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Abstract 

 

This thesis reports the design and controlled degradation of polymeric materials. In particular, 

polycaprolactone-containing microstructures are the main focus. Direct laser writing (DLW) 

through two-photon polymerisation (2PP) was employed to fabricate solid polymeric 

templates quickly and accurately from liquid precursors on the micron scale. The use of these 

templates for successful replica moulding of a dynamical array of microscale pillars using 

polycaprolactone dimethacrylate (PCL-DMA) is discussed. 

Initially, the purity of purchased PCL-DMA was a concern. Upon its characterisation, 

it was realised that the polymer contained a considerable level of impurities. From here, the 

PCL-DMA was then synthesised in yields of 75 - 86 %. The phase of the purified product 

then required further blending with 1,6-hexanediol diacrylate (HDDA) to reach the liquid 

phase to achieve successful feature replica moulding of 2PP templates. Two blends consisting 

of 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA (all containing 1 % photoinitiator w/w) 

were produced along with neat HDDA (all including 1 % photoinitiator w/w). These 

formulations were used to fabricate degradable microstructures from 2PP printed templates. 

The two PCL-containing blends and neat HDDA were replica moulded to produce a 

small library of materials with controllably degradable surface microstructures in a 

reproducible manner. The abbreviation ‘UCD’ was incorporated into the polymeric 

microstructures by the intelligent design of the 2PP template. As such, this logo was degraded 

in a controlled manner over time upon exposure to an alkaline environment. The degradation 

was then monitored via mass loss calculations and imaging techniques, including atomic 

force microscopy (AFM) and field emission scanning electron microscopy (FESEM).  
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These polymeric materials were then tested to establish their cytotoxicity against 

mammalian cell lines, in particular, NTERA-2 and HeLa cells. After establishing the 

biocompatibility of these materials towards these cells, the viability to load silica particles 

was investigated for their potential use in applications concerning drug loading and delivery.  

Early pilot release studies describe the swelling ratio and mesh size calculations of 

cured gels fabricated from polyethylene glycol diacrylate (PEG-DA) and water. It was 

demonstrated that depending on the molecular weight of PEG-DA and the concentration of 

water used in the mixture, the swelling ratio and mesh size was considerably impacted. The 

mesh sizes of these gels were related to biologics, where preliminary Bradford assay release 

studies of lysozyme were conducted.
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1  Literature Review 

1.1 Replica Moulding 

ne of the main motivations of this research was to achieve polymeric 

microstructures using the biodegradable polymer, polycaprolactone (PCL). 

PCL has been researched extensively in recent years, principally in tissue 

engineering applications as a scaffolding material.1,2 Microstructures have shown much 

success in drug delivery applications, but microstructures consisting of PCL have not been 

given much attention.3,4 PCL microstructures can be fabricated using the photocurable 

derivative, polycaprolactone dimethacrylate (PCL-DMA), in combination with a soft 

lithography technique known as replica moulding.  

In order to achieve the required feature resolution when replica moulding, an 

understanding of the capillary action of the liquid formulation is necessary. Laplace pressure 

(Δ𝑃) is the governing force for capillary action as defined in Equation [1]. Capillary action 

makes replica moulding possible as this phenomenon involves drawing liquid polymeric 

formulations into the pores of the template. 

 

 

Where 𝛾 is the substrate’s surface energy, 𝑟 is the radius of the pore, and 𝜃 is the 

contact angle at the air/surface/solution interface. When replicating with high fidelity, the 

ability to penetrate the entire hole is crucial, and the casting formulation will stop rising when 

the Laplace pressure equals atmospheric pressure. The surface energy, 𝛾, is closely related to 

the chain length of the constituents which make up the polymeric formulation to be cast over 

O 

Δ𝑃 = 2𝛾/𝑟 (cos 𝜃) [1] 
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the template. Therefore, polymers with a lower chain length are often best suited as 

candidates for efficient replication of features on the nano- and micro-scale.5,6  

A process that utilises pressure and capillary action to replicate features is known as 

nanoimprint lithography (NIL). It does this by drawing liquid formulations into cavities to 

form negative replicas of the array. NIL is a promising method for polymeric nanostructure 

production. Chou et al. reported the imprinting of holes with diameters of 6 nm using 

polymethylmethacrylate.7 However, polymers often need to be heated before they are used. 

The high temperatures and pressures can put the templates at risk of damage through thermal 

expansion and contraction.7 This method is particularly unsuitable for replicating polymeric 

materials with a low glass transition temperature (Tg). To eliminate the need for high 

temperatures and pressures, photocurable polymers offer an attractive alternative in 

combination with a technique known as replica moulding.  

The process of replica moulding is generally accomplished in two phases, with the 

first step consisting of moulding from a hard master to make an inverse mould of the desired 

structure (Figure 1.1). The rigid nanostructured master is cast with a curable liquid polymer 

formulation as part of this step. A polymer solution is hardened via photopolymerisation or 

thermal polymerisation, and a soft, negative mould of the structures within the rigid master 

template is produced. Upon successful separation of the primary mould from the master 

template, the second step of the process can occur. This step is usually identical to the 

protocol of the first step, but the final polymeric solution that possesses the required 

properties will be cast over the primary mould, which acts only as an intermediary. 

Therefore, the function of the primary mould should be to achieve high fidelity replication of 

the master template features and feasible separation from the master template and the final 
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secondary replica. After separation and inversion from the primary mould, the secondary 

mould will yield a replica of the original hard master but as a pliable polymeric material. 

 

Figure 1.1. Schematic representation of a two-step replica moulding process to produce micro- or nano-

patterned soft materials. 

 

Replica moulding is an efficient technique that successfully replicates features as 

small as 10 nm.8 In 1998, a comprehensive review of soft lithography by Xia and Whitesides 

detailed that the fidelity of replica moulding relies mainly on van der Waals forces, wetting, 

and kinetic factors such as filling the mould.9 Another advantage of replica moulding is that, 

theoretically, infinitely large scale surface areas can be duplicated using this technique. 

However, in reality, the size is limited to the coverage the light source or heating method 

provides when curing. Xia and Whitesides also discuss some limitations, including defects 

that can occur if the features to be replicated have unsuitable dimensions in terms of height 

(h) and distance between the features (d), as outlined in Figure 1.2. Depending on the 

material used, if h >> d, paring of features can occur and if d >> h, sagging of the underlying 

bulk material is often observed.9 
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Figure 1.2. Schematic outlying the replica moulding process and some defects that can occur depending on the 

height (h) and distance between the features (d).9 

 

Reusable primary moulds are advantageous especially for moulding natural structures 

such as the nanopillars on cicada wings or the features found on Morpho butterfly wings as 

these natural substrates are delicate, and often only stay intact for a single replica moulding 

event.10,11 The potential to reuse the primary negative mould means substantial time and 

resource savings, as the first step in the conventional two-step replica moulding protocol must 

be carried out only once for multiple fabrications. The work of Csucs et al. demonstrated the 

ability of PDMS replicas to be reused > 10 times in replicating features at small as 100 nm 

with no decrease in replication quality.12 
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Replica moulding from natural substrates is also well documented in the literature.13–

15 However, a defined restriction on sizes and coverage exists when replicating from natural 

occurring substrates. Xie et al. demonstrated the replication of the nanopillars found on 

cicada wings using polystyrene. The nanopillars’ shape, dimensions, and distribution on the 

polystyrene replica were consistent with those on the natural wing surface.16 Previous work 

from our group showed similar results; Kelleher et al. showed that the nanostructured surface 

of the cicada wing could be replicated using PEG with high fidelity.10 The PEG replicas were 

also shown to have a bactericidal effect on Pseudomonas fluorescens, a Gram-negative 

bacterium, when compared to a control surface with no surface nanostructure.  

Synthetic arrays have the advantage of maintaining the controllability of the feature 

dimensions and surface coverage. Zhang et al. demonstrated the fabrication of silicon masters 

of holes with varying diameters (300 nm - 1 µm) and depths (7 - 9 µm) by photolithography. 

Subsequent replica moulding using PDMS achieved stable, high aspect ratio (up to 18) arrays 

of nanopillars with high feature replication fidelity.17 Our research group previously 

demonstrated the successful replication of a silicon master fabricated by block co-polymer 

micelle lithography using the method outlined in Figure 1.1. The resulting polyethylene 

glycol (PEG) nanoneedles had an aspect ratio of up to 4.6 with base diameters ranging from 

21 - 292 nm.18 Replica moulding from softer, polymeric substrates is also possible. Recently, 

Lou et al. showed this by fabricating an array of holes using the photoresist SU-8. They then 

demonstrated the fabrication of high density (0.25 pillar/µm2) magnetically actuated 

micropillars with an average diameter of 600 nm and aspect ratios of up to 11.19 In 2012, 

Hassanin et al. reported the replication of honeycomb-like surfaces through a reproducible, 

hybrid PDMS/PDMS process. They demonstrated that when a layer of Au (20 nm) or Pt (40 

nm) was deposited on the structured PDMS substrate, the separation ability of the subsequent 

UV-curable PDMS mould improved from 0 % to 100 %.20 
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One limiting factor associated with photocurable materials is that they must be 

transparent to guarantee complete polymerisation of the formulation from the liquid to the 

solid phase. For optimal replication, selection of the polymeric casting formulation, the PI 

and the radiation source is crucial for effective curing and, in turn, replication fidelity. Choi et 

al. presented a simple protocol of utilising anodised aluminium oxide (AAO) as a 

reproducible template to fabricate polymeric nanopillars composed of UV-curable 

polyurethane acrylate. Upon irradiation with UV light (λ = 250 to 400 nm) at a dose of 900 

mJ/cm2, the polyurethane acrylate replica was peeled off the AAO template to produce 

uniform asymmetric high-aspect-ratio polymeric nanopillars.21 During the course of this 

thesis, free radical polymerisation via photoinitiation was employed throughout replica 

moulding experiments. 

However, if the starting master contains holes or pores and the aim of the work is to 

achieve a negative replica of pillars from this master, only ‘step 2’ in Figure 1.1 is required, 

and ‘step 1’ can be disregarded. Two-photon polymerisation (2PP) has the ability to 

demonstrate this ‘step skip’ as the instrument requires a stereolithography (.stl) design file of 

the template to be printed using direct laser writing (DLW).22 Therefore, in essence, the 

template can be anything the user desires.  

 

1.2 Two-Photon Polymerisation 

The reaction mechanism for ultraviolet (UV) light initiated photopolymerisation is well 

understood and has been studied for decades. The materials used in UV photopolymerisation 

processes consist of one or more photocurable monomers or polymers and a radical 

photoinitiator (PI). The PI can be excited by UV light but is usually unperturbed by longer 

wavelengths of radiation.23 Progression in ultrafast laser technology has paved the way to a 
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direct laser writing (DLW) lithography known as two-photon polymerisation (2PP), which 

possesses many distinct advantages over other lithography methods.24 In 2PP, near-infrared 

(NIR) radiation, generally ~ 800 nm, is used as an alternative to UV light to trigger 

polymerisation. The laser pulse, typically ~ 100 fs in duration, passes through a high 

numerical aperture lens that restricts the photons in space. This restriction results in a high 

concentration of photons rushing through a minuscule volume over a very brief period of 

time. This framework facilitates the increased probability that two photons will be absorbed 

by one PI molecule simultaneously. Under traditional photopolymerisation conditions (no 

focussed beams or ultrafast laser pulses), this absorption of two photons is extremely unlikely 

as the time overlap for two photons to be simultaneously absorbed is on the order of 

femtoseconds. The difference in energies between the ground state, S0, and the first excited 

state, S1, is the same for both the single-photon, UV pathway, and the two-photon, NIR 

regime, but the two photons of NIR radiation can collectively equate to the energy of the UV 

radiation, yielding the excitation of an electron (Figure 1.3).25 

 

Figure 1.3. The schematic display of the photon absorption mechanism by conventional one-photon absorption 

(left) and two-photon absorption (right). 

 

As the laser outputs pulses with durations of only ~ 100 fs and because they are very 

tightly focussed, the intensity localised at the focal element, or voxel, is frequently in the 
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TW/cm2 range. These substantial intensities facilitate the development of non-linear 

absorption events to arise within the photosensitive resin. Considering they are non-linear, the 

likelihood of these absorption processes occurring decreases rapidly outside the voxel 

element. In other words, the 2PP process is highly localised to a single area in space and can 

be below the diffraction limit.26 As a result, structures with arbitrary three-dimensional (3D) 

geometries can be constructed by moving the sample in correlation with the voxel element of 

the laser (Figure 1.4). 

 

Figure 1.4. Schematic representation of DLW of a template of holes by 2PP. 

 

2PP was carried out on the Nanoscribe Photonic Professional which facilitates the 3D 

printing of sub-micron to mesoscale polymeric structures from an imported computer aided 

design model.7 With the 2PP method, access to the fabrication of versatile high-resolution 

arrays is possible. This technique eliminates the requirement to use photolithographic 
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processes on rigid inorganic substrates, which tend to be highly expensive and restrict 

geometric freedom. A limiting factor of 2PP using the Nanoscribe, however, is the polymeric 

materials it uses. The Nanoscribe functions using specialised materials, which have been 

optimised for 3D printing, but these often limit the control of the material properties required 

for further applications. Such limitations include the control of the mesh size within the 

printed material for the loading of specific particles, or the control of the mechanical 

properties for the fabrication of stiff or flexible structures. One common printing material 

used in this thesis is the IP-Dip resin from Nanoscribe. IP-Dip is an acrylate terminated 

material and is one of eight resins offered by Nanoscribe to be used with the Photonic 

Professional. The chemical name for the resin is 2-(hydroxymethyl)-2-[[(1-

oxoallyl)oxy]methyl]-1,3-propanediyl diacrylate and its structure is shown in Figure 1.5.  

 

Figure 1.5. The chemical structure of the IP-Dip resin from Nanoscribe. 

 

In 2016, Oakdale et al. demonstrated the successful printing of high-resolution octet-

truss cubes containing 10 µm unit cells using the IP-Dip photoresist. They further showed 

that post-processing of the printed structures with a UV curing step improved the mechanical 

stability of the previously delicate structures.27 The flexibility of the 2PP technique has driven 

many researchers to apply this technique to produce arrays of structures in applications 
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relating optics28, photonics29, microfluidics30, tissue engineering31, and cell biology.32 

Recently, Cordeiro et al. fabricated microneedle arrays using another photoresist from 

Nanoscribe, IP-S.33 They showed the successful printing of array templates with varying 

needle height (900-1300 µm), shape (pyramidal and conical), and pitch (100-500 µm). These 

arrays were then evaluated for their viability to deliver model payloads (cabotegravir sodium 

and ibuprofen sodium) through skin models.  

Since the advent of 2PP, many research groups have strived to push the boundaries of 

the achievable resolution of the technology. Brigo et al. demonstrated the fabrication of 3D 

grated arrays using methacrylate gelatin with linewidths ranging from 270 - 900 nm.34 The 

Kawata group in Japan has demonstrated the ability to practically reduce the voxel volume 

through the addition of radical quenchers to the photoresist before printing, which inhibits the 

extent to which the radicals can survive.35 

In recent years, several research groups have implemented acrylate-based polymer 

photoresists to achieve controllability and tunability of the printed material properties. 

Lasangi et al. demonstrated the fabrication of periodic microstructures across a 1.5 × 1.5 mm 

area in pentaerythritol triacrylate. The successfully printed polymeric micropillars with 

heights of 1.41 ± 0.09 μm and base diameters of 1.02 ± 0.07 μm. In addition, periodic ring-

like features spanning the micropillars showed a period repetition on the order of around 130 

nm.36 Recently, Accardo et al. have demonstrated the use of biocompatible polymers to print 

3D architectures directly using the Nanoscribe instrument. They presented the use of 

poly(ethylene glycol) diacrylate (PEG-DA) with phenylbis(2,4,6-trimethylbenzoyl)phosphine 

oxide (PBPO) PI to fabricate cage-like structures containing feature sizes on the 10 μm scale, 

as shown in Figure 1.6.31 They then showed the biocompatible nature of the structures 

through their viability to positively interact with cells for neuronal tissue engineering.  
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Figure 1.6. A) Schematic design of the PEG-DA solution preparation, B) the 2PP process to form C) the 3D 

hydrogel scaffold, and D) false-coloured SEM micrograph highlighting the colonisation of neuro2A cells on the 

3D PEG-DA scaffolds.31 

 

Tapping into a cutting-edge technology like 2PP and combining it with traditional 

methods in post-processing of the printed features allows us to take advantage of desired 

characteristics of both techniques while also overcoming drawbacks associated with each 

process. In this regard, many research groups have combined the fabrication of 2PP-

generated templates with the more traditional soft lithography techniques through multistep 

proceeding processes.37–40  

By combining 2PP template production with a photopolymerisation replica moulding 

step, Koroleva et al. produced well-defined scaffolds in polylactic acid (PLA), which 

possessed high feature replication fidelity from the 2PP template. Further neuron cell 

interaction experiments showed that the PLA scaffolds were compatible with human 

neuroblastoma cell lines and rat primary Schwann cells.41 Fourkas et al. has also made 

sizable progress in combining soft lithography with 2PP. They have developed a protocol that 
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uses micro-transfer moulding to replicate 2PP microstructures to produce replicas containing 

closed loops.40 More recently, they also demonstrated the replication of submicron-size 

features, with widths and heights of several hundred nanometres, via the same two-step 

technique.39 One of the principal drawbacks of DLW with 2PP is scalability. The maximum 

area is limited by the droplet size and the printing stage, which often restricts the fabricated 

area to the micron scale. As a result, post-processing of the structures through replica 

moulding or other soft lithography processes are also limited to this small area. The time it 

takes to fabricate the 3D architecture is also a consideration. Depending on the size and 

complexity of the object, printing can range from a few minutes to many hours.42 

Our research group has also developed a method that combines 2PP with replica 

moulding to produce negative masters from which to replica mould biocompatible polymeric 

structures.22 A two-step replica moulding method requires that a negative master be generated 

before the step commencement of the second step. 2PP effectively eliminates this step. As 

mentioned previously, it is now feasible to construct structures in polymers that are otherwise 

unsuited to be printed directly using the 2PP instrument. By utilising various polymer 

combinations, access to the tunability of the array’s properties is feasible. Such properties 

like the Young’s modulus, the degree of swelling, the average mesh size and degradability 

can all be tuned as required. In this thesis, work on the development of a template using IP-

Dip will be presented and printed by a tailored 2PP process. Subsequently, a replica moulding 

step will be incorporated to achieve a final mould consisting of a polycaprolactone 

dimethacrylate (PCL-DMA) based blend with the required chemical and physical properties. 

 

1.3 Free Radical Polymerisation 

Polymerisation techniques can be described mainly as anionic, cationic, and free radical 

polymerisations. These are chemical processes involving the addition of individual 
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monomers to active chain ends to form a three-dimensional polymer network. Free radical 

polymerisation has three main steps: initiation, propagation, and termination.43 Free radical 

polymerisation can be divided into two main groups via the route to initiation: thermally- or 

photo-initiated polymerisation. As the name suggests, thermal polymerisation utilises heat to 

initiate the polymerisation process. A purely thermal polymerisation occurs when the 

monomer crosslinks using thermal energy alone, without the need for an initiator. This 

process is known as self-initiated polymerisation and is seen in materials such as styrene, a 

number of styrene derivatives, and methyl methacrylate.44,45 However, the majority of 

thermally initiated free radical polymerisations need initiator molecules where susceptible 

bonds undergo homolytic cleavage to form radical species upon exposure to heat. 

Temperatures for generating polymerisation are typically in the range of 50 - 120 °C.46 These 

temperature ranges often exceed the melting temperature (Tm) of many polymeric materials, 

so photoinitiated free radical polymerisation is a convenient alternative. 

Photoinitiated polymerisation refers to the irreversible transformation of a liquid 

polymerisable formulation into a stable solid through a PI molecule’s absorption of light 

radiation. Efficient synthesis of highly crosslinked polymeric materials is achievable by 

photoinitiated polymerisation of multifunctional monomers and telechelic materials.23,47,48 A 

telechelic polymer is a di-end-functional polymer capable of entering into further 

polymerisation or other reactions through its reactive end-groups.49 In this regard, much of 

this work is based on acrylate- or methacrylate-terminated polymers. The main advantage of 

using light radiation as an initiator to the reaction lies in the high polymerisation rates 

attained under intense illumination. Curing presents several other advantages besides its 

considerable speed and spatial resolution, particularly ambient temperature operation, 

solvent-free fabrications, low energy expenditure, and polymer materials’ production having 

pre-defined properties.50 This process is an ideal method for the replica moulding technique 
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as it involves a change in phase from liquid to solid, so maximum fidelity of feature 

replication can be achieved. 

