated that although deviations
appeared in sparsely sampled regions of the parameter space, the ANN model successfully captured
the dominant nonlinear relationships between the electrospinning parameters and fibre diameter. The
consistently high /2 values across all subsets and the strong alignment between predicted and target

values demonstrated strong predictive accuracy and generalisation capability of the developed model.
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Figure 7. 6: ANN regression analysis of the predicted versus actual values for the training (a),

validation (b), testing (c), and overall (d) datasets.
7.5.3 Statistical results obtained by RSM

Multiple regression analysis within the RSM framework was carried out to establish a mathematical
relationship between the electrospinning parameters and the resulting fibre diameters. A CCD was
adopted because its second-order polynomial structure provides an appropriate model form for
capturing linear, interaction, and squared effects among the processing parameters, as is well
established in response surface methodology [301, 305]. The general form of a second-order

polynomial is expressed in Eq. (13):
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where x; represents the coded input variables, and y denotes the predicted response. In this
formulation, fo is the intercept, f; the linear coefficients, S the quadratic coefficients, and f; the
interaction coefficients. The indices i and j range from 1 to k, where £ is the number of factors in the
experimental design, and the constraint i < j ensures that each interaction term is represented only

once.

Based on this CCD structure, a quadratic model was fitted to the experimental data, and ANOVA was
subsequently used to determine which linear, interaction, and squared terms were statistically
significant. Details on the ANOVA method used are provided in Section 7.4. The ANOVA results are
summarised in Table 7. 2. The analysis indicated that factors 4 (molecular weight), B (concentration),
C (flow rate), and their interaction or squared terms AB, BC, A> and B? exhibited statistically
significant effects (P < 0.05). Non-significant terms (P > 0.05) were removed to improve model
simplicity and predictive stability. The regression coefficients were obtained from the coded
quadratic model generated by Design-Expert software (v13), which uses least-squares regression
internally to estimate the model parameters [306]. Substituting the significant terms into the general
quadratic form yielded the final regression model shown in Eq. (14), which represents the best-fitting

quadratic surface within the investigated design space to describe the predicted PCL fibre diameter:

y=351.16+351.644+337.79B+108.92C

(14)
+323.714AB +95.26BC +119.184* +118.80B*
where y denotes the predicted PCL fibre diameter, and 4, B, and C represent the coded values of

molecular weight, concentration, and flow rate, respectively.

The overall regression model was statistically significant (P < 0.0001), indicating that it accounted
for the majority of the observed variability in fibre diameter. The lack-of-fit test was non-significant
(P = 0.0960), indicating that the fitted model adequately represented the experimental data. The
adjusted R? (0.957) and the predicted R? (0.949) were both high and closely aligned, demonstrating

strong internal consistency and robust predictive performance within the experimental range.
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Table 7. 2: ANOVA results for the response surface quadratic model based on the logjo-transformed

PCL fibre diameters.
Source Sum of square af Mean square F-value P-value
Model 7.194E+06 14 5.138E+05 228.75 <0.0001*
A 2.395E+06 1 2.395E+06 1066.09 <0.0001*
B 6.839E+05 1 6.839E+05 304.46 <0.0001*
C 49836.69 1 49836.69 22.19 <0.0001*
D 18.82 1 18.82 0.0084 0.9272%*
AB 5.043E+05 1 5.043E+05 224.50 <0.0001*
AC 2076.76 1 2076.76 0.9246 0.3381**
AD 14.13 1 14.13 0.0063 0.9369**
BC 21862.20 1 21862.20 9.73 0.0022*
BD 4.67 1 4.67 0.0021 0.9637**
CD 19.34 1 19.34 0.0086 0.9262%*
A? 1.654E+05 1 1.654E+05 73.64 <0.0001*
B? 53198.41 1 53198.41 23.68 <0.0001*
C? 523.26 1 523.26 0.2330 0.6302%*
D? 268.90 1 268.90 0.1197 0.7299%*
Lack of Fit 2.890E+05 125 2312.01 3.84 0.0960**
Pure Error 3007.00 5 601.40

Note: *, significant at 95% confidence interval; **, not significant at 95% confidence; 4, B, C, and
D represent the coded values of molecular weight, concentration, flow rate, and tip-to-collector
distance, respectively.