Much of the research efforts concerning photocuring processes have been centred 

around the development of efficient PIs and the synthesis of highly reactive monomers.51–53 

Most monomers do not generate initiating species in sufficiently high yields when they are 

exposed to UV light. Therefore, a PI must be added to the polymer solution before curing. 

There is a wide range of PIs available, with many being organic-based and segregated as 

Type-I or Type-II. Type-I PIs, or unimolecular initiators, typically contain aromatic carbonyl 

groups which undergo α-cleavage after reaching an excited triplet state to produce two 

radicals following absorption of a photon. Type-II PIs, or bimolecular PIs, are often ketone-

based and are more complex. They also form an excited triplet state after absorption of a 

photon. Once these triplet states are realised, a fast electron transfer and subsequent slow H-

donor process between the co-initiator species occurs to produce the radical species needed 

for polymerisation to commence, as outlined in Figure 1.7.54–56 Once radical formation 

occurs, they immediately interact with the alkene bonds of the reactive acrylate-terminated 

monomers to initiate polymerisation. Once activated, the chain reaction and propagation 

would develop much like in a conventional thermal polymerisation, but for the much greater 

rates of initiation that can be reached by exposure to intense illumination.57  
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Figure 1.7. Photoinitiation mechanisms of Type-I and Type-II PIs.55 

 

A wide range of high-performance compounds is now commercially available, thus 

greatly facilitating the polymer chemist in designing a formulation that would meet the cure 

speed and product property specifications required for a unique application.58 Two Type-I PIs 

are utilised during this thesis for polymerisation protocols; 2-Hydroxy-4′-(2-hydroxyethoxy)-

2-methylpropiophenone (Irgacure 2959) and phenylbis(2,4,6-trimethylbenzoyl) phosphine 

oxide (PBPO). 

It is noteworthy that ambient oxygen can quench the triplet state by forming peroxyl 

radicals, inhibiting chain growth during polymerisation reactions. Ligon et al. demonstrated 

that increasing the primary radical formation rate through the use of a PI that allows for an 

ample initial absorbance prevents oxygen inhibition from having a lasting impact on the 

curing process.59 The degree of radical generation (𝑅𝑖) can be estimated from Equation [2]. 

Where Φ relates to the quantum yield of dissociation, I0 corresponds to the photon flux, 𝜀 is 

the wavelength-dependent molar extinction coefficient, [PI] is the PI concentration, and d is 

the optical path length (depending on sample thickness). 
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According to published studies, the dissociation quantum yields for Irgacure 2959 and 

PBPO are 0.3860 and 0.64061, respectively, showing that PBPO has the potential to generate a 

greater concentration of primary radicals per photon of light received. PBPO also absorbs 

light radiation over a broader range of wavelengths, from the UV into the blue light region of 

visible light ~ 440 nm. In contrast, Irgacure 2959 absorbs UV radiation with a 𝜀 at 365 nm, 

decreasing before reaching 370 nm. This greater electromagnetic spectral range associated 

with PBPO would facilitate the production of a greater concentration of primary radicals for 

the initiation of polymerisation reactions if the source of radiation was to span these specific 

regions. Figure 1.8 displays the radical formation following absorption of light radiation by 

Irgacure 2959 and PBPO, which undergoes α-cleavage to form primary radicals, which in 

turn react with the acrylate end-groups to initiate polymerisation. 

𝑅𝑖= Φ .𝐼0 .(1−10−𝜀[𝑃𝐼] . 𝑑)           [2]  
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Figure 1.8. Schematic showing the radical formation following absorption of light radiation by Irgacure 2959 

(1) and PBPO (2) to produce a triplet state which undergoes α-cleavage to form primary radicals A1, B1 

(Irgacure 2959) and A2, B2, C2 (PBPO). The reaction of radical species A1 and B2 with PEG-DA (M) is shown 

to form M-A1 and M-B2.23,60,62 

  

1.4 Degradable Polymeric Materials 

Degradable polymeric materials play a prominent role in a great number of applications in 

society today, from biomedical and drug delivery applications to food packaging and green 
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composites.63–65 In principle, polymers degrade by chain scission. Three main mechanisms of 

polymer chain scission exist, resulting in a decrease in polymer molecular weight, known as 

depolymerisation, destruction, and degradation.66 Depolymerisations refer to the thermal 

decomposition of the polymer to its monomeric units.41 Destructive events relate to the 

deterioration of the polymer chains with the separation of lower molecular weight compounds 

other than the monomer.68 Degradation of polymers refers to the partial decomposition of a 

polymer into smaller molecular weight fragments to the original polymer chain but larger 

fragments concerning the monomeric units. This is the most common process of chain 

scission during the lifetime of a polymer material.69 There will be a strong emphasis on 

polymer degradation as the sole chain scission pathway in this work. 

There are various types of polymer degradation, including thermal, photo, biological, 

mechanical and hydrolytic degradation.70 Polymer degradation types and some of their 

corresponding initiators can be seen in Figure 1.9.71 

 

Figure 1.9. The chemical, physical and biological agents causing various modes of polymer degradation.71 
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Photodegradation relates to the conversion of polymer materials into chemically or 

physically unstable forms after exposure to radiation from sunlight or other modes of 

radiation. Degradation from absorption of photons of UV, visible, or infrared radiation in the 

presence of oxygen is known as photo-oxidation, whereas decomposition of polymers to form 

free radical species is called photodissociation.72 Sintzel et al. showed that poly(ortho ester) 

undergoes a considerable molecular weight reduction after radical-mediated photo-oxidation 

by exposure to gamma irradiation.73  

Thermal degradation is defined as the process whereby heat causes the loss of 

physical, chemical, or electrical properties. Different mechanisms exist for thermal 

degradation. The most common being a scission or breaking of bonds within polymers with 

the release of oligomers and monomeric units.73 Persenaire et al. demonstrated the thermal 

degradation process of polycaprolactone (PCL) through Fourier transform infrared 

spectroscopy (FTIR) and thermogravimetric analyses.74 Moreover, they proposed a two-stage 

degradation mechanism for this. The first stage details the pyrolysis of the ester linkage to 

release H2O, CO2, and 5-hexenoic acid. The second reaction consists of the formation of the 

cyclic monomer, ε-caprolactone, after an unzipping depolymerisation process. They also 

showed that the degradation rate is greatly affected by the original PCL chain length.  Figure 

1.10 shows the molecular weight dependence associated with the thermal degradation of 

PCL.74 
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Figure 1.10. The dependence of PCL molecular weight on its degradation rate constant k (in % / min) as 

measured under isothermal conditions at 200 °C.74 

 

Biodegradation describes the chemical decomposition of polymers by microorganisms 

or other biological means into natural materials in aerobic or anaerobic conditions. 

Enzymatic, hydrolytic, homogenous, and heterogenous modes of degradation are possible in 

biodegradative mechanisms. Polymers that occur naturally, such as collagen, chitosan, and 

gelatin, and synthetic polymers such as PCL, polylactic acid (PLA), polyorthoesters, 

poly(dioxanone), poly(anhydrides), and poly(trimethylene carbonate) are examples of 

biodegradable polymers commonly used in biomedical applications.75 In 2014, Nawaz et al. 

reported that the bacterium Brevundimonas strain MRL-AN1 present in soil produced 

thermostable extracellular PCL depolymerase. This degradation as a consequence of the 

action of PCL depolymerase resulted in the release of low molecular weight fragments from 

the original polymer.76 
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Hydrolytically degradable polymers must possess hydrolytically labile bonds which 

are susceptible to hydrolysis within their chemical structure. Water interacts with the 

material, and these targeted bonds are cleaved by chemical reactions.77 The degradation time 

is dependent on the nature of the chemical bond, the solution uptake of the material, the 

solubility of the monomer, and polymer stability. Such bonds that are susceptible to 

hydrolysis include esters, amides, acetals, anhydrides, carbonates, urethanes, and phosphates, 

and therefore, a polymer containing these functionalities would be capable of hydrolytic 

degradation.78  

Proikakis et al. showed the potential drug delivery application associated with 

hydrolytically degradable PLA-incorporated sulfosalicylic acid and sulfasalazine drugs. 67 

The swelling behaviour and, in turn, the hydrolytic degradation of PLA in an aqueous 

solution was analysed for both the pure form and with drug loadings. It was demonstrated 

that pH-dependent chemical hydrolysis was prominent, and the PLA-incorporated materials’ 

swelling index depended on the chemical interactions with the incorporated drug molecules.67 

The pH affects the rate of hydrolytic degradation through catalysis for pH values < 7, and the 

reaction experiences base-promotion for pH values > 7. The effect of pH on hydrolytic 

degradation has been extensively investigated for most biodegradable polymers. After shifts 

in pH, degradation rates of polymers containing esters, for example, may change some orders 

of magnitude due to this effect.80 Leong et al. demonstrated that the degradation rate of 

poly(bis-(p-carboxyphenoxy)propane anhydride) cylinders increased by a factor of 10 when 

the pH increased from 7.4 to 10.81 Rowe et al. also showed the hydrolytic degradation of two 

bio-based polyesters, poly(trimethylene malonate) (PTM) and poly(trimethylene itaconate) 

(PTI), upon exposure to aqueous solutions of pH 5.4 - 11. Weight losses of 20 - 37 % for 

PTM and 7 - 21 % from PTI were demonstrated with the most substantial mass loss 

percentages attributed to pH values of 5.4 and 11.82  
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PCL is also a hydrolytically degradable polymeric material. Lam et al. from 

Singapore showed that the degradation rate of PCL could be greatly increased in an alkaline 

environment. They demonstrated the fabrication of β-tricalcium phosphate (β-TCP) (20 wt 

%) modified PCL (Mn 80,000 gmol-1) scaffolds by fused deposition modelling.83 They then 

showed that the mass of neat PCL scaffolds decreased by 96 % after 4 weeks in 5 M NaOH, 

and the PCL-β-TCP modified scaffolds degraded by the same amount after 48 hours. They 

attributed this rate increase for the PCL-β-TCP samples due to an increased water diffusion 

within the samples due to decreased hydrophobicity. Complete mechanisms for both acid-

catalysed and base-promoted ester hydrolysis can be seen below in Figure 1.11. 

 

Figure 1.11. Schematic for the acid-catalysed and base-promoted ester hydrolysis. 
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As well as the source which initiates polymer degradation, polymer properties such as 

molecular weight, copolymer composition and crystallinity have a critical impact on how the 

polymeric material would degrade.84 Fortunately, many of these properties can be easily 

tailored to influence the degradation characteristics. T.G. Park et al. showed that in vitro 

degradation of microspheres prepared from two different molecular weights poly(D,L-lactic 

acid) (17,000 and 41,000 gmol-1) demonstrated very different kinetics.85 The lower molecular 

weight polymeric microsphere exhibited a significant degradation, while the microspheres 

fabricated from the higher molecular weight polymer showed little degradation over the 53-

day time period. Díaz et al. showed that in vitro degradation of poly(lactide-co-

glycolide)/nanohydroxyapatite (PLGA/nHA) composite scaffolds of varying compositions 

exhibited highly different degradation characteristics.86 PLGA 75/25, as it contains 75 % 

lactide and only 25 % glycolic acid, degraded noticeably slower than the samples of PLGA 

53/47, which became more swollen and deformed. The inclusion of nHA modified the 

hydrophobic condition of the polymer and favoured the entry of PBS, which may lead to 

more substantial bulk degradation. Pantani et al. demonstrated that in vitro degradation of 

PLA samples decreased as crystallinity increased. They concluded that a denser crystalline 

structure was more impervious to hydrolysis and oligomer diffusion.87 

As mentioned previously, water uptake, or swelling, is a critical characteristic for 

hydrolytic degradation of a polymeric material to occur. Crosslinked polymers would swell 

when in a favourable solution environment by diffusion of solvent molecules into the pore 

spaces of the polymer network. Depending on the chemical properties of the polymer chains 

that formulate the network, the network can persist in the solvent or degrade over time. 

Resistance to dissolution is also aided by strong crosslinks between network chains. The 

swelling properties depend on many aspects such as polymer chain lengths, crosslink 



CHAPTER ONE  LITERATURE REVIEW 

24 
 

densities and polymer-solvent compatibilities.88 The swelling properties of a polymer 

network are also important for drug delivery applications. Swelling can facilitate the release 

of embedded drug molecules from the polymer network core by expanding the average mesh 

size and the constant dynamic movement of the dissolution medium in and out of the network 

acting as the drug carrier.89 Bettini et al. demonstrated that drug release kinetics from 

hydroxypropylmethylcellulose hydrogel matrices is governed principally by the increase in 

releasing area produced by the swelling phenomenon.90 The swelling ratio percentage can be 

calculated from the mass after swelling (MS) and the dry mass before swelling (MD) of a 

polymeric system as outlined in Equation [3]: 

 

 

Canal and Peppas described a method that details the intrinsic relationship between 

the swelling ratio and the average mesh size of a polymer network. The mesh size is defined 

as the linear distance between two adjacent crosslinks.91 The mesh size is a key structural 

parameter for the mechanical strength of the polymeric material and plays a pivotal role in 

drug carrier applications. As a consequence of its importance for subsequent applications, 

understanding the relationship between the composition of the polymeric precursor solution 

and the resulting mesh size is critical for the effective design of polymer networks for 

controlled release applications.92 The complete calculation for the mesh size can be found in 

the appendix (Appendix Section D). In this project, the mesh size of a number of materials 

was tuned by changing the molecular weight of the polymers used in the fabrication of the 

gels. The crosslink densities were also adjusted by altering the water content in the polymer 

solution before curing. 

 ((MS - MD) / MD))  * 100                  [3]  
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Polymer materials can be further classified by a distinction established between 

surface (or heterogeneous) and bulk (or homogeneous) degradation mechanisms (Figure 

1.12).80,93 Lipophilic polymers are chemically unable to uptake large amounts of water, and 

therefore, degradation is confined to the interface between the polymeric material and the 

surrounding medium. In contrast, hydrophilic polymers can take up water so hydrolytic 

degradation can occur throughout the entire material. As a result, degradation rates are 

predominantly increased for hydrophilic polymers.81,94 However, polymer properties such as 

composition and bond susceptibility to hydrolysis must still be considered.  

 

Figure 1.12. Polymeric degradation mechanisms; surface and bulk degradation.93 

 

For an application, surface degradation loses material from the surface only, reducing 

size while maintaining the original geometry of the device. For bulk degradation, swelling is 

also a consideration, and decomposition is free to occur throughout the material. Therefore, 

predictions of geometry are a greater challenge. The advantage of surface degrading materials 

is the predictability of the process. This is desirable when using such polymers for drug 

delivery, where the release of drugs can be closely correlated to the rate of degradation. 

Throughout the 1990s, Göpferich and Langer made extensive progress in predictive 

degradation models. In particular, they generated an accurate predictive model for 
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Indomethacin and Coomassie Brilliant Blue release from cylindrical polyanhydride matrix 

discs.80,95,96 

 

1.5 Polycaprolactone 

The degradable polymer, PCL, is afforded much attention in this thesis. It is traditionally 

synthesised by the ring-opening polymerisation of ɛ-caprolactone. However, more recently, 

Hedir et al. (2014) demonstrated that PCL could be fabricated by free radical or xanthane-

mediated radical addition-fragmentation chain-transfer polymerisation by ring-opening of 2-

methylene-1,3-dioxepane (Figure 1.13). The same group has also demonstrated that 

synthesis of well-defined high molecular weight PCL is only achievable through ring-

opening polymerisation of ɛ-caprolactone.97,98 

 

Figure 1.13. General reaction scheme for the synthesis of PCL from ɛ-caprolactone and 2-methylene-1,3-

dioxepane.98 

 

PCL exhibits considerable chemical and solvent resistance and reasonable toughness. 

It also has a low glass transition temperature (Tg) (− 60 °C) and transition melting 

temperature (Tm) (58 - 63 °C) due to the high mobility of chain segments and low 

intermolecular interactions.99 It is a semi-crystalline linear aliphatic polyester comprising of 

an ester-linked C5 hydrocarbon repeating unit.93 The ester linkages are the key functional 
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group present in its chemical makeup. They are susceptible to hydrolytic and enzymatic 

degradation and result in the formation of carboxylic acid and alcohol functionalities. As 

described previously in Figure 1.11, ester hydrolysis can also be acid-catalysed and base-

promoted, which gives access to tuneable hydrolytic degradation pathways. This method of 

degradation is suitable for in vivo applications as biological environments are aqueous 

systems. 

PCL is a biodegradable, biocompatible and nontoxic polymer. The term 

biocompatibility reflects the ability of a polymer material to perform with an appropriate host 

response in a specific application.100 A biodegradable polymer refers to its ability to degrade 

in vivo due to natural biological processes, eliminating the need to physically remove the 

polymer if, for example, it is part of a drug delivery system.101 Diez et al. demonstrated that 

the degradation products, mainly caproic acid, are metabolised via the tricarboxylic acid 

cycle or rejected by direct renal secretion.102 Extensive research has been performed with 

PCL, leading to the FDA approval of several PCL-containing medical and drug delivery 

devices.103 Multiple reports have demonstrated that PCL has a slow degradation rate of 2-3 

years which suggests why it has been widely used in biomedical applications.1,2 Gunatillake 

et al. showed that the degradation kinetics of PCL are considerably slower than other 

aliphatic polyesters because of its hydrophobicity and crystallinity. This slow degradation in 

vitro of 2-3 years can be desirable as a scaffolding material as it may reflect the rate of tissue 

development, and it may also be a desirable material for slow, controlled drug release 

mechanisms.1  

As a consequence of the very low in vivo degradation rates and high drug 

permeability, PCL possesses highly favourable characteristics for long-term implant delivery 

applications. Capronor® is a commercial contraceptive and PCL-encapsulated product that 

effectively delivers levonorgestrel in vivo over a 12- to 18-month period, which has been 
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available for over 25 years.104 The tubular implant is loaded with levonorgestrel, a synthetic 

progestogen, and is injected into a patient’s hip or upper arm. It distributes a regular 

levonorgestrel dose for 1 year before the implant begins to decompose.105  

In recent years, much of the research around drug delivery systems involving PCL has 

been focused on developing nano- and micro-scale delivery vehicles. For these applications, 

PCL is often blended with copolymers in an effort to modulate overall polymer degradation.77 

The work of Lee et al. demonstrated the synthesis of ibuprofen and metoclopramide loaded, 

double-layered ternary-phase microparticles.106 These microparticles were composed of a 

PLGA (50:50) core and a poly(L-lactide) coating permeated with PCL. They demonstrated 

that the chemical nature of the drugs involved, ibuprofen (hydrophobic) and metoclopramide 

(hydrophilic), determined their localisation within the drug delivery vehicle and, in turn, their 

rate of delivery; metoclopramide was localised in the core and had a minor release as a 

function of time, while the ibuprofen was localised in the shell of the microparticles and had 

a more extensive release as a function of time. In 2005, Singh et al. investigated the 

efficiency of PCL, PLGA, and PCL-PLGA blended nanoparticles encapsulating diphtheria 

toxoid as a potential mucosal vaccine delivery mechanism.107 An in vitro study utilising 

Caco-2 cells showed a greater PCL particle uptake than PLGA and the PLGA–PCL 

composite material. This result was mirrored for in vivo experiments using the same cells 

following nasal administration. PCL nanoparticles also induced diphtheria toxoid serum 

specific IgG antibody responses higher than PLGA. They summarised that there was a 

significant positive correlation observed between the hydrophobicity of the nanoparticles and 

the immune response.  

 As a result of the slow degradation rate, drug delivery applications are somewhat 

limited. However, tissue engineering implications of PCL are plentiful. PCL has a low tensile 

strength (~ 23 MPa) but very high elongation at breakage (> 700 %), making it a very good 
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elastic biomaterial.108 The technique employed for fabricating PCL scaffolds depends upon 

the type of scaffold needed. For porous scaffolds, methods like porogen leaching, saturation 

and release of CO2, 3D printing, phase separation technique and freeze-drying have been 

employed. However, for the fabrication of fibrous scaffolds, techniques like electrospinning 

have been employed. For use as a tissue engineering scaffold, a material possessing 

hydrophilic properties is generally required to enhance cellular compatibility. Multiple 

attempts have been reported to modify the surface of PCL by coating the scaffold with 

composites of fibrin, fibronectin, gelatin, growth factors, and proteoglycans.109 In 2012, 

Zander et al. demonstrated that air-plasma treated electrospun PCL fibres possessed a greater 

hydrophilic character. They then showed a positive correlation between the concentration of 

covalently bound laminin on the fibres to the growth of neuron-like PC12 cells.110  

In a comprehensive review, PCL and PCL composites have been utilised in various 

tissue engineering applications for the regeneration of bone, cartilage, nerve, skin, and 

vascular tissues.77 Williams et al. fabricated porous PCL scaffolds via a selective laser 

sintering process.111 The scaffolds were then treated with bone morphogenetic protein-7 

transduced fibroblasts before subcutaneous implantation, and tissue growth properties were 

evaluated. Histological evaluation and micro-computed tomography analysis of implanted 

scaffolds showed the potential for bone and cartilage to be generated in vivo. They also 

designed and fabricated a scaffold based on a pig condyle to demonstrate a clinical 

application of the technology, shown in Figure 1.14.111  
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Figure 1.14. A) An actual pig condyle, B) surface rendering of .stl design file for pig condyle scaffold, C) front 

view, and D) back view of pig condyle PCL scaffold fabricated by selective laser sintering.111 

 

Duan et al. from Shanghai demonstrated that gelatin/PCL membranes could be 

suitable as a scaffold for skin engineering applications.112 They investigated the feasibility of 

modified gelatin/PCL electrospun membranes as epidermis engineering candidates. Cell 

proliferation assays showed that HaCaT (human keratinocyte cell line) cells attached and 

proliferated well on the membrane, indicating that the membrane possessed very favourable 

biocompatibility. Further in vivo transplantation studies showed that epidermises 

functionalised with gelatin/PCL membranes could repair skin defects in nude mice.  
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The effect of stiffness of the material on cell proliferation and migration has also been 

well investigated. Tan et al. demonstrated that the stiffness of a PCL membrane could be 

successfully manipulated by altering its thickness.113 When the thickness of the membrane 

decreased from 30.0 ± 0.01 μm to 2.1 ± 0.01 μm, its stiffness decreased from 0.55 ± 0.09 

N/mm to 0.05 ± 0.01 N/mm. They then demonstrated that NIH 3T3 fibroblast cells favoured 

less stiff PCL surfaces for cell proliferation. A similar phenomenon, a type of directed cell 

migration in which cells respond to a gradient of extracellular stiffness, is known as 

durotaxis. This term emphasises the similarity to chemotaxis, the ability of cells to move 

directedly across chemical gradients. Chemotaxis allows cells, for instance, to move towards 

sources of nutrition. For durotaxis, such an advantage is less obvious. Motion in stiffness 

gradients could allow neutrophils and cancer cells to seek out optimal locations for 

extravasation or stem cells to contribute to the mitigation or regeneration of stiff scars and 

injured tissues.114–116 The work of the Discher research group at the University of 

Pennsylvania has made considerable progress in the area of durotaxis.117 Some of their most 

impressive work details the impact of microenvironment stiffness on stem cell specification. 

They demonstrated that naive mesenchymal stem cells commit to the lineage specified by 

matrix elasticity. Soft matrices that mimic brain tissue give rise to neurogenic cells, stiffer 

matrices that mimic muscle tissue are myogenic, and comparatively rigid matrices that mimic 

collagenous bone tissue prove osteogenic.118 

Similarly, the topography of surfaces can influence the migration of cells. Recent 

work from Ge et al. demonstrated that L929 fibroblast cell migration is influenced by both 

wavelength and frequency of wrinkles on the surface of PDMS.119 They showed that the cell 

movement increased with decreased wrinkle wavelength and reduced amplitude. The study 

also showed the sensitivity to the topography orientation, with cells moving at the greatest 

rate when in the parallel direction to the wrinkles. It has already been established that replica 
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moulding of 2PP substrates using various biocompatible polymers is possible from work 

done in our research group, so topographical influences along with durotaxis may be a 

potential avenue of exploration for this work.22  

In this research, PCL-containing microstructures were fabricated using two-photon 

polymerisation techniques and replica moulding protocols. The degradation of the materials 

was then investigated in 5 M NaOH and was compared to the degradation that occurred when 

exposed to an in vitro environment. The extent to which the different surface features 

degraded was also demonstrated, with the structured area degrading more substantially in 

comparison to the planar bulk material. These findings could be important for applications in 

drug release modulation using PCL. In line with drug release, the cytotoxicity of the material 

towards mammalian cells and their ability to house agents were also investigated for potential 

future applications in these areas of research.   
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2  Experimental 

2.1 Materials 

Polyethylene glycol diacrylate (PEG-DA, Mn 575 gmol-1, Mn 4000 gmol-1), polycaprolactone 

dimethacrylate (PCL-DMA, Mn 1350 gmol-1), polycaprolactone diol (PCL diol, Mn 1250 

gmol-1), methacryloyl chloride, potassium carbonate, phosphate buffer saline (PBS) tablets, 

1,6-hexanediol diacrylate (HDDA), 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959), phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide 

(PBPO), 3-(trimethoxysilyl)propyl methacrylate, acetone (99 % anhydrous), isopropanol 

(IPA, 99 % anhydrous), hydrochloric acid (HCl, 37 %, analytical grade), acetic acid, sodium 

hydroxide pellets (NaOH, analytical grade), ethanol (EtOH, 99 % anhydrous) 

dichloromethane (DCM, 99 % anhydrous), lysozyme protein from chicken egg white (≥ 

90 %, ≥ 40,000 units/mg protein), propylene glycol methyl ether acetate (PGMEA), 70 % 

IMS, poly-D-lysine were purchased from Sigma Aldrich, Wicklow, Ireland. IP-Dip 

monomeric photoresist was from Nanoscribe, Karlsruhe, Germany. Deionised water (< 18 M) 

was obtained from a Milli-Q system from Merck Millipore, Cork, Ireland. SYLGARDTM 184 

Silicone Elastomer Base and Curing Agent were purchased from Farnell, Dublin, Ireland. 

Quick StartTM Bradford Reagent was purchased from Bio-Rad Laboratories, California, USA. 

Polytetrafluoroethylene 96-well, and 12-well plates were purchased from Nunc, Roskilde, 

Denmark. Silicon Atomic Force Microscopy (AFM) probes (Tap300Al-G) with an 

aluminium reflex coating to perform non-contact mode imaging were purchased from 

BudgetSensors® Innovative Solutions Ltd., Sofia, Bulgaria. The specifications of the 

cantilever were length = 125 µm, width = 30 µm, resonant frequency = 300 kHz, and spring 

constant = 40 N/m. The tip specifications were height = 17 µm, setback = 15 µm, and radius 

https://www.sigmaaldrich.com/IE/en/product/sigma/l6876?context=product
https://www.sigmaaldrich.com/IE/en/product/sigma/l6876?context=product
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≤ 10 nm. Electrolube Silver Conductive Adhesive Paint, 3 g bottle was purchased from 

Radionics Ltd., Dublin, Ireland. A silicon master of holes (550 nm period, 2-D pseudohex 

holes) was purchased from AMO GmbH, Aachen, Germany. Silica particles (mean particle 

size =  136 nm) were obtained from a collaborating researcher in Trinity College Dublin, 

Ireland. Silicone sealant (732 Clear) was purchased from Dow, Cardiff, UK. HeLa cells and 

NTERA-2 cells were purchased from ATCC, Virginia, USA. T75 flasks in high glucose (4.5 

g/L) Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % (v/v) Fetal 

Bovine Serum from Hyclone, Newcastle, UK. 100 U/mL penicillin and 100 U/mL 

streptomycin were purchased from Gibco, Massachusetts, USA. HeLa cells were also 

cultured in T75 flasks in low glucose (1 g/L) DMEM, with the same supplements as the 

NTERA-2 cells. Cells were passaged by trypsinising with 0.25 % Trypsin-EDTA from 

Invitrogen, Massachusetts, USA.  

 

2.2 Instrumentation 

Ultraviolet (UV) radical polymerisations were performed under a nitrogen atmosphere in an 

818 Series Glove Box (PLAS LABS, Inc., Michigan, USA). The UV source was a 4 W Dual 

Wave UV lamp (short-wave = 254 nm, long-wave = 365 nm) (Fisher Scientific, Dublin, 

Ireland). White light radical polymerisations were performed using a 220V, MI-150 Fiber 

Optic Illuminator equipped with a 150 W halogen reflector lamp (Edmund Optics, York, 

UK). Experiments were performed at 25 °C. Two-photon polymerisation (2PP) of pore arrays 

was carried out using a commercial direct laser writing (DLW) apparatus, Photonic 

Professional (Nanoscribe, Karlsruhe, Germany). UV/Ozone treatment was performed using a 

mercury vapour lamp-based PSD Pro Series Digital UV Ozone System (Novascan 

Technologies, Iowa, USA). The precision balance was a Quintix65-1S Analytical Balance 

purchased from Sartorius Stedim, Ireland. Fourier Transform Infrared (FTIR) analyses were 
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performed on an Alpha Platinum ATR-IR (Bruker, Coventry, UK). Nuclear Magnetic 

Resonance (NMR) measurements were performed on VnmrS 300, 400, and 500 MHz 

spectrometers (Varian, California, USA). An EPOCH Microplate reader/Spectrophotometer 

(BioTek, Vermont, USA) was used for experiments where a plate reader was required. 

Surface measurements were performed using a Hysitron TI Premier Nanoindenter (Bruker, 

Coventry, UK). The viscosity of liquid polymer formulations was analysed using a CAP 

2000+ Viscometer (Brookfield, Massachusetts, USA). Light microscopy was performed on a 

BX-51 microscope equipped with a 100 W halogen lamp and an x10, x20, x50 and x100 

objective lens. Electron microscopy was carried out using field emission scanning electron 

microscopy (FESEM, Zeiss Plus-SEM with GEMINI® FESEM column). In general, the 

InLens detector was used to obtain top-down images of samples, and the secondary electron 

(SE2) detector was used to image tilted and cross-sectional images. Before imaging, all 

polymeric surfaces were coated with Au for 10 s using a Cressington Sputter Coater 208HR 

with a 57 x 0.1 mm Au-Pd target (Ted Pella Inc., California, USA). In addition, Ag paint was 

used to ground the base of the samples to the carbon tab. Tilt correction was used on all tilted 

samples using Zeiss software. Some images were rotated or flipped for clarity purposes only 

using MS PowerPoint. Average and standard deviation values were obtained using MS Excel. 

Optical profilometry was performed using a Contour GT 3D profilometer (Bruker, Coventry, 

UK). Atomic Force Microscopy (AFM) was carried out using an MFP3D Olympus AFM 

(Asylum Research, Santa Barbara, USA). Height data was obtained by processing each 

sample using Gwyddion (Czech Metrology Institute, Jihlava, Czech Republic, version 2.60). 

Post-processing of line profiles was carried out using OriginPro8.5 (OriginLab, 

Massachusetts, USA, version 85E). Height measurements were also obtained from tilted 

FESEM images using ImageJ. Planar moulds for cytotoxicity studies were cured using the 

UVP Crosslinker 1000 L (Fisher Scientific, Dublin, Ireland) for 2 hours at an intensity of 200 
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kJ. DLS measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, 

Malvern, UK). The cytotoxicity of the samples was tested using a lactate dehydrogenase 

(LDH) assay, with absorption measured at a wavelength of 490 nm. 

 

2.3 Methods 

PCL-DMA Synthesis 

PCL diol (Mn 1250 gmol-1, 4.038 g, 3.23 mmol) was dissolved in DCM (40 mL) with K2CO3 

(1.45 g, 10.49 mmol, 3.25 eq.) in a 2-neck 100 mL round bottom flask. An N2 bubbler was 

applied to the mixture in a syringe and needle connected to a balloon. The temperature of the 

mixture was reduced to 0 °C with an ice bath. Methacryloyl chloride (0.95 mL, 9.72 mmol, 3 

eq.) in DCM (~ 20 mL) was added to the PCL mixture using a dropping funnel over 2 hours. 

The temperature was then increased to 25 °C and was left under nitrogen for 7 days. The 

resulting mixture was filtered to remove salts. The methacrylated polymer was purified by a 

series of triplicate DCM/aqueous wash steps. The first wash was with DCM and deionised 

water ×3 times. Next, the DCM layer was washed with saturated aqueous sodium bicarbonate 

solution ×3 times, and finally, the organic layer was washed with saturated aqueous sodium 

chloride solution ×3 times. The organic layer was filtered again and dried on the rotary 

evaporator to yield PCL-DMA (Mn 1350 gmol-1), confirmed by NMR spectroscopy as a waxy 

solid in yields of 75 - 86 %. The complete assignment of the 1H-NMR for the synthesised 

PCL-DMA was as follows. 1H NMR (400 MHz, CDCl3) δ 6.08 – 6.06 (m, 1H), 5.53 (p, J = 

1.7 Hz, 1H), 4.21 (dd, J = 5.8, 3.9 Hz, 3H), 4.12 (t, J = 6.6 Hz, 2H), 4.04 (t, J = 6.7 Hz, 16H), 

3.70 – 3.65 (m, 3H), 2.30 (dt, J = 10.8, 7.5 Hz, 20H), 1.92 (dd, J = 1.6, 0.9 Hz, 3H), 1.63 (m, 

J = 10.2, 6.8, 3.2, 2.6 Hz, 41H), 1.46 – 1.30 (m, 21H), 1.13 (dd, J = 7.4, 5.6 Hz, 1H). 
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PCL-DMA/HDDA blended solutions 

PBPO (1 % w/w) was transferred to a vial wrapped in aluminium foil for each fabricated 

mixture. The three samples used were neat HDDA (100 % HDDA, 1 % PBPO w/w), 1:9 

PCL-DMA:HDDA (10 % PCL-DMA, 90 % HDDA, 1 % PBPO w/w) and 1:4 PCL-

DMA:HDDA (20 % PCL-DMA, 80 % HDDA, 1 % PBPO w/w). The vials were stirred on a 

vortex stirring plate until the mixtures were homogenous. Before replica moulding, the 

solution was sonicated for 30 mins and stirred at 50 °C for 30 mins on a hotplate stirrer. 

 

PDMS Fabrication 

Polydimethylsiloxane (PDMS) solution was made by mixing SYLGARDTM 184 Silicone 

Elastomer Base and Curing Agent in a 9:1 ratio, respectively. The mixture was placed in a 

desiccator under a vacuum until all air bubbles were removed. To fabricate uniform, circular 

PDMS moulds, the mixture was poured into a Petri dish and allowed to spread until a thin, 

uniform film covered the surface. The Petri dish was placed in the oven at 60 °C for 2 hours 

to cure. The volume of material needed to achieve a certain thickness was calculated using 

the equation for the volume of a cylinder (V = π r2 h). 

 

Replica Moulding 

Replica moulding from 2PP master hole arrays was carried out using the PCL-DMA/HDDA 

blended solutions. Two PDMS spacers (thickness ~ 0.5 mm) were placed firmly onto the 

DiLL substrates, positioned on either side of the 2PP structures. A cover glass was fixed onto 

the PDMS spacers, positioned over the 2PP structures. The monomeric formulation was 

pipetted into the space beneath the sealed cover glass and between the PDMS spacers until 
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the space was filled and the structures were covered (~ 50 - 100 µL). The solution was then 

incrementally cured under white light, with the light source irradiating from below the 

sample. The lamp power was started at 25 % for 30 mins and was increased by 25 % every 30 

mins for 2 hours before being removed and inverted from the 2PP master using tweezers. The 

mould was carefully cut in half using a scalpel to obtain the two replica moulded sets of 

structures. 

 

Viscosity Measurements 

Viscosity measurements were carried out on a Brookfield CAP 2000+ Viscometer (Nano 

Research Facility, Dublin City University). ~ 200 µL of each sample was deposited onto the 

viscometer stage directly beneath the spindle. The spindle used was spindle #1, which has a 

pre-calibration for the instrument. The spindle was lowered into contact with the solution, so 

the total spindle surface is covered in the sample solution beneath. The hold time was set to 5 

mins to ensure thermal equilibrium has been reached before the measurement takes place. 

The temperature was set to 25 °C. The run time was set to 30 s, and the spin speed was 750 

RPM.  

 

Light Microscopy 

Where light microscopy was used to monitor dissolution, a hair was taped across the length 

of a glass slide as a 3D reference for focussing on the bottom surface of the gels. The gel 

sample was then placed on the hair, and using this as a reference for focusing on the bottom 

surface of the gel, images of the gel were captured of the top, middle and bottom at a 

magnification of ×10. For imaging of replica moulded 2PP structures, each sample was 



CHAPTER TWO  EXPERIMENTAL 

39 
 

placed on a microscope slide, and the structures were imaged at a magnification of ×10 and 

×20 to ensure they were present before any further treatment or experiments. 

 

Swelling/Degradation Studies 

After curing, the polymeric materials were rinsed with deionised water and placed in a 

desiccator under vacuum overnight to obtain the dry mass for each. For each measurement, 

three individual samples of the same volume, to give a similar weight, were used to acquire 

an average and standard deviation. The dry gels were weighed on an analytical balance 

before being submersed in solution (as required by the specific experiment). The polymeric 

materials were then removed from the solution, and the excess surface solvent was removed 

by rinsing with deionised water, blotted dry with a tissue, and weighed. For degradation 

studies, the polymeric materials were removed from the solution and rinsed with deionised 

water, and they were then blotted dry with tissue and placed in the desiccator overnight to 

ensure they were dehydrated before weighing. Samples were then re-submersed in solution, 

and the protocol outlined above would be repeated at specific time points over a specific 

time. For both swelling and degradation studies, the same equation (Equation [3]) was used 

to calculate a percentage, where MD is the mass of the dry sample and MS is the mass of the 

sample after a time in solution. 

 

 

Loading of Silica Particles 

Silica particles were dispersed in ethanol in a 5 % w/v concentration and sonicated overnight. 

The silica particle suspension was added to each polymeric formulation, and the ethanol was 

 ((MS - MD) / MD))  * 100                  [3]  
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subsequently removed by stirring and heating at 80 °C overnight to fabricate a 5 % w/w 

particle solution in the polymer. Replica moulding was then performed from the larger (400 

µm2, 2 × 2 µm, spaced 1 µm) 2PP template using the same protocol as outlined in the 

‘Replica Moulding’ section. The samples were snap-cleaved using a scalpel to obtain a cross-

sectional image of the interior of the pillars. The loaded structures were then FESEM imaged 

using a Field Emission Zeiss Plus-SEM with GEMINI® FESEM column operating at an 

accelerating voltage of 5 kV for top-down and images of samples tilted at 45 °. Before 

FESEM imaging, the structures were coated with a 10 nm Au layer under an inert atmosphere 

of argon for 10 s. 

 

Homopolymer PEG-DA solutions 

Irgacure 2959 (1 % w/w) was added to a vial wrapped in aluminium foil. PEG-DA (Mn 575 

gmol-1, Mn 4000 gmol-1) polymer (x % w/w, as required) and deionised water (y % w/w, as 

required) were added to the vial. The solution was mixed until homogeneous. 

 

Mesh Size Calculations 

The mesh size was calculated for PEG-DA gels using the measurements taken in the swelling 

ratio (see Appendix Section D for complete calculation).91 

 

Bradford Assay 

The calibration curve was generated using a serial dilution of lysozyme stock (10 mg/mL in 

phosphate buffer saline (PBS, 0.01 M, pH 7.4). The standard or the calibration curve were set 

at 0.001 - 0.02 mg/mL. The concentration of Bradford reagent was set at 1-part Coomassie 
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Brilliant Blue G-250, 6-parts deionised water by volume. The standard to Bradford reagent 

mixture was 20 µL of the standard to 180 µL of Bradford reagent. A 96-well plate was used 

for all analyses. All solutions were covered to avoid unnecessary photobleaching. The 

incubation time was set to 30 mins at 25 °C, with a 5 mins shake before taking absorbance 

measurements. 