According to the final quadratic regression model (Eq. (14)), the predicted fibre diameters were
obtained by substituting the corresponding coded input variables and subsequently compared with
the actual experimental measurements. The RSM regression analysis is presented in Figure 7. 7. As
with the ANN analysis, the linear regression line shown in Figure 7. 7 represented a post-hoc

diagnostic relationship between predicted and actual fibre diameters and should not be interpreted as
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part of the quadratic RSM model itself. Its purpose was solely to assess prediction accuracy and
potential systematic bias. The fitted regression line was y = 0.96x + 15, which deviated from the ideal
v =x line and showed a visibly wider spread of data points. In contrast to the ANN-based regression
results in Figure 7. 6(d), where predictions clustered tightly around the parity line, the RSM model
exhibited substantial dispersion across the full range of fibre diameters. This indicated that the
quadratic polynomial model was less capable of capturing the nonlinear and coupled effects of the

electrospinning parameters, resulting in lower predictive accuracy than the ANN approach.

1200
1000 + /
z O @Yy O
g /
5 800}
o
5 FD OO
S 600 pyd
S 7]
- iy
£ 400 o
g [
£ oy —y=x
200 {7 O PrediceddaainRSM, R2=0.949
Predicted data in ANN, R? =0.979
O " 1 " 1 " 1 " 1 " 1 "
0 200 400 600 800 1000 1200

Actual fibre diameter (nm)

Figure 7. 7: Comparison of predicted vs. actual fibre diameters for the RSM and ANN models.

To further evaluate the predictive capability of the trained ANN model, 4 samples were reserved as
an independent hold-out test set and were not used during network training or hyperparameter
optimisation (see Section 7.3). The predicted fibre diameters and corresponding percentage errors
for both the ANN and RSM models are summarised in Table 7. 3. For the ANN model, all prediction
errors were below 4%, demonstrating consistent and reliable predictive performance within the
experimental design space. This high level of predictive accuracy enabled the ANN to serve as an
efficient tool for pre-evaluating fibre-diameter outcomes before conducting actual electrospinning

experiments.

For comparison, the same hold-out datasets are evaluated using the RSM model through Eq. (14),
and the resulting predictions and associated errors are also presented in Table 7. 3. The RSM model
produced higher prediction errors, with the maximum deviation reaching 28.57%. The most

significant discrepancy, observed at a molecular weight of 38600 g/mol, reflected the limited capacity
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of a quadratic polynomial to investigate the complex, nonlinear, and coupled relationships among
the electrospinning parameters. Because a quadratic RSM model (Eq. (14)) can only represent
second-order curvature, it lacked the capacity to capture the strongly nonlinear and coupled
behaviour of the electrospinning process, particularly in regions where the response surface departed
from the central design domain. Consequently, its predictive accuracy was limited. Within the
operating domain examined, the ANN therefore provided markedly superior predictive performance.
Such predictive capability offered practical value, enabling more efficient planning of

electrospinning experiments and reducing unnecessary material consumption.

Table 7. 3: Comparison of predicted and actual fibre diameters with associated errors in ANN and
RSM models.

Predict
Molecular Flow Actual
Concentration Distance diameter Error
weight rate diameter
(wt. %) (cm) (nm)
(g/mol) (mL/h) (nm)
ANN RSM ANN RSM
38600 20 1.2 17.62 119 116 153 2.52% 28.57%
83700 20 1.5 17.99 301 312 316 3.65% 4.98%
83700 30 1.7 17.59 753 760 693 093% 7.97%
96700 25 1.6 15.68 641 659 694 281% 827%

Although the RSM model was statistically significant according to ANOVA, this significance merely
confirmed a good fit to the existing dataset and did not guarantee predictive accuracy for unseen
conditions. The frequent assumption that statistical significance equates to strong predictive power
can therefore be misleading in practical applications of RSM [307]. In contrast, the trained ANN
model demonstrated not only excellent agreement with the training data but also superior
generalisation ability when applied to new parameter combinations [285, 286, 308]. All ANN
predictions exhibited errors below 4%, confirming its robustness and adaptability to nonlinear

parameter interactions.

In summary, while both RSM and ANN can model the relationship between electrospinning
parameters and fibre diameter, the ANN model provided a more flexible and accurate predictive

framework. Its data-driven learning capability enabled it to capture complex, nonlinear dependencies
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that the polynomial-based RSM cannot fully describe. Consequently, the ANN approach proved to
be a more reliable and efficient tool for optimising electrospinning processes and predicting fibre

morphology across diverse operating conditions.

7.5.4 Relative importance of electrospun parameters on fibre diameter

The IRI values were calculated using Eq. (11) based on Garson’s algorithm. The corresponding
relative contributions of each electrospinning parameter are presented in Figure 7. 8. Previous studies
have applied ANN models to predict electrospun fibre diameters, typically relying on manually
measured datasets [279, 282-285]. In contrast, this section employed an automated, standardised
image-processing workflow (DiameterJ) to directly obtain fibre diameter measurements from SEM
images. It is important to note that this automation is not intended to enhance the ANN’s predictive
performance, but rather to reduce operator-dependent variability and ensure consistent data quality
across the entire experimental domain. Both the ANN and RSM models were trained and evaluated
on the same automatically extracted dataset; the superior performance of the ANN reflected its
stronger ability to capture nonlinear parameter interactions, rather than any advantage arising from
automated measurement tools. The resulting dataset was more comprehensive and internally
consistent than manually generated datasets, providing a solid foundation for robust model training

and for reliably assessing parameter significance through the IRI method.

MW Concentration
Flow rate Distance
18.3%
32.6%
16.8%

Figure 7. 8: IRI of electrospun parameters on fibre diameters.

The parameter importance derived from the ANN analysis aligned closely with the known physical
behaviour of electrospinning, confirming the validity and reliability of the proposed modelling
framework. Among the four studied input parameters, molecular weight and solution concentration

exhibited the highest IRI values of 32.6% and 32.3%, respectively, which were approximately twice
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those of flow rate and collector distance. The overall ranking of parameter influence on fibre diameter

followed the order: Molecular weight = Concentration > Collector distance ~ Flow rate.

This ranking highlighted that molecular weight and concentration exerted dominant control over
fibre formation, while flow rate and distance played secondary roles. This observation is entirely
consistent with the physical mechanisms governing electrospinning. In particular, molecular weight
and concentration determine the viscosity and degree of chain entanglement in the polymer solution,
which are two critical factors controlling jet stability, elongation, and solidification. When viscosity
and entanglement are insufficient, bead formation occurs; when excessive, jet stretching is hindered,
resulting in thicker fibres. In contrast, flow rate and collector distance primarily influence process
dynamics; flow rate affects the supply rate of polymer solution and jet volume, whereas collector

distance governs the flight path and evaporation time.

Looking ahead, the current model could be further refined by incorporating additional
electrospinning variables, such as applied voltage, ambient humidity, temperature, and solvent
composition. Expanding the set of input parameters would enrich the model’s representation of the
underlying process—structure relationships and enable the ANN to learn a broader range of fibre
formation behaviours, thereby improving robustness and generalisation capability. Future work
should also expand the experimental dataset, as a larger number of samples is required to reliably

train neural networks with higher-dimensional input spaces.