 20 % PEG-DA 4000, 80 % water gels were selected for this analysis as the mesh size 

calculated for these gels matched the hydrodynamic diameter of lysozyme (~ 4.0 nm). For 

lysozyme loading into the gels, 3 × dehydrated gels were immersed and swollen in separate 

stock solutions of lysozyme (volume = 1 mL, concentration = 10 mg/mL) for 3 hours until 

equilibrium swelling was reached. Each gel was then removed, rinsed quickly with PBS (10 

mM, pH 7.4) to try to remove any surface lysozyme, and placed in 5 mL of PBS (10 mM, pH 

7.4) to begin the cumulative release study. The study was performed at 25 °C and 20 µL 

aliquots were taken after 0.5, 1, 2, 4, 6 and 24 hours.  

 

Cytotoxicity Study 

Sample preparation and data processing for the cytotoxicity study was carried out by myself, 

which included graphing using OriginPro8.5, and performing and interpreting statistical 

analyses using Microsoft Exel. While cell testing and data acquisition was carried out by a 

collaborator, Dr Lucia Podhorska. Cytotoxicity studies were performed on neat HDDA, 1:9 

PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA (all 1 % PBPO w/w). The samples needed to 

be 1.3 cm × 1.3 cm approximately for the samples to fit comfortably within the 12-well plate. 

These dimensions were measured out on a glass slide and outlined with a marker so the size 

of each sample could be as accurate as possible, as shown in Figure 2.1. The monomer 

formulation was pipetted through the side of the set-up where the red dots align with the 
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coverslip (in this case, the bottom 4 red dots in Figure 2.1). The solution was continually 

pipetted until the next set of red dots was reached, resulting in accurate dimensions of 1.3 cm 

× 1.3 cm for the samples. Planar moulds for cytotoxicity studies were cured using the UVP 

Crosslinker 1000 L for 2 hours at an intensity of 200 kJ.  

 

Figure 2.1. Marking dimensions on a glass slide so planar samples can accurately measure 1.3 cm × 1.3 cm. 

 

Inside a laminar flow hood, the samples were immobilised to the bottom of well 

plates using silicone sealant. A sterile pipette tip was used to apply the sealant to the four 

corners of each sample, which was then inverted and pressed down onto the centre of a well. 

The samples were left inside the laminar fume hood for 1 hour to allow the sealant to set. 

Following this, the samples were placed in 70 % IMS for 15 mins and subsequently washed 

×3 times with 0.1 M NaCl, then left overnight in 0.1 M NaCl. Before seeding with cells, the 

samples were rewashed ×3 times with 0.1 M NaCl. To improve adhesion of cells to the 

ssurface of the samples, the samples were treated with poly-D-lysine. 1 mL of a 0.1 mg/mL 

solution of poly-D-lysine in sterile PBS was applied to each well and left for 2 hours. 

Following this, the samples were washed ×3 times with sterile PBS. 

Cells were then seeded onto the samples. NTERA-2 cells were cultured in tissue 

culture (T75) flasks in high glucose (4.5 g/L) Dulbecco’s modified eagle medium (DMEM) 

supplemented with 10 % (v/v) fetal bovine serum, 100 U/mL penicillin and 100 U/mL 
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streptomycin. HeLa cells were also cultured in T75 flasks in low glucose (1 g/L) DMEM, 

with the same supplements as the NTERA-2 cells. Cells were passaged by trypsinising with 

0.25 % Trypsin-EDTA and plated at a ratio of 1:12. Cells were maintained in a 5 % CO2, 37 

°C atmosphere. Cells were seeded at a concentration of 150,000 cells/mL. The cytotoxicity of 

the samples was tested after 24 and 48 hours using a LDH assay, with absorption measured at 

a wavelength of 490 nm. Cells seeded in empty well plates exposed to lysis solution after 24 

and 48 hours were used as the 100 % dead cells control, while cells without lysis solution 

were used as the 100 % live cells control. The absorption of blank cell media was subtracted 

as background from all results. 

Bar charts were created using OriginPro8.5. MS Excel was used to calculate averages, 

standard deviations, and p-values from t-tests. 

 

Imaging 

FESEM imaging was performed by a group colleague, Niamh Geoghegan, with whom I 

collaborated closely on this specific work, while sample preparation and analysis was carried 

out by myself. FESEM images were obtained using a Field Emission Zeiss Plus-SEM with 

GEMINI® FESEM column operating at an accelerating voltage of 5 kV for top-down and 

images of samples tilted at 45 °. Before FESEM imaging, the structures were coated with a 

10 nm Au layer under an inert atmosphere of argon for 10 s.  

A FESEM image was opened using ImageJ software, and the scale was set using the 

line tool and the ‘Set Scale’ function under the analyse tab. A large area of the image was 

duplicated then the brightness and contrast of the image were adjusted to aid isolation of 

features of interest using the threshold function. Once the features of interest were 

highlighted, the ‘Analyse Particles’ function was used to differentiate highlighted areas by 

their degree of circularity and size. The manual line measuring tool was also used to measure 
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the dimensions of non-uniform features. The results obtained were processed using MS Excel 

to determine the average and standard deviation of the diameter, pitch, and coverage of the 

features of interest. Distribution data and graphing of the data was carried out using 

OriginPro8.5.  

AFM imaging and analysis was completed by a lab colleague, Dr Lucia Podhorska. 

AFM was performed on a Confocal MFP3D AFM. AFM images were post-processed and 

analysed using Gwyddion. AFM was carried out using amplitude modulation mode, also 

known as tapping mode, for all scans. A silicon TAP300AI-G probe with an aluminium 

reflex coating was used with a resonance frequency of 300 kHz and a force constant of 40 

N/m. The AFM tip had a radius of  ≤ 10 nm and a height of 17 µm. 

 

 

Two-Photon Polymerisation 

Two-Photon Polymerisation (2PP) experiments were performed by Niamh Geoghegan. The 

dip-in configuration was used, employing a 63 X objective. Nanoscribe provided Dip-in laser 

lithography (DiLL) substrates and DiLL monomer photoresists. Before laser writing, the 

DiLL fused silica substrates (25 x 25 mm; thickness 0.7 mm) were sonicated in ethanol for 30 

min, followed by treating with UV Ozone for 15 mins to activate the substrate surface. The 

surface of the DiLL substrates was modified by immersion in a solution of 3 % v/v 3-

(trimethoxysilyl)propyl methacrylate in EtOH with 0.1 % acetic acid for 1 hr. After rinsing 

with EtOH and drying under N2, the substrates were cured for 10 mins in an oven at 40°C. 

The DiLL substrate was secured into the DiLL holder of the Photonic Professional GT2. A 

drop of the photoresist, IP-Dip, was placed onto the centre of one side of the substrate before 

the holder was transferred into the chamber. The .stl file of the desired array of cylindrical 
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pores was loaded onto the software. For hole array fabrication, the laser power and scan 

speed were set to 15 mW and 6000 μm s-1. After laser writing, the structures were developed 

by immersing in PGMEA for 20 mins, followed by IPA for 2 mins. This step ensured the 

removal of any remaining monomer photoresist. The structures were then rinsed further with 

IPA and dried under N2. 

 

Surface Imaging and Stiffness 

Both the optical profilometry and the surface stiffness measurements were performed by a lab 

technician, Dr Barry O’Connell, in the Nano Research Facility, Dublin City University. 

Optical profilometry was performed using a Bruker Contour GT 3D profilometer. 27 

nm of chromium was sputter-coated onto the sample before imaging. Post-processing of 

images obtained was completed by myself using Gwyddion. 

Planar samples of neat HDDA, 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA (all 

1 % PBPO w/w) were fabricated for surface stiffness analysis using the Hysitron TI Premier 

Nanoindenter. In terms of sample preparation, the samples were planar with a minimum 

thickness of 100 µm to ensure solid mechanical contact with the stage, while also limiting 

sample movement. The samples were cleaned with IPA to remove debris and dried with N2 

gas. Each sample was fixed to the stage using Crystalbond 555, a glassy polymer with a low 

glass transition temperature (60 °C) and viscosity (500 mPa.s), so a thin layer to reduce any 

error it may contribute to the measurement is feasible.120 To begin the analysis, the ‘Quick 

Approach’ setting was selected and the indentation locations (> 5) were defined. The system 

was then calibrated and the peak force was verified as between ~ 600 - 800 µN before 

clicking start to begin each sample measurement. When complete, each analysis reported a 

value for the root mean square error of < 5 × 10-5 along with a scatter plot of data points. A 
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single curve analysis was performed and the elastic modulus and hardness were recorded 

after clicking the ‘Execute Fit’ action. 

 

Young’s Modulus of Structured Samples using AFM 

The Young’s modulus measurements of distinct areas of the structured PEG-DA samples 

from previously published work were performed by Colm Delaney, a former member of the 

Kelleher group.22 

AFM force spectroscopy measurements on PEG-DA samples replica moulded from 

2PP templates were performed using Si probes (BudgetSensors® Innovative Solutions Ltd., 

Sofia, Bulgaria) with nominal cantilever stiffness k = 7.4 N/m, and a tip diameter d < 20 nm. 

For all AFM force measurements, the Sader method was used to determine the cantilever 

spring constant.121 For the PEG-DA samples fabricated from 2PP templates, the force volume 

mapping was implemented as a 150 × 150 array across a 5 µm × 5 µm area (22500 

indentations per force map, 33 nm spacing). 

A relative 250 nN trigger force was used on the samples. The trigger forces were 

chosen to satisfy the Hertz model by limiting indentations to 10 % of the sample thickness.122 

Young’s modulus was determined by fitting the extension part of the force-indentation curve 

to the Hertz model with a Poisson’s ratio ν = 0.35 for PEG-DA.123,124 The samples were then 

fitted to the Johnson-Kendall-Roberts and Derjagui-Muller-Toporov models using the 

retraction part of the force-indentation curve due to the variable adhesive contacts shown in 

the samples.125 
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3  Synthesis of PCL-DMA and Replica 

Moulding 

3.1 Introduction 

or this work, there were numerous reasons why the synthesis of PCL-DMA (Mn 

1350 gmol-1) was essential. Firstly, there was a supply issue with commercially 

available PCL-DMA. Secondly, the synthesis from the PCL diol precursor made 

much sense economically. A 2 g supply of PCL-DMA cost €376, whereas 500 g of PCL diol 

and 100 mL of methacryloyl chloride have a combined cost of €225.126 Finally, and most 

importantly, the purchased PCL-DMA was impure as analysed by NMR spectroscopy. This 

impurity and the synthesis of pure, cost-effective PCL-DMA as a whole are discussed. After 

characterisation by FTIR and NMR spectroscopy, the synthesised product was confirmed to 

be PCL-DMA in 75 - 86 % yields. Replica moulding and curing experiments using PCL-

DMA-containing formulations were also investigated. These experiments were performed on 

the nano- and micron-scale from hard, inorganic masters to soft, polymeric substrates. 

Viscosity measurements of liquid, uncured formulations and nanoindentation measurements 

on solid, cured samples are also discussed. From these studies, an understanding of the 

feasibility of these materials to effectively replica mould features on these dimensions was 

gained. 

 

F 
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3.2 Results and Discussion 

3.2.1 Synthesis and Characterisation of pure PCL-DMA 

As mentioned above, the purchased PCL-DMA from Sigma Aldrich showed a significant 

level of impurity. This conclusion was made due to two reasons. Firstly, the purchased PCL-

DMA was in the liquid phase at room temperature, which indicated the presence of 

impurities. Liquid polymers are rarely observed due to stronger intermolecular forces 

compared to small molecules and, as a result, are often solid at room temperature.127,128 

Secondly, the characterisation of the compound confirmed this impurity. The 1H-NMR 

spectra for the purchased PCL-DMA and the methacryloyl chloride starting material can be 

seen in Figure 3.1.  



CHAPTER THREE  SYNTHESIS & REPLICA MOULDING 

49 
 

 

Figure 3.1. The 1H-NMR for the purchased PCL-DMA from Sigma Aldrich (top) and the starting material 

methacryloyl chloride (bottom) in CDCl3. 
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From Figure 3.1, the acrylate protons from methacryloyl chloride (bottom) are also 

present in the purchased PCL-DMA (top). The peaks of interest are the alkene hydrogens 

associated with the acrylate group at 6.49 ppm (1) and 6.03 ppm (2).129 These protons, 1 and 

2, show two specific frequencies as they are non-equivalent protons. This is due to the π-

bonding within the alkene, which restricts molecular rotations around that bond. As such, the 

two protons are essentially locked in place, with proton 1 experiencing a greater de-shielding 

effect than proton 2 due to the adjacent acyl chloride on that side of the molecule. There is 

also a considerable amount of residual DCM left over in the purchased PCL-DMA, as shown 

by the large peak in the PCL-DMA spectrum at 5.32 ppm. 

For the above reasons alone, it was clear that the purchased PCL-DMA from Sigma 

Aldrich was relatively impure. As a result, synthesis of pure PCL-DMA in a time- and cost-

effective manner was necessary. The synthesis was adapted from the method outlined by Im 

et al. in 2007.130 The reaction scheme for the synthesis of PCL-DMA from the PCL diol (Mn 

1250 gmol-1) precursor and methacryloyl chloride is shown in Figure 3.2. 

 

Figure 3.2. Reaction scheme for the synthesis of PCL-DMA (Mn 1350 gmol-1) from PCL diol (Mn 1250 gmol-1) 

and methacryloyl chloride. 

 



CHAPTER THREE  SYNTHESIS & REPLICA MOULDING 

51 
 

The reaction was a simple, uncluttered nucleophilic addition and elimination reaction 

between an acyl chloride, methacryloyl chloride, and an alcohol, PCL diol. However, the 

reaction occurred at both terminal ends of the polymer, and this ‘double’ reaction must be 

reflected in the equivalents of the reactants used. The reaction mechanism for the fabrication 

of PCL-DMA from the diol precursor occurred in two stages, as shown in Figure 3.3. 

 

Figure 3.3. The two-stage reaction for the synthesis of PCL-DMA from PCL diol and methacryloyl chloride. 

 

The first stage, the addition stage of the reaction, involved a nucleophilic attack on the 

partially positive carbon atom of the acyl chloride by one of the lone pairs of the terminal 

primary alcohol of the polymer. During the second stage, the elimination stage, the carbon-

oxygen double bond reformed and the chloride ion was removed as the leaving group. This 

was followed by the removal of the proton by the highly negatively charged unbound 

chloride ion. This resulted in the formation of PCL-DMA and hydrogen chloride. The 1H-

NMR of the PCL-DMA product is shown in Figure 3.4. 
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Figure 3.4. The 1H-NMR for the synthesised PCL-DMA in CDCl3. 
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From Figure 3.1, it was seen that the acrylate proton peaks associated with free 

methacryloyl chloride are present at 6.49 ppm and 6.03 ppm. In Figure 3.4, which represents 

the 1H-NMR for the synthesised PCL-DMA, these frequencies are no longer present but have 

been shifted upfield due to greater shielding offered by the polymer. The acrylate protons are 

now seen at 6.07 ppm and 5.53 ppm. The three spectra of interest are shown as an overlay for 

greater clarity of this effect in Figure 3.5. 



CHAPTER THREE  SYNTHESIS & REPLICA MOULDING 

54 
 

 

Figure 3.5. Overlay of 1H-NMR spectra of PCL diol (top), methacryloyl chloride (middle), and synthesised 

PCL-DMA (bottom) in CDCl3. 
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FTIR spectroscopy was utilised to focus on the functional group differences between 

PCL diol and the synthesised PCL-DMA. Figure 3.6 shows the FTIR spectra of both 

polymers. 

 

Figure 3.6. FTIR spectra of the starting material PCL diol and the product PCL-DMA. 

 

There are various groups and bonding arrangements that are different within the two 

substances. The wavenumbers associated with these functional group differences are 

described below. 

1. 3400 - 3500 cm-1 – Broad peak associated with O–H stretches of alcohol moieties. 

2. 3070 cm-1 – Describing C–H stretches of alkenes. 

3. 1635 cm-1 – Relating to C=C stretches of alkenes. 

4. 1455 cm-1 – Peak related to C–H stretches of methyl groups.131 
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 The chemical structures of the two compounds are shown below in Figure 3.7, where 

the differences are clearly outlined. There were O–H stretches of alcohols present in PCL diol 

and not present in PCL-DMA. Also, there were C–H stretches associated with methyl groups 

and alkenes present in PCL-DMA and not PCL diol. There were also C=C stretches of 

alkenes present in PCL-DMA and not in PCL diol. 

 

Figure 3.7. Schematic showing the functional group differences associated with PCL diol (top) and PCL-DMA 

(bottom). O–H stretches of alcohols (1), C–H stretches of methyl groups (2), C–H stretches of alkenes (3), C=C 

stretches of alkenes (4). 

 

In Figure 3.8, zoomed in regions of the spectra where these differences are displayed 

can be observed. The O–H stretches of alcohols are seen as a broad peak at 3400-3500 cm-1. 

The C–H stretches of alkenes can be seen as a small peak at 3070 cm-1. The C=C stretches of 

alkenes are shown at 1635 cm-1. The C–H stretches of methyl groups are displayed at 1455 

cm-1.131 The arrows displayed in Figure 3.8 show an increase (↓) or decrease (↑) of the 

associated transmittance when transitioning from the PCL diol starting material to the 

product, PCL-DMA. An increase in transmittance or a decrease in peak intensity is directly 

related to a reduction in that specific bond relating to the functional group and vice versa.  
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Figure 3.8. Zoomed in regions of the spectra where structural differences between PCL diol and PCL-DMA are 

displayed. 
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The ability to mould from these templates was mainly affected by the active polymer 

within the formulation to be replica moulded, which in this case was PCL-DMA. PCL-DMA 

(Mn 1350 gmol-1) is a waxy solid and must be made more liquid by introducing a solvent or 

solvent crosslinker. The solvent crosslinker incorporated with PCL-DMA was 1,6-hexanediol 

diacrylate (HDDA). This material was selected as an ideal candidate as it was a liquid 

diacrylate monomer that possesses similar chemical properties to PCL-DMA. HDDA is a 

hydrophobic material with a 6-carbon chain, so the dissolution of PCL-DMA was feasible 

while also acting as a crosslinker by polymerisation through the terminal acrylate groups. The 

PI used to facilitate the curing reactions was PBPO. The chemical structures for HDDA and 

PBPO are shown in Figure 3.9. 

 

 

Figure 3.9. Chemical structure for 1,6-hexanediol diacrylate (HDDA) (top) and phenylbis(2,4,6-

trimethylbenzoyl) phosphine oxide (PBPO, PI) (bottom). 

 

Three distinct formulations were prepared, which were used to replica mould from 

substrates. The first was neat HDDA (1 % PBPO w/w) which acted as a control for the study. 

The second was 1:9 PCL-DMA:HDDA or 10 % PCL-DMA, 90 % HDDA w/w (1 % PBPO 

w/w), which was the first test sample of the study. The final formulation was 1:4 PCL-

DMA:HDDA or 20 % PCL-DMA, 80 % HDDA w/w (1 % PBPO w/w), which was the 
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second test sample for the study. 20 % PCL-DMA was the most concentrated formulation 

prepared as it was challenging to achieve dissolution with a greater percentage of PCL-DMA. 

The chemical analysis of the curing process was then demonstrated using FTIR by analysing 

bond frequencies attributed to the terminal acrylate and methacrylate reactive groups 

involved in the polymerisation. Table 3.1 shows the makeup of each formulation for clarity. 

 

Table 3.1. The percentage (w/w) makeup of each PCL-DMA/HDDA blended formulation. 

 

3.2.2 Chemical Analysis of Cured Polymer Blends 

Real-time FTIR spectroscopy measurements were undertaken on each polymer formulation to 

determine the efficiency of the curing process in the conversion of the acrylate and 

methacrylate functional groups. Curing in real-time using the white light source was 

investigated to ascertain if any uncured acrylate or methacrylate groups were present 

following the curing experiments. This is important as free acrylate groups have been shown 

to be highly toxic for cells or biological applications, so the conversion of as many molecules 

as possible is critical. Deichmann was one of the first to study the toxicity of acrylates in 

1941 and tested a series of methacrylate esters in rabbits, guinea pigs, and rats. He found 

methyl methacrylate to be the most toxic, followed by ethyl and n-butyl methacrylates.132 In 



CHAPTER THREE  SYNTHESIS & REPLICA MOULDING 

60 
 

1972, his conclusions were confirmed by Bass et al., who studied the structure-activity 

relationship of 18 acrylic and methacrylic compounds.133  

To assess the presence of acrylate or methacrylate groups, the change in transmission 

of the peaks centred around the following wavenumbers were compared as the photocuring 

process progressed over the 2-hour period.  

1. 1410 cm-1 – Attributed to the in-plane scissoring vibration of terminal allyl =CH 

groups.  

2. 1640 cm-1 – Describing C=C bond stretching.  

3. 1620 - 1610 cm-1 – Describing C=C stretching specific to α, β-unsaturated ketones 

present in the acrylate group.131 

 

The change in transmission of the peaks centred at 983 cm-1 and 812 cm-1, which are 

also associated with C=C acrylate bonds, were difficult to assess in the fingerprint region of 

the spectra. However, the change in the wavenumbers described above, and the visible 

change in phase of the material from liquid to solid over time, were sufficient for this 

analysis. A 2-hour curing period was chosen as it is demonstrated in Figures 3.10 - 3.12 that 

the acrylate frequencies showed complete conversion after this time. 

The FTIR spectra in Figure 3.10 relates to the curing process of neat HDDA, while 

Figure 3.11 and Figure 3.12 concern 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA, 

respectively.  
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Figure 3.10. FTIR spectra of neat HDDA (1 % PBPO w/w) photopolymerised using the white light irradiation 

source at different time points from 0 - 120 mins. Top - The full spectra of the timepoints are shown. Middle - 

A close up of the peaks centred at 1410 cm-1 related to the vibration of terminal allyl –CH groups. Bottom - 

1620 cm-1 and 1638 cm-1 describe the stretching of the C=C bonds of acrylate groups.  
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Figure 3.11. FTIR spectra of 1:9 PCL-DMA:HDDA (1 % PBPO w/w) photopolymerised using the white light 

irradiation source at different time points from 0 - 120 mins. Top - The full spectra of the timepoints are shown. 

Middle - A close up of the peaks centred at 1410 cm-1 related to the vibration of terminal allyl –CH groups. 

Bottom - 1620 cm-1 and 1638 cm-1 describe the stretching of the C=C bonds of acrylate groups. 
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Figure 3.12. FTIR spectra of 1:4 PCL-DMA:HDDA (1 % PBPO w/w) photopolymerised using the white light 

irradiation source at different time points from 0 - 120 mins. Top - The full spectra of the timepoints are shown. 

Middle - A close up of the peaks centred at 1410 cm-1 related to the vibration of terminal allyl –CH groups. 

Bottom - 1620 cm-1 and 1638 cm-1 describe the stretching of the C=C bonds of acrylate groups. 
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In all three spectra, the increase in transmission or loss of the peaks related to the 

acrylate groups as photocuring progresses indicated that most, if not all, of the C=C acrylate 

alkene bonds fully reacted throughout the polymerisation. Therefore, there was a very low 

concentration of pendant C=C bonds present within the material after each replica moulding 

event. This was particularly evident for the peak centres at 1405 cm-1, relating to the in-plane 

scissoring vibration of terminal allyl =CH groups. As curing progressed over 0 – 120 mins, 

an incremental increase in transmission for the peaks at 1620 cm-1 and 1638 cm-1 was 

observed, which related to a reduction in C=C bond stretching as the polymerisation occurred 

over time. 

An increase in peak intensity was seen around 3000-2840 cm-1, which was related to 

the C–H stretching of alkanes. This would also be associated with the curing process as C–C 

alkane bonds were formed from the acrylate groups during the process, which yielded a 

greater concentration of C–H bonds. 

After this chemical analysis, surface elasticity measurements were conducted on the 

resulting solid cured materials using a Hysitron TI Premier Nanoindenter. Samples were a 

uniform thickness of 0.5 mm. The nanoindentation method can measure the hardness and 

elastic modulus of a material. A schematic representation of a typical data set obtained can be 

seen in Figure 3.13, where P denotes the load and h represents the displacement relative to 

the initial undeformed surface.134 Other critical quantities measured from these curves are the 

maximum load, Pmax, the maximum resulting displacement, hmax, and the elastic unloading 

stiffness, S, defined as the slope of the unloading curve at hmax. The final depth, hf, denotes 

the permanent depth of penetration within the sample after unloading of the indenter.134,135 
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Figure 3.13. Schematic representation of load-displacement data from a nanoindentation loading and unloading 

cycle.
134

 

 

The elastic modulus, or Young’s modulus, of a material can be calculated from a 

load-displacement curve using the following Equations [4-11].136,137 Equation [4] was 

derived from the Hertzian contact mechanics theory.138 

     Equation [4] 

Where Ap is the projected area of contact and Er denotes the combination of the 

sample and indenter elastic deformations. Equation [5] is used to separate the indenter elastic 

deformation contribution from that of the sample. 

    Equation [5] 
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Where E and vs are the elastic modulus and Poisson’s ratio of the sample, 

respectively. Ei and vi represent the same quantities for the indenter.137 Next, the Hertzian 

model requires knowing the projected contact area (Ap) at maximum load. The two-term 

Equation [6] is used where the first term, C0, and the second term, C1, are adjusted to allow 

for tip rounding.138 

    Equation [6] 

The indentation contact depth at full load, hc, is not equal to the total displacement, 

hmax, as the surrounding surface deforms elastically during unloading. Accordingding to the 

Doerner-Nix and Oliver-harr methods, hc, can be calculated using Equations [7] and 

[8].135,136 

    Equation [7] 

    Equation [8] 

Where hr is where the unloading curve intersects with the displacements axis and ɛ is 

Sneddon’s correction factor for the contact depth, which accounts for indenter geometry 

influence on sample deformation.139 Next, the slope of the unloading curve is described by 

Equation [9], where α and m are constants depending on the indenter material.140 The slope, 

S, at the maximum displacement, hmax, is calculated by taking the first derivative of Equation 

[9], as shown in Equation [10]. 

    Equation [9] 

  Equation [10] 
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Equations [4-10] are combined to make a single equation (Equation [11]) to 

conveniently calculate the sample elastic modulus, or Young’s modulus, E.134–136 

  Equation [11] 

 

Fortunately, these equations and constants are calculated and calibrated automatically 

using the Hysitron TI Premier Nanoindenter software (Bruker, Coventry, UK).141,142 More 

information on how to operate this instrument can be found in Section 2.3 (Surface Imaging 

and Stiffness). The results of this study are displayed in Table 3.2.  

 

Table 3.2. Surface elasticity data for planar moulds for each of the polymeric formulations. 

 

It can be seen that the Young’s modulus was greatest for the neat HDDA sample at 

1.91 GPa and decreased as the concentration of incorporated PCL-DMA increased. 1:9 PCL-

DMA:HDDA had a Young’s modulus value of 1.52 GPa, and 1:4 PCL-DMA:HDDA had a 

value of 1.15 GPa. The Young’s modulus is a direct reflection of the stiffness of a material. 

This reduced stiffness upon increased PCL-DMA concentration was due to the reduced 

crosslink density within the system when PCL-DMA was added.143 This occurred as the 

chain length of the PCL-DMA was far greater than that of HDDA. In 1997, Al-Nasassrah et 
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al. demonstrated that as the molecular weight (4000 - 35000 gmol-1) of PEG chains increased, 

the Young’s modulus of the materials decreased from 2.42 GPa to 0.98 GPa for 4000 gmol-1 

to 35000 gmol-1, respectively, as a result of reduced crosslink density.143  

 

3.2.3 Replica Moulding on the Nanoscale 

Viscosity is a critical characteristic when related to replica moulding. The resistance to flow 

undoubtedly influences the ability of the fluid to fill the pore spaces in a template and affects 

the success of a replica moulding event. Liparoti et al. demonstrated that the replication of 

micro and nanofeatures in injection moulding was more accurate when a PLA with lower 

viscosity was adopted rather than when PLA polymers with higher viscosities were 

utilised.144 Also, the greater the viscosity, the greater the chance of air being trapped at the 

base of the pore resulting in poor fidelity of feature replication. Lee et al. noted that the high 

gas permeability of their polymeric formulation rectified the bubble defect issue that was 

often encountered during a NIL process.145 Within this chapter, the viscosity of the three 

polymeric formulations; neat HDDA, 1:9 PCL-DMA:HDDA, and 1:4 PCL-DMA:HDDA (all 

containing 1 % PBPO w/w), are discussed and related to the fidelity of moulding for features 

from inorganic and polymeric substrates of varying sizes. The results of the viscosity 

measurements for neat HDDA, 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA can be 

seen in Table 3.3. 
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Table 3.3. Viscosity measurements for each polymeric formulation. 

 

From Table 3.3, it can be seen that the viscosity of the samples increased as the 

concentration of PCL-DMA increased. This increase in viscosity was expected as a wax 

polymeric solid was added to HDDA, a liquid. This data is also displayed as a graph in 

Figure 3.14, where the viscosity is shown to increase as the PCL-DMA concentration 

increases. 

 

Figure 3.14. Visual representation of viscosity data as a graph. 
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These viscosity values had important implications on each formulation’s ability to 

effectively replica mould features of varying sizes from substrates of different materials. 

Firstly, the moulding of a purchased silicon master array of holes (AMO GmbH, Aachen, 

Germany) was performed. Figure 3.15 shows a FESEM image of this silicon array. 

 

Figure 3.15. The silicon master template of holes. Top-down FESEM images. Inset shows the manufacturer’s 

specifications for the holes’ minimum (169.3 nm) and maximum diameter (268.0 nm). 

 

The maximum feature diameters (Feret diameter) on the silicon master array of holes 

have been measured as 269 ± 5 nm using ImageJ software, which related well to the 

manufacturer’s specification of 268 nm (Figure 3.15, inset). ImageJ analysis for calculating 

the average hole diameter on the silicon master can be found in the appendix (Appendix 

Section A, Figure A.1).  

 Next, the hole depths were measured using AFM. Post-processing of the image was 

performed using Gwyddion line profile software. It was essential to determine the hole depths 



CHAPTER THREE  SYNTHESIS & REPLICA MOULDING 

71 
 

as this quantity was the maximum pillar height after replica moulding. The hole depths were 

calculated to be 135 ± 69 nm, with an n of 500 data points used for the calculation. The 

manufacturer’s specification for the average hole depth was 200 nm. The manufacturer also 

outlined that fluctuations usually occur, and etchings are not constant over the entire grating 

area. The hole diameter and depth were quoted as “best-effort”, and therefore, deviations 

were expected. However, there was a very high standard deviation for the calculated values 

for the hole depths using the AFM. This is a common issue with AFM as the tip is often 

unable to penetrate fully to the absolute depth. The AFM data can be seen in Figure 3.16. 

 

Figure 3.16. AFM images and data of the silicon master template of holes. A) AFM image and selected line for 

B) the line profile data. C) 3D render of the silicon master of holes. 

 

These holes were the smallest features to be moulded from using the three polymeric 

formulations. As such, the silicon master was used to establish a feature size limit for replica 

moulding using the formulations outlined. Figure 3.17 shows the replication of the silicon 

master of holes using neat HDDA as an AFM image.  
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Figure 3.17. AFM image containing line profiles (1-8) (top), overlay of all line profiles (bottom left), and 

individual line profile 8 (bottom right) of neat HDDA (1 % PBPO w/w) negative replica of silicon master of 

holes. 
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From Figure 3.17, the average pillar heights were measured to be 36 ± 2 nm using 

AFM. This result showed a great disparity between the measured average pillar heights and 

the specification for the hole depth on the silicon master template (200 nm). The measured 

heights accounted for only 18 % of the hole depth of the silicon master template. This result 

may have been a result of an unclean tip, environmental noise surrounding the instrument or 

using an overly fast scan speed.146–151 

An unclean AFM tip will often result in poor image quality by introducing unwanted 

adhesive forces in the tip-sample interaction.146 Cleaning by UV/ozone treatment to remove 

any unwanted residues on the tip surface can resolve these imaging issues.147 Environmental 

noise and external disturbances are likely to cause vibrations, which result in vertical tip 

drifting and thus the generation of an unreliable image.148,149 Selecting a scan speed which is 

too fast will prevent adequate z-axis resolution of the features, and can also contribute to 

damaging the AFM tip.150,151  As a result of all these potential issues, another method of 

imaging and analysis was used. Figure 3.18 shows the replication of the silicon template 

using neat HDDA as a FESEM image.  

 

Figure 3.18. Replication of the silicon master using neat HDDA (1 % PBPO w/w). FESEM 45 ° tilt image. The 

sample was coated with a 10 nm Au layer before imaging. 
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It can be seen from Figure 3.18 that the replication of the silicon master using neat 

HDDA was seemingly a success, unlike the representation the AFM image gave. Pillars are 

distinct, and the average pillar diameter was 269 ± 4 nm. This average value equated 

exceptionally well to the manufacturer’s specification of the diameter (268.0 nm) and the 

calculated average value for the diameter of the holes (269 ± 5 nm) on the silicon master. 

Therefore, the moulding was very successful concerning the diameter of the features. The 

heights of the polymeric pillars were calculated on ImageJ software using the line tool 

measure as from looking at the FESEM image; the AFM gave an average feature height that 

was not representative of the sample. The calculated average pillar heights for neat HDDA 

using the line tool in conjunction with the FESEM image were 195 ± 11 nm. This value was 

vastly different from the average measured silicon master hole depths using the AFM (135 ± 

69 nm). Similar to the average pillar width, this measurement for the height of 195 ± 11 nm 

using the FESEM analysis related well to the manufacturer’s specification of the hole depth 

(200 nm). The FESEM measurement showed a replica mould which achieved a feature 

replication of 97.5 %. This again indicated a positive result for the replication of the silicon 

array of holes using neat HDDA. Further images outlining how these measurements for neat 

HDDA were taken are outlined in the appendix (Appendix Section A, Figure A.2 - 5). 

Next, replica moulding of the silicon master using the 1:9 PCL-DMA:HDDA 

formulation was performed. The pillar dimensions were then also investigated using AFM 

and FESEM. Figure 3.19 displays an AFM image of the silicon master using 1:9 PCL-

DMA:HDDA.  
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Figure 3.19. AFM image containing line profiles (1-7) (top), overlay of all line profiles (bottom left), and 

individual line profile 1 (bottom right) of 1:9 PCL-DMA:HDDA (1 % PBPO w/w) negative replica of silicon 

master of holes. 
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From Figure 3.19, the measured average pillar height from the 1:9 PCL-

DMA:HDDA was 337 ± 16 nm using AFM. Again, similar to the neat HDDA sample, this 

result shows a disparity between the measured average pillar heights and the average hole 

depth of the silicon master template (200 nm). Therefore, FESEM was utilised to investigate 

this further. Figure 3.20 shows the FESEM image for the 1:9 PCL-DMA:HDDA sample. 

From this FESEM image, the pillars are less distinct and appear to be more spherical, 

consistent with the AFM image.  

 

Figure 3.20. Replication of the silicon master using 1:9 PCL-DMA:HDDA (1 % PBPO w/w). FESEM 45 ° tilt 

image. 

 

The average diameter of the pillars was calculated from a top-down FESEM image 

using ImageJ software to be 281 ± 13 nm. This result demonstrated an average increase of 4.4 

% compared to the average diameter of 268.0 nm for the silicon master template. The 

maximum average height of the pillars was calculated to be 248 ± 17 nm using the line tool 

measure from the tilt FESEM image. This result demonstrated greater accuracy to the 

supplier’s specifications compared to the AFM measurement. Nonetheless, the FESEM 
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results still showed an average height increase of 24 % to the 200 nm average hole depth of 

the silicon master template. It was suspected that there were issues with imaging this sample 

as it was blurred and possibly the calculated heights and diameters were not an accurate 

representation. Conducting the analysis on many samples would be necessary to make 

conclusions on the accuracy of the replica moulding and imaging for this sample. Possibly 

applying a thicker Au layer before imaging could have ruled out any charging artefacts. The 

term “charging” concerning SEM is when a build-up of negative potential occurs at or near 

the surface of a sample while it is irradiated by the electron beam.152 This arises when a 

sample is unable to effectively conduct the energy imparted by the beam, resulting in the 

localisation of the negative potential. This has detrimental effects on the image output 

quality, and in turn, any associated measurements taken from the image. Applying a highly 

conductive coating material helps to mitigate these charging artefacts by effectively 

conducting the negative potential across the conductive coating.153 Figures outlining how 

these measurements for 1:9 PCL-DMA:HDDA were taken using ImageJ are shown in the 

appendix (Appendix Section A, Figure A.6 - 8). 

The features were also not distinct in comparison to the neat HDDA sample (Figure 

3.17). This may result from the increased viscosity of the formulations to 10.8 ± 0.4 cP when 

using 1:9 PCL-DMA:HDDA compared to the viscosity of neat HDDA, which was 9.8 ± 0.4 

cP. 

Figure 3.21 shows the replication using 1:4 PCL-DMA:HDDA as AFM and FESEM 

images. These images show no replication whatsoever. The 1:4 PCL-DMA:HDDA sample 

ultimately failed to replicate holes of this size successfully. Again, this may result from the 

increased viscosity of the fluid. The viscosity of 1:4 PCL-DMA:HDDA was 15.5 ± 0.9 cP 

compared to 9.8 ± 0.4 cP for neat HDDA. The increased viscosity for this material inhibited 

the flow in entering the holes for effective replication.  
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Figure 3.21. Replication of the silicon master using 1:4 PCL-DMA:HDDA (1 % PBPO w/w). Top - AFM 

image. Bottom - Top-down FESEM image. 

 

As the above results show, the replication of the silicon master using neat HDDA was 

a success, but the PCL-DMA containing formulations were largely unsuccessful. A summary 

of the dimension data using either AFM or FESEM analyses is shown in Table 3.4. 
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Table 3.4. Data table of feature dimensions for samples replica moulded from the silicon master of holes using 

neat HDDA, 1:9 PCL-DMA:HDDA, and 1:4 PCL-DMA:HDDA (all containing 1 % PBPO w/w). 

 

The replica moulding of this silicon master array of holes was performed to test the 

limitations of achievable feature dimensions using these formulations. The results were as 

expected for the PCL-DMA containing formulations being unable to replicate the nanoscale 

features effectively while the less viscous neat HDDA formulation achieved much success. 

The only comparable results from the literature have been demonstrated by Csaderova et al. 

where they achieved replication of a silicon master (diameter = 105 ± 5 nm, depth = 116  ± 5 

nm, and pitch = 300 nm) using PCL (65 kDa) through a hot embossing protocol.154 In light of 

the unsuccessful replication results, mainly of PCL-DMA containing formulations, shown in 

Table 3.4, the pore size of the templates was increased through the use of 2PP techniques. 
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3.2.4 Replica Moulding Microscale Features 

2PP was used to produce pores of varying diameters and heights accurately and reproducibly 

on a single glass slide. It is also worth noting that the 2PP template, from which moulding 

occurred, was a polymeric material and not an inorganic material like the silicon master seen 

above. For this work, a polymeric IP-Dip template was selected for replica moulding using 

the three polymeric formulations. The average pore diameter of this template, now known as 

Template X, was 1100 ± 22 nm and was fabricated using a writing speed of 7000 µm s-1 at 

12.5 mW power. Delaney et al. demonstrated that hole diameters of 713 - 1036 nm could be 

fabricated by varying the laser power (7.5 - 15 mW) and writing speed (1000 - 8000 µm s-1) 

while keeping the design file for the hole diameter constant at 800 nm.22 A FESEM image of 

Template X is shown in Figure 3.22. The replica moulding of this template of holes using 

neat HDDA, 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA is shown in Figure 3.23, 

Figure 3.24, and Figure 3.25, respectively. All images were coated with a 10 nm Au layer 

before imaging. 

 

Figure 3.22. FESEM image of Template X in IP-Dip. 
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Figure 3.23. Replica mould of Template X using neat HDDA (1 % PBPO w/w). Left - top-down FESEM image 

of the replica mould and zoomed-in insets. Right - 45 ° tilt FESEM image and zoomed-in insets.  

 

 

Figure 3.24. Replica mould of Template X using 1:9 PCL-DMA:HDDA (1 % PBPO w/w). Left - top-down 

FESEM image of the replica mould and zoomed-in insets. Right - 45 ° tilt FESEM image and zoomed-in insets.  
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Figure 3.25. Replica mould of Template X using 1:4 PCL-DMA:HDDA (1 % PBPO w/w). Left - top-down 

FESEM image of the replica mould and zoomed-in insets. Right - 45 ° tilt FESEM image and zoomed-in insets.  