To further visualise the combined effects of different electrospinning parameters on fibre diameter,
contour plots were generated based on the trained ANN predictions (Figure 7. 9). The colour
gradients represented the predicted fibre diameters, where warmer colours indicated thicker fibres
and cooler colours corresponded to finer ones. Figure 7. 9a illustrates the combined influence of
polymer molecular weight and solution concentration. Both parameters showed similar trends: fibre
diameter increased with increasing molecular weight or concentration, even when the other
parameter was held constant. This can be attributed to the fact that higher polymer molecular weight
and concentration lead to increased solution viscosity and stronger molecular entanglements, which

restrict jet stretching during electrospinning and result in thicker fibres [309, 310].
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Figure 7. 9: Contour plots showing the ANN-predicted effect of electrospinning parameters on fibre
diameter: molecular weight vs. concentration (a), molecular weight vs. flow rate (b), molecular

weight vs. distance (c), concentration vs. flow rate (d), concentration vs. distance (¢), flow rate vs.
distance (f).

Figure 7. 9b and d display the effects of flow rate in relation to molecular weight and concentration,
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respectively. Although flow rate had a comparatively minor impact, higher values promoted greater
volumetric extrusion of polymer solution, leading to slightly thicker fibres due to limited stretching
time before solidification [311, 312]. The influence of collector distance, shown in Figure 7. 9¢c and
e, followed the opposite trend: as the tip-to-collector distance increased, the extended flight path
allowed more time for jet stretching and solvent evaporation, typically resulting in thinner fibres
[313]. Finally, Figure 7. 9f presents the combined influence of flow rate and collector distance. The
nearly uniform colour distribution across the plot indicated minimal interaction between the two

parameters, corroborating the IRI analysis, which ranked both as less influential.

7.6 Conclusion

In this section, an integrated approach combining image processing techniques with ANN modelling
was developed to enable efficient and accurate prediction of electrospun PCL fibre diameters.
Automated analysis tools (Diameter] and SIMPoly) were evaluated against manual measurements
using a benchmark SEM image, with Diameter] selected for its superior accuracy and high-
throughput capability. Diameter] was subsequently used to extract 144 datasets from SEM images of
electrospun PCL membranes prepared under systematically varied experimental parameters. These
datasets were used to train a feedforward ANN model that demonstrated excellent predictive
performance, with R? values exceeding 0.97 and prediction errors below 4% in unseen conditions. In
contrast, the RSM model, though statistically significant, showed limited predictive accuracy for
unseen conditions, with errors up to 28.57%. The improved predictive performance of the ANN
model was closely linked to the way the training data were obtained. By integrating automated image
analysis (DiameterJ) into the workflow, the model was trained on a larger, more consistent dataset
than those typically used in previous studies that relied on manual measurements. The trained ANN
model enables users to predict fibre diameters under various fabrication conditions before
electrospinning, thereby significantly reducing experimental time and material consumption. The IRI
analysis revealed that molecular weight and solution concentration were the most influential
parameters affecting fibre diameter. Contour maps further illustrated the interactive effects of these
parameters on fibre morphology, confirming their dominant role in fibre formation. This section
highlights the strength of integrating advanced image processing with machine learning to enable

data-driven design and optimisation of electrospun materials, offering a broadly applicable
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framework for morphological prediction in fibre-based manufacturing.

Future work will focus on expanding the model by incorporating additional electrospinning
parameters and larger datasets to further enhance its predictive accuracy and generalisation capability
across different polymer systems. Beyond the current PCL framework, the proposed approach can
be extended to other electrospun materials used in biomedical scaffolds, filtration membranes, and
energy devices, where rapid and reliable morphology prediction is crucial for performance
optimisation. Strengthening such application-oriented developments will facilitate the translation of

this methodology from laboratory-scale research to practical process design and manufacturing.
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CHAPTER 8