 

 The above results showed that replica moulding was unsuccessful from a 2PP printed 

template with an average feature size of 1100 ± 22 nm. The neat HDDA sample showed poor 

feature replication; in particular, poor penetration of the formulation was evident due to the 

visible deviation in heights. Multiple pillars were also missing or had broken off upon 

separation from the template. The 1:9 PCL-DMA:HDDA sample showed similar results. The 

features were not cylindrical as expected, and missing pillars were also demonstrated in these 

samples. The 1:4 PCL-DMA:HDDA sample was the least successful as there were very few 

pillars shown. Poor penetration was also evident as many of the pillars have blended into the 

surrounding planar bulk, and accumulation of the pillars was also observed. 

 The results above may be viewed as a greater failing to the results obtained from the 

silicon master, which contains smaller sized features. However, it must also be noted that the 

silicon master replica moulds were obtained from a hard, inorganic substrate, whereas the 

moulds obtained from Template X were from a soft, polymeric substrate. Wettability was a 
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key consideration in analysing the efficiency of replica moulding from each of these 

substrates. In general, wetting behaviour is categorised into four regimes on the basis of the 

water contact angle (WCA) the surface creates; superhydrophilic (0 ° < θ < 10 °), hydrophilic 

(10 ° < θ < 90 °), hydrophobic (90 ° < θ < 150 °), and superhydrophobic (150 ° < θ < 180 

°).155 It has been well documented nanostructured silicon, like the master template of holes, 

forms superhydrophobic surfaces. It is also referred to as the lotus effect after the 

superhydrophobic leaves of the lotus plant. In 2018, Telecka et al. demonstrated that the 

WCA of an array of silicon holes with diameters of < 100 nm ranges from 154.7 ° < θ < 

170.2 °.156 However, IP-Dip has been shown to be acutely hydrophilic. In 2017, Berwind et 

al. showed that the WCA of planar IP-Dip was 80.5 °.157 This variance in WCA is important 

when related to the polymeric formulations, which are hydrophobic in nature. As IP-Dip 

shows acute hydrophilicity, the increase in feature size when using this material (1100 ± 22 

nm) from when the silicon mater of holes was used (269 ± 5 nm) may not be sufficient to 

offset the chemical indifference between the two materials.  

To address these failings, 2PP templates with holes possessing greater widths of 2 µm 

× 2 µm and 3 µm × 3 µm were fabricated to achieve greater fidelity of replica moulding 

using these polymeric formulations. This work is discussed in the following chapter. 

 

3.3 Conclusions 

In conclusion, a successful reaction between methacryloyl chloride and PCL diol (Mn 1250 

gmol-1) was performed to synthesise PCL-DMA (Mn 1350 gmol-1) in yields of 75 - 86 %. 

This reaction was necessary to save substantial time and funding while also improving the 

purity of the materials used for future experiments involving PCL-DMA. The product was 

mainly characterised by 1H-NMR and FTIR spectroscopy. The 1H-NMR confirmed the 
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binding of the terminal acrylate groups to the PCL backbone by the upfield shifting of the 

acrylate protons due to a shielding effect upon binding to the polymer compared to the 

chemical shifts of the free methacryloyl chloride protons. The FTIR spectra showed various 

functional group differences between the synthesised PCL-DMA and the PCL diol starting 

material, which confirmed the success of the reaction.  

 Chemical analysis of the efficiency of the curing process as real-time FTIR 

spectroscopy measurements were performed. To assess the reaction of acrylate groups as the 

photocuring process progressed, the change in transmission of indicative peaks were 

analysed. An increase in transmission or a decrease in peak intensity at the indicative 

wavenumbers indicated that most of the C=C acrylate alkene bonds fully reacted throughout 

the curing. Nanoindentation measurements showed that the Young’s modulus decreased as 

the concentration of PCL-DMA within the formulation increased due to a decrease in the 

crosslink density within the materials. 

It was also demonstrated that neat HDDA effectively replica moulded the silicon 

master of holes, whereas 1:9 PCL-DMA:HDDA did not replicate this template effectively, 

and 1:4 PCL-DMA:HDDA showed no feature replication whatsoever. From here, through 

optimisation of 2PP design and fabrication parameters, achievable control of feature size and 

shape of the negative 2PP master was demonstrated. However, replica moulding from these 

polymeric substrates using neat HDDA, 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA 

was widely unsuccessful mainly due to the chemical indifferences between the substrate and 

the formulations.  
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4  ‘UCD’ Degradation Story 

4.1 Introduction 

his study aimed to mutually connect the processes of 2PP and replica moulding 

while also utilising the chemical properties of the synthesised PCL-DMA. The 

study was centred around the idea that structures formed using PCL-DMA 

degrade over time. The degradation was possible as the ester linkage within the PCL-DMA 

repeating unit was prone to hydrolysis and could be accelerated in acidic or basic 

environments.158 In this regard, a 5 M NaOH solution was used to accelerate the degradation 

of the structures in this study.  

A 2PP template of varying hole sizes was carefully designed and fabricated with a 

selection of holes that were 3.5 µm deep, and the remaining holes were 2 µm deep. After 

replica moulding of these templates, the resulting negative replicas possessed pillars with 

heights of either 3.5 µm or 2 µm. Through the careful design of the template, the 3.5 µm 

pillars reveal a design of ‘UCD’ within the structured area. Upon exposure to a highly 

alkaline environment of 5 M NaOH, the structures would degrade over time, an essential 

characteristic in particle release systems. This degradation was then monitored via AFM and 

FESEM analyses and by mass loss studies. 

 

4.2 Results and Discussion 

4.2.1 Overcoming Challenges & Establishing the Protocol 

Two of the main parameters focused on were printing time and the efficiency of replica 

moulding from the templates. Printing time was affected by the size of the templates and the 

T 
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dimensions of the structures within them. Initially, many different templates of varying sizes 

and dimensions were printed to find the optimal dimensions for a variety of parameters. The 

width of the holes that were being printed, the distance or pitch between each hole, and their 

depths were carefully explored. Some of the preliminary .stl files printed using 2PP are 

shown in Figure 4.1. 

 

Figure 4.1. .stl files of templates. A) Double line ‘U’, 2 µm2 squares spaced 1 µm. B) Single line ‘U’, 2 µm2 

squares spaced 2 µm. C) Single line ‘U’, 3 µm2 squares spaced 2 µm. D) Single line ‘UC’, 2 µm2 squares spaced 

1 µm. E) Single line ‘UCD’, 2 µm2 squares spaced 2 µm. F) Single line ‘UCD’, 2 µm2 squares spaced 1 µm. 

 

Before replica moulding from the templates using the three formulations (neat 

HDDA, 1:9 PCL-DMA:HDDA, and 1:4 PCL-DMA:HDDA), the templates were first coated 
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in a layer of Au (10 s duration, ~ 10 nm) for two reasons. Firstly, they could be imaged by 

FESEM, but also so delamination of the templates after replica moulding would be restricted 

due to the surface energy difference between the inorganic surface coating and the polymeric 

formulations.159 Early replica moulding experiments confirmed this, as without the inorganic 

coating, delamination of the templates occurred regularly. For the replica moulding protocol, 

two PDMS spacers (~ 2 mm in thickness) were adhered to the glass side on either side of the 

coated 2PP template. A coverslip was placed on top of these spacers, leaving a cavity space 

between the template and the coverslip, allowing precise control of the sample volume. The 

liquid polymer formulation was then pipetted into the cavity between the coverslip and the 

template. The liquid formulation then filled this space and the holes of the template by 

capillary action.160 The liquid polymer formulation was then photopolymerised or cured by 

irradiation with white light at 100 % intensity from above the clear coverslip for 2 hours.  

The results were inconsistent using this moulding protocol, however. Some of the 

failed results are shown in Figure 4.2. The replica mould of Template B using neat HDDA 

showed multiple broken features and indentations around the perimeter of the mould. The 

replica mould of Template D using 1:9 PCL-DMA:HDDA also showed poor fidelity of 

feature replication. For this sample, many of the smaller features did not penetrate fully into 

the pores of the 2PP template as they were observed as stumpy and indistinct from one 

another. 
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Figure 4.2. Top - Template B (left) and a negative replica mould of it using neat HDDA (1 % PBPO w/w) 

(right). Bottom - Template D (left) and a negative mould of it using 1:9 PCL-DMA:HDDA (1 % PBPO w/w) 

(right).  

 

1:4 PCL-DMA:HDDA (1 % PBPO w/w) replica moulds saw various issues when 

using this replica moulding protocol, some of which can be seen in Figure 4.3. These 

challenges were mainly evident in the 1:4 PCL-DMA:HDDA, with the neat HDDA and 1:9 

PCL-DMA:HDDA samples also proving difficult but to a lesser extent. From Figure 4.3A, 

lifting of the mould can be observed. It can be seen that there are two tiers to the mould, 

which showed that some of the mould had adhered to the glass slide, and some had lifted. 

From Figure 4.3B, some crystallisation of the polymeric formulation is shown, which 

suggests that the formulation was not entirely homogenous prior to polymerisation under 

white light. From Figure 4.3C, delamination of the 2PP template from the glass side into the 

polymeric formulation is shown. Delamination was one of the most disappointing results of a 
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replica moulding event as the templates were no longer viable to be used repeatedly, and a 

fresh template had to be printed. 

 

Figure 4.3. FESEM images (top) and schematics (bottom) demonstrating some challenges seen in early replica 

moulding of 2PP templates. A) Lifting of the mould. B) Crystallisation. C) Delamination of templates.  

 

As a result of challenges with lifting, crystallisation, and delamination, the replica 

moulding protocol was reviewed, and a number of aspects were altered. Firstly, to stop the 

moulds from lifting, the PDMS spacer dimensions were changed. The PDMS spacers that 

were used were not of even thickness. This led to poor adhesion to the glass slide and the 

coverslip, resulting in liquid formulation leakage from the cavity and, in turn, a nonuniform 

mould after polymerisation. The spacers were also too thick, which led to three distinct 

issues. Firstly, the stiffness of the PDMS increased as the thickness increased, resulting in 

spacers that adhered poorly to the glass slide and coverslip. Liu et al. attributed this thickness 

dependant phenomenon to shear stress during fabrication, which was proportional to the 
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thickness-induced reorder of chains to form more robust crosslinked networks.161 Secondly, 

thick spacers facilitated an unnecessary amount of formulation per replica moulding event as 

the cavity space was of a greater volume. Figure 4.4 shows the differences in the moulding 

chamber volume created by the thickness of the PDMS spacers. 

 

Figure 4.4. Schematic and photograph displaying the difference in the moulding chamber volume due to PDMS 

spacer thickness. 

 

Finally, due to this greater volume, the liquid polymer formulation needed to be cured 

for a more extended period to achieve complete polymerisation. In light of this, uniform 

PDMS spacers of 200 µm in thickness were fabricated. Figure 4.4 displays the two 

thicknesses used for the PDMS spacers, 2 mm and 200 µm. The resulting volume ranges of 

each, considering the length and width was constant for both from 1 - 1.2 cm, are 200 - 290 

µL for the 2 mm thick spacers and 20 - 29 µL for the 200 µm spacers. This subtle change in 

PDMS spacer thickness resulted in 10 times less material, a substantial result in cost savings. 

PDMS spacers of consistent heights were made from accurately depositing a volume of the 

liquid solution into plastic Petri dishes, using the volume of a cylinder equation, V = πr2h. A 

scalpel was then used to cut out the spacers once the PDMS had cured. 
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The lifting of the mould was also attributed to the orientation of the white light 

source. In previous failed attempts where lifting of the moulds occurred, irradiation of the 

light was performed from above the sample. Therefore, the non-structured, underlying bulk 

was cured first. As this bulk cured from liquid to solid, it contracts, lifting the remaining 

uncured portion of the mould, which contained the structured area. This issue was 

exacerbated by the thickness of the mould, which was a further cause to have thinner PDMS 

spacers. As a result, the orientation of the white light was changed to irradiate the template 

from underneath to cure the structured side first. 

The fact that crystallisation was evident in some PCL-containing samples, as seen in 

Figure 4.3B, shows that the formulation was not entirely homogenous before curing. 

Therefore, before each curing step, the 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA 

samples were heated to 45 °C, just slightly below the Tm for this polymer (58 - 63 °C).99 

Mixing at a greater intensity and sonication of the formulations aided greatly in achieving 

complete homogeneity also.  

Delamination of the 2PP template from the glass slide and into the replica mould, as 

seen in Figure 4.3C, was attributed to the white light intensity. For replica moulding events 

where delamination of the 2PP templates occurred, the irradiation intensity was set to 100 % 

for the entire 2 hour period. Delamination then occurred as the liquid formulations were 

polymerising too quickly. For example, the samples cured instantly for the neat HDDA 

samples when irradiating light at the highest intensity setting. Here, moulds were fusing to 

the templates over this brief period of light irradiation and, as a result, were lifting the 

templates from the glass slide upon failed separation of the mould and template. Therefore, 

irradiation time was altered to increase incrementally over time. The white light intensity 

started at 25 % power and was increased by 25 % every 30 mins for 2 hours, which resulted 

in no further delamination of templates. 
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The 2PP process was also altered after determining the optimal dimensions of the 

‘UCD’ template. Two distinct sets of templates were printed on a single glass slide. This 

helped considerably in reducing variance and error. Furthermore, having two sets of 

templates made replica moulding more time-efficient as two sets of negative moulds of 

‘UCD’ pillars could be generated from a single replica moulding event. After polymerisation, 

separating the two sets of ‘UCD’ pillars was achieved using a scalpel and snap cleaving the 

mould.  

Each set of printed templates consisted of 2 templates of holes of varying dimensions, 

so a total of 4 templates were present on each slide, as shown in Figure 4.5. 

 

Figure 4.5. Schematic of two sets of templates on a single glass slide. 

 

Each set consisted of a smaller template (81 µm2) which consisted of 2 µm × 2 µm 

holes, spaced 1 µm, and a larger template (97 µm2) of 3 µm × 3 µm holes, spaced 2 µm. The 

‘UCD’ holes were designed to be 3.5 µm deep, and the remaining holes were 2 µm deep on 

both templates. The laser power and writing speed was kept consistent at 15 mW and 6000 

µm s-1 for both templates during printing. Figure 4.6 shows the .stl files for the templates 
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(top), the resulting printed templates (middle), and the replica moulded samples using neat 

HDDA (bottom) for both the smaller and larger templates. 

 

Figure 4.6. Top - .stl design files of the two ‘UCD’ templates used. Left (small) - 81 µm2 template, 2 µm × 2 

µm holes, 1 µm spaced. Right (large) - 97 µm2 template, 3 µm × 3 µm holes, 2 µm spaced. Middle - Top-down 

FESEM images of printed templates. Bottom - 45 ° tilt FESEM images of neat HDDA after replica moulding of 

both templates. 
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4.2.2 Efficiency of Replica Moulding 

As our previous work has demonstrated, changes to printing parameters such as the laser 

power and writing speed can lead to considerable deviations from the designed hole 

dimensions.22 Therefore, it was critical that the true depth of the holes were measured to 

quantify the efficiency of the replica moulding, which occurred thereafter. The analysis of the 

hole depths was performed by optical profilometry.  

 The main advantages of optical profilometry (light) over stylus profilometry (physical 

probe) are speed and the non-destructive nature of the technique.162 As the laser power and 

writing speed was kept consistent at 15 mW and 6000 µm s-1 for both templates during 

printing, only the holes on the larger template were analysed. The profilometry image of the 

larger template, along with 3D renders of the same template, is shown in Figure 4.7. Images 

were post-processed using Gwyddion software. 

 

Figure 4.7. Optical profilometry image of the larger ‘UCD’ template (left). 3D render of the top surface of the 

template (right top), and a 3D render view of the underside of the template (right bottom). All images were 

post-processed using Gwyddion imaging software. 
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Gwyddion imaging software was further utilised to obtain the data for the depth of the 

‘UCD’ holes and the background holes. Before measuring the depths of the holes, some 

image post-processing was performed. Firstly, the raw file was selected instead of the image 

file. The surface was levelled by mean plane subtraction, and the minimum data value on the 

scale was shifted to zero.  

A similar post-processing protocol was utilised for the ‘UCD’ hole analysis and for 

the background hole analysis. However, one important difference was present for the ‘UCD’ 

hole analysis. When the line profiles were generated, a background selection needed to be 

made. This background selection decided whether each peak was measured against zero or 

the bilateral minimum. Zero described 0 µm, where the absolute base of the template 

connected to the glass slide. The bilateral minimum described the average minima on either 

side of each peak. This selection was vital as it can lead to considerable deviations from 

accurate results. 

For the ‘UCD’ holes, zero was selected as the background for the measurement. 

When the 2PP printing of the template was performed, the design file for the ‘UCD’ pillars 

was 4 µm, but the printing began 0.5 µm below the surface of the glass slide. This ensured 

that the printing occurred directly at the interface of the glass slide and the IP-Dip photoresist, 

which resulted in the template fusing to the slide. Therefore, it was known that the ‘UCD’ 

pillars reached the interface with the glass slide, and the selection of zero as the background 

was justified. 

As the background holes were not as deep, they did not reach the glass slide below. 

Therefore, the zero selection was not valid in this case and would lead to results exceeding 

the 2 µm design. The bilateral minimum was used for the analysis of the background holes. 

Figure 4.8 shows the line profile data for the background holes designed to be 2 µm deep. 
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Figure 4.8. Line profile data for the background holes that were designed to be 2 µm deep. Gwyddion software 

was utilised to perform the analysis. Yellow overlays and numbering of the line profiles were inserted for clarity 

using PowerPoint. 
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From Figure 4.8, 5 line profiles and an n of 95 holes was used for the analysis. A 

selection of 4 line profiles (1-4) is shown. From these line profiles, the surface and depths of 

the holes are highly uniform, and this uniformity is reflected in the standard deviation. The 

average measurement for the depths of the holes for the background pillars was 1.83 ± 0.02 

µm. This result was not the expected 2 µm, which justified why this analysis was necessary. 

However, some limitations of the optical profilometry technique may also have been at play. 

Briefly, a visible light source is used to scan the sample surface, and the beam diffracted is 

used to generate the image. Therefore, it is necessary to have a surface capable of reflecting 

the light, so modification of the surface is often necessary. In this case, 27 nm of chromium 

was sputter-coated over the sample before imaging. As visible light is used, the technique's 

resolution is limited to the diffraction limit of visible light at ~ 250 nm.163 However, Bruker 

have demonstrated that their profilometers can achieve a spatial resolution of as low as 130 

nm with enhanced magnification software.164 

The depths of the ‘UCD’ pillars were also investigated. Figure 4.9 shows the line 

profile data for the ‘UCD holes designed to be 3.5 µm deep. 
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Figure 4.9. Line profile data for the ‘UCD’ holes designed to be 3.5 µm deep. Gwyddion software was utilised 

to perform the analysis. Yellow overlays and numbering of the line profiles were inserted for clarity using 

PowerPoint. 

 

 From Figure 4.9, the average measurement for the depths of the holes for the ‘UCD’ 

pillars was 3.28 ± 0.08 µm. An n of 55 holes was used to measure the average hole depths. 

Again, this value was not the expected 3.5 µm. This value could be the accurate value for the 

depth of the holes, but it may also have been a result of the limitations already discussed 

concerning optical profilometry. The details of the expected hole depths and the measured 

depths from the profilometry results are outlined in Table 4.1.  

 

Table 4.1. Details of the expected and measured hole depths by profilometry.  
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After establishing the depth of the template by profilometry, the efficiency of the 

replica moulding protocol could be established. An analysis of the pillar heights from replica 

moulded samples from the template could shed more light on the accuracy of the 

measurement. AFM was utilised to conduct the imaging for this analysis of the replica 

moulds14,165 From Figure 4.10, the AFM image and 5 line profiles measuring the pillar 

heights are shown for the negative replica mould of the smaller ‘UCD’ template. The 

dimensions of this template were 81 µm2 with 2 µm × 2 µm holes that are spaced 1 µm apart. 
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Figure 4.10. AFM image and line profiles for the negative replica mould of the smaller ‘UCD’ template (81 

µm2, 2 µm × 2 µm holes, 1 µm spaced) in neat HDDA (1 % PBPO w/w). The line profiles (1-5) correspond to 

the numbered lines (1-5) shown in the AFM image. 