8 Conclusions and perspectives

PCL-based membranes have been comprehensively investigated throughout this thesis as a versatile
and sustainable material platform. Owing to their biodegradability, biocompatibility, non-toxicity,
and tunable porosity, PCL membranes exhibit great potential across seemingly distinct but
intrinsically connected fields, including tissue engineering and water treatment. In the biological
domain, electrospun PCL nanofibrous scaffolds were designed to mimic the extracellular matrix,
providing favourable microenvironments for fibroblast adhesion, proliferation, and tissue
regeneration. In contrast, in the environmental domain, the same electrospinning strategy was
extended to construct multilayered or surface-functionalised PCL membranes that achieve high
oil/water separation efficiency, excellent reusability, and improved environmental safety. These two
applications, though targeting different end uses, share a common structural rationale: the
optimisation of pore interconnectivity, surface wettability, and mechanical integrity to regulate mass

transport and interfacial interactions.

Beyond experimental design, this thesis further integrated automated image-processing algorithms
and ANN modelling to quantitatively link electrospinning parameters, fibre morphology, and
functional performance. By extracting large-scale diameter data from SEM images and using the
ANN for predictive analysis, a robust parameter—structure—performance relationship was established.
This intelligent framework not only reduced human bias and experimental workload but also enabled
data-driven optimisation of membrane fabrication. The cross-disciplinary convergence of biomedical
applications, environmental engineering, and intelligent modelling thus forms a unified narrative for

this research, demonstrating how a polymer system can be engineered through both experimental and
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computational strategies to address challenges ranging from cellular regeneration to sustainable

water purification.

In this section, the significant findings are summarised and critically discussed, highlighting how
integrating materials design, experimental validation, and intelligent modelling contributes to a
broader understanding of structure—function relationships in PCL-based membranes. Future
perspectives are then proposed to guide the further translation of these findings toward advanced

multifunctional membrane systems and sustainable manufacturing strategies.

8.1 Conclusions

This thesis systematically investigated the design, fabrication, and functional optimisation of
electrospun PCL membranes across biological and environmental applications. By integrating
experimental characterisation with data-driven modelling, a comprehensive understanding of the
structure—property—performance relationships governing PCL-based systems was achieved. The
work collectively demonstrates that rational control over electrospinning parameters enables precise
modulation of fibre morphology, which in turn determines the cell culture and oil/water separation
efficiency of the resulting membranes. The incorporation of automated image analysis and ANN
further advanced this understanding, providing predictive capability and quantitative insight into
parameter sensitivity. The outcomes of Chapters 5—7 are summarised below to highlight how each

objective contributed to this overarching framework.

Chapter 5, addressing Objective 2, investigated the structure—property relationships of electrospun
PCL scaffolds, focusing on how fabrication parameters affect nanofibre morphology and cellular
responses. A systematic analysis revealed that optimising key electrospinning parameters,
particularly PCL molecular weight and solution concentration, is critical for controlling scaffold
structure and improving biocompatibility. Under optimal conditions, medium- and high-molecular-
weight PCL solutions produced bead-free nanofibres with desirable diameters, significantly
enhancing cell adhesion, proliferation, and spreading. Furthermore, GPC analysis revealed notable
discrepancies between the nominal and actual molecular weights of commercial PCL, emphasising
the need for careful material characterisation. Despite the favourable morphological outcomes, the

intrinsic hydrophobicity of PCL remained a barrier to effective cell infiltration. This limitation
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highlights the importance of post-processing strategies, such as surface modification or blending with

biomass-derived hydrophilic polymers, to improve scaffold—cell interactions.

Chapter 6, addressing Objective 3, focused on the design, fabrication, and performance evaluation
of PCL-based multilayer membranes for oily wastewater separation. Electrospun sandwich-
structured membranes composed of PCL and PMMA were successfully fabricated and post-treated
to enhance mechanical integrity and wettability. Ethanol immersion and cold-pressing improved
surface hydrophilicity, promoted tighter fibre packing, and reduced fibre diameter, attributed to axial
fibre stretching during compression. PMMA incorporation lowered solution viscosity, contributing
to finer fibre formation. The resulting membranes achieved high oil rejection rates (~95%) and
demonstrated satisfactory mechanical strength. Long-term filtration tests showed a decline in flux
due to membrane compaction and partial pore blockage. Moreover, the FRR was limited by the
simplicity of the DI water rinsing protocol, which could not entirely remove adhered oil droplets.
These results emphasise the need for improved cleaning protocols or antifouling strategies to ensure

membrane durability and reusability in practical settings.