 

 From the AFM analysis, the average height of the tall ‘UCD’ pillars was 2.01 ± 0.01 

µm, and the average height of the remaining shorter pillars was 0.88 ± 0.03 µm. These height 

results were not expected as the ‘UCD’ holes on the printed 2PP template were measured to 

be 3.28 ± 0.08 µm deep via profilometry, but the pillars were only 2.01 µm tall. This 

accounted for an average pillar height of 61.2 % of the expected height for the taller ‘UCD’ 

pillars. The remaining holes on the printed template were measured as 1.83 ± 0.02 µm deep, 

but the resulting pillars were only 0.88 µm tall. This measurement accounted for 48.1 % of 

the expected height for the smaller pillars. However, it is notable that the line profiles display 
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pillars with an almost uniformly flat top surface, suggesting that the polymer formulation 

reached the bottom of the holes on the template during replica moulding, while the height 

measurements suggest otherwise. This indicated that there may have been issues with the 

imaging technique. The scale of the mould was a practical factor to consider when imaging 

using AFM. The overall size of the mould was 81 µm2, which took ~ 90 mins to generate an 

image at a high scan speed setting of between 0.2 - 0.25 Hz. As a result of this increased scan 

speed, the physical elements of the AFM, like the silicon tip, may not have the opportunity to 

penetrate fully into the space between each pillar before meeting the next adjacent pillar. The 

features were also relatively large for analysis using AFM, so the tip may not have reached 

the bottom of each pillar. 

 A similar situation is portrayed for the mould shown in Figure 4.11, which shows the 

replica mould of the larger ‘UCD’ template, which was 97 µm2 in size with 3 µm × 3 µm 

holes that were spaced 2 µm apart. It also displays 4 line profiles showing the heights 

throughout the image.  
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Figure 4.11. AFM image and line profiles for the negative replica mould of the larger ‘UCD’ template (97 µm2 

template, 3 µm × 3 µm holes, 2 µm spaced) in neat HDDA (1 % PBPO w/w). The line profiles (1-5) correspond 

to the numbered lines (1-5) shown in the AFM image. 

 

 Concerning Figure 4.11, the average height of the taller ‘UCD’ pillars was measured 

to be 2.35 ± 0.03 µm, which was 71.6 % of the expected height. The average height of the 

remaining smaller pillars was measured as 1.47 ± 0.37 µm, 80.3 % of the expected height. 

Again, the line profiles show a flat surface at the top of the pillars. Profile 2 is a slight 

exception with deviations of ~ 0.2 µm from a uniform height array of vertically aligned 

pillars. The same effect was valid concerning the processing speed that the tip was unable to 

reach the bottom of the space between pillars in time. The spacing between the pillars in the 

larger mould was 2 µm as opposed to 1 µm, and the average height for the pillars in the larger 

mould was 0.34 µm (14.4 %) taller for the ‘UCD’ pillars, and 0.59 µm (40.1 %) taller for the 

remaining shorter pillars when compared to the smaller mould. This result suggested that the 

tip had more time to reach further into the space between pillars on the larger sample as it 
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moves across 2 µm as opposed to 1 µm between pillars, which resulted in a greater resolution 

and a greater height measurement for each pillar.  

In conclusion, many elements need to be considered when the AFM is used. These 

included the scan speed, the tip dimensions, and broken features being taken into account for 

the measurement. These factors often resulted in inconsistent results, making the AFM 

unreliable for measuring features on this scale. As a result, FESEM imaging of the samples 

and analysis using ImageJ software was used to provide more clarity concerning the feature 

heights. 

Using the line tool on ImageJ, height analyses were performed. When using ImageJ, 

an n value of 50 pillars was used to calculate the heights of the shorter pillars. An n value of 

20 pillars was used to calculate the heights of the ‘UCD’ pillars as the pillar base visibility 

was limited to this number for accurate measurement of the heights. The 45 ° tilt correction 

was performed when conducting this analysis to achieve accurate height measurements.  

The pillar heights, and not the pillar widths, were the primary focus of this analysis, as 

the viscosity of the materials will affect the extent to which they penetrate into the holes of 

the template. Also, holes of varying dimensions exist within the templates while the widths 

are constant for all holes on the smaller template (2 × 2 µm) and larger template (3 × 3 µm). 

However, a summary table of the average pillar width data will be shown at the conclusion of 

this section. 

The FESEM images of the neat HDDA samples are shown in Figure 4.12. On the left 

in Figure 4.12, full images and a close-up inset of the negative replica of pillars after replica 

moulding from the smaller template of holes are shown. On the right of Figure 4.12, replicas 

of pillars from the larger template are shown. 



CHAPTER FOUR  ‘UCD’ DEGRADATION STORY 

104 
 

 

Figure 4.12. FESEM images of neat HDDA samples. Left - ‘UCD’ pillars from replica moulding of the smaller 

(81 µm2, 2 µm × 2 µm holes, 1 µm spaced) template. Right - ‘UCD’ pillars from replica moulding of the larger 

(97 µm2, 3 µm × 3 µm holes, 2 µm spaced) template. 45 ° tilt on all images.  

 

In order to accurately measure the efficiency of the replica moulding, a phenomenon 

known as volumetric shrinkage must be considered when setting acceptable error limits. 

Various groups have researched this phenomenon for many polymeric materials.166–168 More 

applicable to the HDDA-based formulations, Ji et al. demonstrated that HDDA could show 

shrinkage of up to 16 % depending on curing temperature, light radiation intensity, and PI 

concentration.169 Also, human error of ± 5 % when conducting the manual analysis using the 

line tool on ImageJ must be considered. Considering both these factors, the range for an 

acceptable replica mould would be 79 - 105 %, as volumetric shrinkage only occurs in the 

minus direction. 

Concerning the replica mould of the smaller template in Figure 4.12 (left), the ‘UCD’ 

pillars were measured to be 3.44 ± 0.13 µm, accounting for 104.9 % of the expected pillar 

height of 3.28 ± 0.08 µm, the average ‘UCD’ hole depth as measured by profilometry. The 

smaller pillars were measured as 2.05 ± 0.12 µm, which represented 112.0 % of the expected 
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height of 1.83 ± 0.02 µm, the hole depth of the remaining holes on the template. Such a 

sizable error leading to an increase over the limit of 105 % for the smaller pillars compared to 

the measured hole depths is unlikely due to human error alone. This result suggested that the 

limitations of the optical profilometry technique for analysis of the template were reasonable. 

The results of 3.44 µm and 2.05 µm demonstrated that perhaps profilometry was not 

reliable in measuring the hole depths, and in reality, the hole depths were closer to the design 

dimensions of 3.5 µm, and 2 µm, for the ‘UCD’ holes and background holes, respectively. 

Furthermore, upon closer inspection of the profilometry image, the scale bar maximum on the 

z-axis reaches 3.5 µm, which shows the template reaches this height. As it is known that the 

‘UCD’ holes span from the top surface to the interface of the glass slide below, this suggests 

that the hole dimensions were closer to the design parameters. 

While performing the profilometry analysis was necessary to investigate the true 

depths of the holes, replica moulding of the template revealed that the hole dimensions were 

more accurate to the design parameters. Therefore, when measuring the efficiency of replica 

moulding, the heights of the resulting pillars were compared to the design parameters of 3.5 

µm and 2.0 µm for the ‘UCD’ holes and the remaining holes, respectively.  

With this correction, the pillars replica moulded from the smaller template measured 

as 3.44 ± 0.13 µm for the ‘UCD’ pillars accounted for 98.2% of the expected height. The 

smaller pillars, with an average height of 2.05 ± 0.12 µm, accounted for 102.5 % of the 

expected pillar height.  

To the larger template in Figure 4.12 (right), the ‘UCD’ pillars were measured to be 

3.45 ± 0.1 µm, accounting for 98.5 % of the expected pillar height. The smaller pillars were 

measured as 1.89 ± 0.18 µm, representing 94.5 % of the expected height. The reported 
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percentage values of 94.5 - 102.5 % for all features demonstrated highly successful replica 

moulding for the neat HDDA samples as they lie within the acceptable range of 79 - 105 %. 

Next, The FESEM images and feature height analyses of the 1:9 PCL-DMA:HDDA 

samples are discussed. On the left of Figure 4.13, the negative replica of pillars after 

moulding from the smaller template of holes is shown. On the right, replicas of the larger 

template can be seen. 

 

Figure 4.13. FESEM images of 1:9 PCL-DMA:HDDA samples. Left - ‘UCD’ pillars from replica moulding of 

the smaller (81 µm2, 2 µm × 2 µm holes, 1 µm spaced) template. Right - ‘UCD’ pillars from replica moulding 

of the larger (97 µm2, 3 µm × 3 µm holes, 2 µm spaced) template. 45 ° tilt on all images. 

 

From Figure 4.13 (left), the ‘UCD’ pillars from the smaller template were measured 

to be 3.64 ± 0.13 µm, accounting for 104.0 % of the expected pillar height. The smaller 

pillars were measured as 2.18 ± 0.14 µm, representing 109.0 % of the expected height. This 

increase over the limit of 105 % for the smaller pillars can be attributed to the structures 

having added material defects on the surface of the sample, as shown in Figure 4.13 (left). 

This added material then contributed to an increased average height measurement.  
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Concerning the larger template in Figure 4.13 (right), the ‘UCD’ pillars were 

measured as 3.46 ± 0.22 µm, accounting for 98.8 % of the expected pillar height. The smaller 

pillars were measured as 1.98 ± 0.17 µm, representing 99.0 % of the expected height.  

The above results of > 98.8 % in all height measurements indicted highly successful 

replica moulding efficiency for the 1:9 PCL-DMA:HDDA formulation. As all values are ~ 

3.5 µm and ~ 2.0 µm for the ‘UCD’ pillars and smaller pillars, respectively, demonstrated 

that the profilometry results did not accurately reflect the true dimensions of the template 

holes. 

Next, the 1:4 PCL-DMA:HDDA samples are discussed. On the left of Figure 4.14, 

full images and a close-up inset of the negative replica of pillars after moulding from the 

smaller template of holes is shown. On the right of Figure 4.14, replicas of the larger 

template can be seen. 

 

Figure 4.14. FESEM images of 1:4 PCL-DMA:HDDA samples. Left - ‘UCD’ pillars from replica moulding of 

the smaller (81 µm2, 2 µm × 2 µm holes, 1 µm spaced) template. Right - ‘UCD’ pillars from replica moulding 

of the larger (97 µm2, 3 µm × 3 µm holes, 2 µm spaced) template. 45 ° tilt on all images. 
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Regarding the smaller template in Figure 4.14 (left), the ‘UCD’ pillars were 

measured to be 3.44 ± 0.15 µm, accounting for 98.2 % of the expected pillar height. The 

smaller pillars were measured as 2.0 ± 0.23 µm, representing 100.0 % of the expected height. 

Concerning the larger template in Figure 4.14 (right), the ‘UCD’ pillars were 

measured as 3.5 ± 0.21 µm, accounting for 100.0 % of the expected pillar height. The smaller 

pillars were measured as 2.24 ± 0.19 µm, representing 112.0 % of the expected height. This 

increase in pillar heights over the upper limit of 105 % can be attributed to the wrinkly effect 

observed on the surface of the pillars. This wrinkling was more evident on the surface of the 

smaller pillars, which contributed to an increased average pillar height. Nevertheless, the 

results of > 98.2 % in all height measurements suggested highly successful replica moulding 

efficiency for the 1:4 PCL-DMA:HDDA formulation. 

These results measured using the FESEM showed that the replica moulding fidelity 

was more successful in comparison to when the AFM was used. A summary of the pillar 

heights and the percentage of the maximum for each sample is shown in Table 4.2. While the 

pillar widths were not the main focus of this analysis, a summary of the expected and 

measured average pillar widths are shown in Table 4.3, where it can be seen that the replica 

moulding was also highly successful in achieving accurate pillar widths. 
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Table 4.2. Summary of pillar heights when using FESEM in combination with ImageJ, and the % feature 

height from the maximum of 3.5 µm (‘UCD’ pillars) and 2.0 µm (smaller pillars). 
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Table 4.3. Summary of pillar widths when using FESEM in combination with ImageJ, and the % feature width 

from the maximum of 3 µm (larger template) and 2 µm (smaller template). 

 

To summarise, while some defects in the PCL-DMA containing formulations led to 

increases over the upper limit of 105 %, the replica moulding in terms of average pillar height 

using each formulation was highly successful regardless of the difference in viscosities across 

the materials. The increased dimensions of the feature sizes within the template resulted in a 
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greater fidelity of moulding when compared to Template X replica moulding shown 

previously in Section 3.2.4. Shrinkage was also not a great concern, possibly as only a 1 % 

w/w PBPO concentration was used, and the light intensity was incrementally increased from 

25 % to 100 % over the 2-hour curing. In light of these successful results, the combination of 

FESEM imaging and ImageJ analysis was selected to measure pillar dimensions in the 

subsequent degradation studies.  

 

4.2.3 Degradation Study 

4.2.3.1 Imaging 

Light microscopy was used to ensure that the structures on each mould were intact prior to 

beginning the degradation study. Some of these light microscopy image checks can be seen in 

Figure 4.15 using ×10 and ×20 magnification. 

 

Figure 4.15. Light microscopy images of A) 2PP printed templates of ‘UCD’ holes (×20). B) mould of A in 

neat HDDA (×10). C) Mould of A in 1:9 PCL-DMA:HDDA (×10). D) Mould of A in 1:4 PCL-DMA:HDDA 

(×10). 
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A prerequisite for electron microscopy is that the sample must be conductive to 

eliminate charging artefacts when generating an image.170 Therefore, these polymeric 

samples were first coated in a thin layer (10 nm) of Au before imaging. However, the samples 

can no longer be degraded in solution once this was performed as the inorganic material was 

layered over the degradable polymeric material. As a result, it was necessary to mould many 

samples from the 2PP templates to conduct this degradation study. The degradation study was 

performed in 5 M NaOH and was monitored every 5 days for 25 days to show sufficient 

degradation of the structures. Therefore, 6 samples were needed for each of the three 

formulations; neat HDDA, 1:9 PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA (all 1 % PBPO 

w/w). The 6 samples were 0 (dry), 5, 10, 15, 20, and 25 days. The dry samples for each 

formulation have been shown previously in Figure 4.12, Figure 4.13, and Figure 4.14. 

The FESEM image results for neat HDDA are displayed below in Figure 4.16 (5 

days), 4.17 (10 days), 4.18 (15 days), 4.19 (20 days), and 4.20 (25 days). For each of the 

figures displayed below, the images on the left show ‘UCD’ pillars from replica moulding of 

the smaller template (81 µm2, 2 µm × 2 µm holes, 1 µm spaced). The images on the right 

show ‘UCD’ pillars from replica moulding of the large template (97 µm2, 3 µm × 3 µm holes, 

2 µm spaced). Some images have been rotated for clarity purposes only. 
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Figure 4.16. FESEM images of neat HDDA samples after 5 days in 5 M NaOH. 45 ° tilt images. 

 

 

Figure 4.17. FESEM images of neat HDDA samples after 10 days in 5 M NaOH. 45 ° tilt images. 
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Figure 4.18. FESEM images of neat HDDA samples after 15 days in 5 M NaOH. Left - 45 ° tilt images. Right - 

Top-down images. 

 

 

Figure 4.19. FESEM images of neat HDDA samples after 20 days in 5 M NaOH. 45 ° tilt images. 
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Figure 4.20. FESEM images of neat HDDA samples after 25 days in 5 M NaOH. 45 ° tilt images. 

 

 Observing the above images, neat HDDA (1 % PBPO w/w) samples showed minimal 

structural degradation upon exposure to a highly alkaline environment over 25 days. There 

was some salt accumulation, which was expected as salt would precipitate out of solution 

over such a period. This lack of degradation is shown in Table 4.4, where the pillar widths 

are observed after measurement using ImageJ software. For the moulds replicated from the 

smaller template, there was an overall decrease of 0.58 µm in width after 25 days of exposure 

to 5 M NaOH, representing a decrease of 27.1 % in pillar width. For the moulds replicated 

from the larger template, there was an overall decrease of 0.64 µm in width after 25 days of 

exposure to 5 M NaOH, which related to a total decrease of 20.1 % in pillar width. 



CHAPTER FOUR  ‘UCD’ DEGRADATION STORY 

116 
 

 

Table 4.4. Pillar widths data for neat HDDA sample from 0 - 25 days exposure in 5 M NaOH. 

 

The FESEM image results for 1:9 PCL-DMA:HDDA are displayed below in Figure 

4.21 (5 days), 4.22 (10 days), 4.23 (15 days), 4.24 (20 days), and 4.25 (25 days). Again, the 

images on the left show ‘UCD’ pillars from replica moulding of the smaller template (81 

µm2, 2 µm × 2 µm holes, 1 µm spaced). The images on the right show ‘UCD’ pillars from 

replica moulding of the large template (97 µm2, 3 µm × 3 µm holes, 2 µm spaced). Some 

images have been rotated for clarity purposes only. 
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Figure 4.21. FESEM images of 1:9 PCL-DMA:HDDA samples after 5 days in 5 M NaOH. Top-down images. 

 

 

Figure 4.22. FESEM images of 1:9 PCL-DMA:HDDA samples after 10 days in 5 M NaOH. Top-down images. 
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Figure 4.23. FESEM images of 1:9 PCL-DMA:HDDA samples after 15 days in 5 M NaOH. 45 ° tilt images. 

 

 

Figure 4.24. FESEM images of 1:9 PCL-DMA:HDDA samples after 20 days in 5 M NaOH. 45 ° tilt images. 
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Figure 4.25. FESEM images of 1:9 PCL-DMA:HDDA samples after 25 days in 5 M NaOH. 45 ° tilt images. 

 

From consulting the above images, the 1:9 PCL-DMA:HDDA (1 % PBPO w/w) 

samples showed noticeable structural degradation upon exposure to a 5 M NaOH 

environment over 25 days compared to the neat HDDA sample set. Degradation of a greater 

extent was also observed for the 1:4 PCL-DMA:HDDA sample set due to the increased PCL-

DMA concentration, which, in turn, resulted in a greater number of ester linkages prone to 

hydrolysis present within the formulation. The FESEM image results for 1:4 PCL-

DMA:HDDA are displayed below in Figure 4.26 (5 days), 4.27 (10 days), 4.28 (15 days), 

4.29 (20 days), and 4.30 (25 days). The images on the left show replicas of the smaller 

template (81 µm2, 2 µm × 2 µm holes, 1 µm spaced), and the images on right show replicas 

of the larger template (97 µm2, 3 µm × 3 µm holes, 2 µm spaced). Some images have been 

rotated for clarity purposes only. 
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Figure 4.26. FESEM images of 1:4 PCL-DMA:HDDA samples after 5 days in 5 M NaOH. 45 ° tilt images. 

 

 

Figure 4.27. FESEM images of 1:4 PCL-DMA:HDDA samples after 10 days in 5 M NaOH. Top-down images 

except the right inset image is a 45 ° tilt image. 
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Figure 4.28. FESEM images of 1:4 PCL-DMA:HDDA samples after 15 days in 5 M NaOH. 45 ° tilt images. 

 

 

Figure 4.29. FESEM images of 1:4 PCL-DMA:HDDA samples after 20 days in 5 M NaOH. 45 ° tilt images. 
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Figure 4.30. FESEM images of 1:4 PCL-DMA:HDDA samples after 25 days in 5 M NaOH. 45 ° tilt images. 

 

 Concerning the above images for both the 1:9 PCL-DMA:HDDA and 1:4 PCL-

DMA:HDDA samples, a phenomenon was observed where there was a more substantial 

degradation localised around the pillars than the planar space between the pillars (Figure 

4.27, for example), and the planar bulk material surrounding the whole array of structures 

(Figure 4.30, for example). This was mainly due to a greater surface area to volume ratio 

concerning the structured area in comparison to the planar bulk. For example, for the larger 

template of pillars, the surface area of the structured region was calculated as 15920 µm2 

compared to 81 µm2 if that same region was planar. Therefore, the structured region accounts 

for a far greater area where ester hydrolysis can occur. However, another factor was at play. 