Chapter 7, addressing Objective 4, developed an integrated, data-driven workflow combining
automated image analysis with ANN modelling to predict fibre diameters under diverse
electrospinning conditions. Comparative evaluation of image analysis tools confirmed the superior
performance and throughput of Diameter] over manual measurement and SIMPoly for fibre diameter
extraction from SEM images. The extracted data were used to train a feedforward ANN model, which
achieved excellent predictive accuracy, with R? values exceeding 0.97 and prediction errors below
4% on unseen data. The IRI and contour map analyses identified molecular weight and solution
concentration as the most influential parameters governing fibre diameter, aligning well with the
experimental findings reported in Chapter 5. This section demonstrates the effectiveness of
integrating advanced image processing with machine learning to enable predictive control and
optimisation of electrospun fibre morphology. The proposed framework is scalable, transferable, and

broadly applicable across fibre-based manufacturing systems.
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8.2 Perspectives

8.2.1 Perspectives in tissue engineering

While substantial challenges remain, PCL-based scaffolds hold great promise across a broad
spectrum of tissue engineering applications due to their tunable physicochemical properties,
structural versatility, and biocompatibility. Ongoing advancements in materials science, fabrication
technologies, and translational strategies are expected to drive the development of next-generation
scaffolds with enhanced functionality, thereby improving patient outcomes in regenerative medicine

worldwide.

To facilitate clinical translation, several critical barriers must be addressed through coordinated,
interdisciplinary research. Future work should prioritise integrating multiscale structural features and
mechanical performance by combining complementary fabrication methods, such as electrospinning
and 3D printing. In parallel, computational approaches, including ML and high-throughput screening,
can support the rational design of scaffold compositions and architectures tailored to specific tissue
types. Enhancing sustainability and scalability also remains a key goal, requiring the adoption of
green solvents and cost-effective, industrially viable production processes. Moreover, the
establishment of standardised evaluation protocols, covering mechanical integrity, degradation
kinetics, and biocompatibility, is essential for regulatory approval and clinical deployment.
Achieving these objectives will require close collaboration among materials scientists, biomedical
engineers, and clinicians to ensure that scaffold design aligns with practical clinical needs and

translational feasibility.

8.2.2 Perspectives in oil/water separation

Although significant progress has been made in developing PCL-based membranes for oil/water
separation, several challenges remain to be addressed for practical application. Long-term
performance under complex, dynamic wastewater conditions, such as fluctuations in temperature,
salinity, and pH, warrants further investigation. Mechanical stability and resistance to fouling and
fatigue during extended operation are critical to reliability. Recyclability is also a significant concern,

as many membranes experience irreversible fouling and structural degradation during regeneration.
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Developing environmentally benign, non-destructive cleaning strategies will be essential to
improving reusability. In terms of production, the scalability of fabrication remains limited. The
advancement of scalable methods, such as roll-to-roll electrospinning and extrusion-based 3D

printing, is expected to improve production efficiency.

Additionally, although PCL is inherently biodegradable, the frequent use of toxic solvents during
membrane fabrication raises concerns regarding environmental sustainability. Exploring green
processing technologies and bio-based additives may help mitigate these impacts. Integrating
additional functionalities, such as photocatalytic or antibacterial properties, could further enhance
membrane versatility in treating complex oily wastewater containing surfactants, dyes, or biological
contaminants. Emerging tools such as ML and HTS offer new opportunities to accelerate membrane
design and performance optimisation, but remain underutilised. Addressing these issues is crucial for
transitioning PCL-based membranes from laboratory research to practical oil/water separation

applications.
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