In our published work, mechanical testing on arrays of pillars fabricated using PEG-DA (575 

gmol-1, 1 % PBPO w/w) was carried out using AFM force mapping. Testing was localised 

around three different areas on the array of pillars; the pillars themselves, the planar space 

between pillars, and the surrounding planar bulk was analysed.22 
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The Young’s modulus was determined, which is a measure of the stiffness of the 

polymeric material. The higher the modulus, the greater the stiffness of the material.171 These 

results showed a noticeable difference in stiffnesses across the same sample. The planar bulk 

area was the stiffest at 765 ± 73 MPa. Flat regions at the base of the pillars showed a reduced 

Young’s modulus of 405 ± 88 MPa. Pillars demonstrated a greatly reduced Young’s modulus 

to the bulk and the planar space at the base of the pillars at 111 ± 44 MPa. Sun et al. showed 

this effect was reliant on the surface to volume ratio and the crosslink density for another 2PP 

resin, SCR 500.172 The elastic strength was principally contributed to by the degree of 

crosslinking within a polymer network via Equation [12]. 

 

 

 

Where E is the Young’s modulus, n is the crosslink density defined as the number of 

network chain segments, R is the universal gas constant, and T is the Temperature. They 

demonstrated that the polymerisation at the microstructures was confined to a small volume 

where the surface to volume area was much greater than the bulk. Therefore, there was an 

abundance of ‘dangling ends’ near the surface that were not attached to other polymer chains. 

The degree of crosslinking at these regions was reduced, decreasing the elastic strength at 

these confined areas.172  

As a result of this hole formation at the base of the pillars, analysis of the pillar 

heights would not accurately represent the structural degradation as many of the pillar heights 

would increase as time in 5 M NaOH progresses (Figure 4.23 or Figure 4.24, for example). 

This considerable degradation is shown below in Table 4.5, where the pillar widths for the 

1:9 PCL-DMA:HDDA samples are shown after measurement on ImageJ software.  

E ~ 3nRT  [12]  
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Table 4.5. Pillar widths data for 1:9 PCL-DMA:HDDA sample from 0 - 25 days exposure in 5 M NaOH. 

 

For the moulds replicated from the smaller template, there was an overall decrease of 

0.62 µm in width after 25 days of exposure to 5 M NaOH from the dry sample. However, 

there was a greater degradation seen after 15 days (1.04 ± 0.7 µm) and 20 days (0.84 ± 0.14 

µm) for the smaller template. The degradation after 20 days represented a decrease of 0.88 

µm from the starting dry sample or a reduction of 51.1 % in pillar width. This discrepancy or 

increase in pillar widths from 20 to 25 days resulted from the experimental protocol.  

As FESEM imaging was used to analyse the images visibly, an Au coating must be 

applied for the sample to be conductive. Therefore, the samples could no longer accurately be 

degraded in 5 M NaOH after imaging, so several replica moulded samples must be fabricated 

initially for the study. As a result, there was invariably a slight deviation in the features on 

each sample or how each sample interacted with the 5 M NaOH. 
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The same deviation was demonstrated for the pillars replica moulded from the larger 

template (Table 4.5, 3 × 3 µm pillars). After 15 days, the average pillar width was 1.72 ± 

0.12 µm which was a degradation of 1.32 µm from the initial dry sample, or a decrease of 

43.4 % in pillar width. However, there was an increase in average pillar width for the 20 days 

and 25 days samples to 1.86 ± 0.12 µm and 2.09 ± 0.1 µm, respectively, which again can be 

attributed to the experimental protocol. 

However, focussing on the structural degradation was again localised around the 

pillars compared to the surrounding planar bulk material. This can be attributed to the 

substantially increased surface area concerning the structured region and the decreased 

Young’s modulus, or decreased stiffness, of the pillars and the space between the pillars. This 

was due to the effect of polymerisation in confined spaces caused by the restriction of the 

polymer network leading to a lower Young’s modulus around the structured areas.172 The 

holes at the base of the pillars were seen here, as observed previously in the 1:9 PCL-

DMA:HDDA due to this same effect. 

The pillar widths for the 1:4 PCL-DMA:HDDA samples are shown in Table 4.6 after 

measurement on ImageJ. Much of the analysis was not possible for many samples as 

complete degradation resulting in the absence of any pillars was observed. Complete 

degradation of the pillars was observed after 10 days for smaller 2 × 2 µm pillars, and after 

20 days for the 3 × 3 µm pillars. However, it was not possible to pinpoint precisely when 

complete degradation occurred.  
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Table 4.6. Pillar widths data for 1:4 PCL-DMA:HDDA sample from 0 - 25 days exposure in 5 M NaOH. 

 

A summary of the average pillar widths for all samples on both samples is shown 

below in Table 4.7, where the progression of pillar degradation as a function of time in 5 M 

NaOH can be seen clearly. The increase in degradation between the samples, with the least 

amount of degradation for neat HDDA formulation and the greatest in the 1:4 PCL-

DMA:HDDA formulation, is also shown. 

  



CHAPTER FOUR  ‘UCD’ DEGRADATION STORY 

127 
 

2 µm × 2 µm pillars 

 

3 µm × 3 µm pillars 

 

Table 4.7. Data showing the size of the pillar widths of each sample after 0, 5, 10, 15, 20 and 25 days in 5 M 

NaOH. 
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To further investigate that the accelerated degradation was a direct result of alkaline 

promoted hydrolysis, a 1:4 PCL-DMA:HDDA sample was immersed in phosphate buffer 

saline (PBS, 0.01 M, pH 7.4) for 100 days. The FESEM images for the samples replica 

moulded from the smaller (81 µm2, 2 µm × 2 µm holes, 1 µm spaced) and larger (97 µm2, 3 

µm × 3 µm holes, 2 µm spaced) templates after 100 days in PBS, pH 7.4 are shown in Figure 

4.31. 

 

Figure 4.31. Left - Top-down FESEM images of replica mould of smaller template containing 2 µm × 2 µm 

holes, spaced 1 µm. Right - 45 ° tilt images of replica mould of larger template containing 3 µm × 3 µm holes, 

spaced 2 µm using 1:4 PCL-DMA:HDDA after 100 days in PBS, pH 7.4. 

 

As shown in Figure 4.31, the pillars are still present on the surface of the samples 

after 100 days in PBS, pH 7.4. For the replica mould from the smaller template  (Figure 4.31, 

Left), the average pillar width was measured to be 1.71 ± 0.14 µm using the line tool on 

ImageJ, which represented only a 0.29 µm reduction from the expected 2 µm width, which 

accounted for degradation of 14.5 %. For the replica mould from the larger template  (Figure 

4.31, Right), the average pillar width was measured as 3.32 ± 0.29 µm using the same 
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software. Strangely, this result demonstrated a 9.6 % increase in the expected pillar width of 

3 µm. This came as a result of the wrinkly effect seen on the surface of the sample, where 

distinct pillars were not present in some regions on the sample. Nevertheless, the motivation 

for this specific study was to show if the pillars were still present after 100 days in PBS, pH 

7.4, which they were. Therefore, the degradation of the pillars can be attributed to the strong 

alkaline environment of 5 M NaOH, and it can be concluded that the degradation was a result 

of ester hydrolysis. 

 

4.2.3.2 Mass Loss Studies 

The degradation as mass loss was also investigated further to understand the extentof the 

degradation of each material. This studywas performed by fabricating three planar samples of 

each polymer formulation. Each sample was fabricated using a volume of 50 µL to try and 

obtain a consistent starting mass (or dry mass). However, the mass varied slightly mainly due 

to the inherent error of the pipetting technique.173,174 But the experimental setup could also 

have given rise to fluctuations in mass. Microscopic volumes of the pipetted formulation may 

have permeated beneath the PDMS spacers resulting in a decreased mass for certain samples 

after curing. The curing protocol used was the same as used for moulding of the ‘UCD’ 

structured templates. Three samples of each formulation were necessary to obtain an average 

and standard deviation across each. This study was carried out over the same period as the 

structure degradation study; 0, 5, 10, 15, 20, and 25 days. However, it was slightly different 

to the previous degradation study in that a single mould was used throughout instead of 

having distinct moulds for each timepoint. This was necessary as the mass for each sample 

varied, and using different moulds would lead to highly inaccurate results compared to 

visually monitoring the degradation of the structures.  
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For this mass loss study, the dry or recently cured sample was rinsed with deionised 

water to remove any uncured material and placed in the desiccator under vacuum overnight. 

After being in the desiccator overnight, the sample was weighed on an analytical balance. 

Each sample was then immersed into separate vials of 5 M NaOH (10 mL). Each mould was 

then left in the specific environment for 5 days. The samples were then carefully extracted 

using a spatula or tweezers and rinsed quickly with deionised water to remove any base from 

its surface which might interact with the material later. The samples were then left in the 

desiccator overnight and weighed again, giving the 5-day weights. This process of immersing 

and drying was repeated for each of the remaining time points. The mass loss percentage 

could then be calculated from the raw data of weights to give a more indicative value of the 

degradation as a percentage using Equation [3]. 

 

 

 

Where MS is the mass after time in solution (5 M NaOH) and MD is the dry mass 

measured at 0 days. This equation gives a negative percentage relating to the mass loss 

percentage from the starting weight. The results of the mass loss study are shown in Figure 

4.32. Both surface and bulk degradation follow the same chemical mechanism. However, 

properties like swelling, mesh size and polarity will dictate whether bulk degradation can 

occur alongside surface degradation.175 During the mass loss study, the samples showed no 

swelling due to the polarity differences between the hydrophobic samples and the hydrophilic 

solution environment.176 Therefore, surface degradation was in operation more so than bulk 

degradation. This was also supported by the FESEM imaging analysis of the structural 

degradation.  

((MS - MD) / MD))  * 100  [3]  
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Figure 4.32. Mass loss percentage of neat HDDA (black), 1:9 PCL-DMA:HDDA (red) and 1:4 PCL-

DMA:HDDA (blue) over 25 days in 5 M NaOH. 

 

The mass loss percentage at each time point was calculated from the average of a 

triplicate analysis; therefore, no error bars can be seen in Figure 4.32. The average mass 

graph, which contains standard deviation results, can be found in the appendix (Appendix 

Section B, Figure B.1.). From Figure 4.32, while 1:4 PCL-DMA:HDDA shows the greatest 

degree of degradation, the degradation only reached 3.1 % after 25 days. When this is 

compared to the degradation of the structured 1:4 PCL-DMA:HDDA sample seen in Figure 

4.30, there was substantially more degradation occurring for the structured sample. This can 

be attributed to the greatly increased surface area concerning the structured sample.177 Similar 

work by Chen et al. demonstrated this effect.178  They showed that nano-fibrous poly(L-lactic 

acid) incurred a mass loss of 51 % after 15 months in PBS (0.1 M, pH 7.4, 37 °C), whereas 



CHAPTER FOUR  ‘UCD’ DEGRADATION STORY 

132 
 

the planar equivalent showed a mass loss of only 6 %. They also showed that the nano-

fibrous samples possessed only 17 % of the original surface area after the 15 months, while 

the planar surface stayed constant throughout.178  It can also be seen that there was only a 

slight reduction in mass in the neat HDDA sample. The neat HDDA sample was not expected 

to show any sizable level of degradation. However, there are still ester moieties present at the 

acrylate end groups. Hydrolysis of unbound or ‘dangling end’ acrylate groups of HDDA 

could occur more readily as reduced steric hindrance exists around these unbound residues 

compared to crosslinked end groups.179 Also, a certain amount of mass loss must be 

considered due to dissolution from exposure to a strongly alkaline environment. Many 

materials will dissolve in such an environment. Browning et al. demonstrated that crosslinked 

PEG-DA (Mn 10,000 gmol-1) showed complete dissolution in 5 M NaOH after 10 days as a 

result of favourable swelling conditions, and its chemical structure consists of only ether 

groups in the repeating unit.180 There was a gradual decrease in mass seen in both the 1:9 

PCL-DMA:HDDA and 1:4 PCL-DMA:HDDA samples. As there was a 10 % higher PCL 

content in the 1:4 PCL-DMA:HDDA sample, the degradation was more substantial in this 

sample. This further indicated that the degradation was due to hydrolysis of the ester 

functional groups within the PCL repeating units. After these 25 days, the samples were left 

submerged in 5 M NaOH for an additional 135 days, giving an extended time of 160 days. 

The graph representing this data is shown in Figure 4.33. 
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Figure 4.33. Mass loss % of neat HDDA (black), 1:9 PCL-DMA:HDDA (red) and 1:4 PCL-DMA:HDDA 

(blue) over an extended period of 160 days in 5 M NaOH. 

 

From Figure 4.33, it was demonstrated that 1:4 PCL-DMA:HDDA continued to 

degrade after 160 days in 5 M NaOH to a mass loss of 13.17 %. 1:9 PCL-DMA:HDDA 

degraded to a lesser extent to a mass loss of 3.02 %. Finally, neat HDDA degraded the least 

to a mass loss of 1.52 %, containing no PCL-DMA. This result demonstrated that the 

degradation rate could be controlled and tuned depending on PCL-DMA concentration within 

the formulation.  

Raw data and the average mass with error bars for all mass loss graphs can be seen in 

the appendix (Appendix Section B, Figure B.1 - 3). It must be noted that the error bars for 

these samples were large and often overlapped, which indicated insignificance between the 

test samples. The nature of the swelling or degradation studies leads to these. It was 
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important to ensure that the same volume was used to fabricate the initial dry gels so the 

samples were comparable. However, after curing, slight differences in the mass of the 

resulting gels invariably resulted, giving error bars that would persist from the dry 

measurement and throughout. Furthermore, if there is minimal degradation seen throughout 

the study, the initial mass differences can play an essential role in masking the significance of 

the results. 

To further demonstrate that the degradation was a result of the hydrolysis of the ester 

linkages within the PCL-DMA backbone, FTIR analyses were performed on the dry and 160 

days in 5 M NaOH samples for each formulation. In theory, the degree of mass loss seen for 

each sample should relate to the degree of hydrolysis as shown by the FTIR analysis. As 

such, the 1:4 PCL-DMA:HDDA sample should show the most substantial amount of 

carboxylic acid and alcohol moieties, and the neat HDDA spectra should demonstrate 

minimal change. The frequencies of interest relating to the hydrolysis of the esters would be 

the disappearance of the C=O carbonyl peak relating to the esters themselves, the appearance 

of the C=O relating to the carboxylic acid, and the appearance of O–H frequencies relating to 

both alcohol and carboxylic acid moieties. Notably, carboxylic acids react with aqueous 

sodium hydroxide to generate carboxylate anions, which also may be present in the spectra 

after exposure to 5 M NaOH.181 Navarro-Pardo et al. attributed the 1560 cm-1 to the 

resonance asymmetric vibration of carboxylate groups produced in the oxidation of carbon 

nanotubes.182 The intrinsic wavenumbers at which the functional groups described above 

occur are as follows.183–186 

1. 1560 cm-1 – Associated with asymmetric stretching of carboxylate anions. 

2. 1730 - 1715 cm-1 – Attributed to C=O stretching of esters. 

3. 1760 cm-1 – Attributed to C=O stretching of carboxylic acids. 
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4. 3300 - 2500 cm-1 – Describing O–H stretching specific to carboxylic acids.  

5. 3600 - 3200 cm-1 – Describing O–H stretching specific to alcohols.  

 

Figure 4.34 shows the FTIR spectra and regions of interest for the 1:4 PCL-

DMA:HDDA samples, which showed the most noticeable mass loss after 160 days in 5 M 

NaOH.  
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Figure 4.34. FTIR spectra and regions of interest for 1:4 PCL-DMA:HDDA. Top - Full spectra of the dry and 

160 days in 5 M NaOH samples. Middle - Region of interest concerning O–H stretching. Bottom - Region of 

interest relating to C=O of esters and the carboxylate anion asymmetric stretching. 
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From Figure 4.34 (middle), it can be seen that there was a considerable increase in 

the O–H stretching peak at ~ 3,400 cm-1 for the 1:4 PCL-DMA:HDDA sample after exposure 

to 5 M NaOH for 160 days. From Figure 4.34 (bottom), there was also a peak relating to the 

asymmetric stretch of carboxylate anions at 1560 cm-1, while the C=O ester peak at 1723 cm-1 

demonstrated a great decrease in transmittance. There was no C=O peak relating to 

carboxylic acids, which was expected as the 5 M NaOH would oxidise these acids to 

carboxylates. As a result of the carboxylate formation, the O–H stretching peak at ~ 3,400 

cm-1 can be assigned to the alcohol formation rather than the O–H stretch associated with a 

carboxylic acid.182 This FTIR analysis indicated that ester hydrolysis was occurring within 

this sample. 

However, it could be suggested that as a result of exposure to an aqueous NaOH 

environment for 160 days, the O–H peak at ~ 3,400 cm-1 could be attributed to residual water 

or anionic OH– from dissociated NaOH on the sample, even after thorough rinsing and drying 

overnight in the desiccator under vacuum. To disregard this hypothesis, FTIR of the 

remaining samples, 1:9 PCL-DMA:HDDA and neat HDDA was performed. If this O–H peak 

was associated with water or anionic OH–, then these other samples would display a peak of 

similar intensity as the rinsing and drying protocol was kept consistent for all samples. 

The FTIR spectra for 1:9 PCL-DMA:HDDA is shown in Figure 4.35. 
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Figure 4.35. FTIR spectra and regions of interest for 1:9 PCL-DMA:HDDA. Top - Full spectra of the dry and 

160 days in 5 M NaOH samples. Middle - Region of interest concerning O–H stretching. Bottom - Region of 

interest relating to C=O of esters and the carboxylate anion asymmetric stretching. 
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From Figure 4.35 (middle), the O–H peak at ~ 3,400 cm-1 is of greater transmittance 

for the 1:9 PCL-DMA:HDDA sample (91 %) than that seen for 1:4 PCL-DMA:HDDA (73 

%). Therefore, the hypothesis that this peak was associated with residual water or OH– can be 

disregarded, and the hypothesis that ester hydrolysis was occurring for the 1:4 PCL-

DMA:HDDA can be confirmed.  

A decrease in the peak associated with esters and an increase in the peak for the 

carboxylate anion is demonstrated in Figure 4.35 (bottom), which also indicates that ester 

hydrolysis was occurring for the 1:9 PCL-DMA:HDDA sample. The changes in peak 

intensity at these frequencies were not as extensive as seen previously for the 1:4 PCL-

DMA:HDDA sample. This resulted from the sample containing less PCL-DMA, which 

correlated to less degradation, which was also confirmed in the mass lass study. 

Finally, the FTIR spectra for the neat HDDA control can be seen in Figure 4.36. 
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Figure 4.36. FTIR spectra and regions of interest for neat HDDA. Top - Full spectra of the dry and 160 days in 

5 M NaOH samples. Middle - Region of interest concerning O–H stretching. Bottom - Region of interest 

relating to C=O of esters and the carboxylate anion asymmetric stretching. 
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From Figure 4.36 (middle), the O–H peak at ~ 3,400 cm-1 is also seen. The neat 

HDDA sample was not expected to show any significant level of degradation. However, as 

previously mentioned, there are still ester moieties present at the acrylate end groups. 

Hydrolysis of unbound or ‘dangling end’ acrylate groups of HDDA could occur more readily 

as reduced steric hindrance exists around these unbound residues.179 The O–H peak 

demonstrated greater transmittance for the neat HDDA sample than that seen for 1:9 PCL-

DMA:HDDA, which indicated that a slightly greater degree of ester hydrolysis was occurring 

for the 1:9 PCL-DMA:HDDA sample, as also demonstrated in the mass loss study (Figure 

4.33). The same can be said for the carboxylate peak at 1560 cm-1 in Figure 4.36 (bottom), 

where a peak with greater transmittance is seen for the neat HDDA 160 days in 5 M NaOH 

sample in comparison to the 1:9 PCL-DMA:HDDA sample. 

As previously discussed, the degradation was considerably greater at the structured 

surface than the surrounding planar bulk due to the increased surface area and the Young’s 

modulus differences at these respective areas on the same sample. It was investigated further 

whether an increase in the area of the structured portion of the sample resulted in a more 

substantial mass loss. With this in mind, a further mass loss study was conducted comparing 

a structured surface to an entirely planar surface. The previous ‘UCD’ template was more 

complex than necessary in order to perform this study; therefore, a uniform template of holes 

was fabricated. The dimensions of the holes were 2 µm3, and each was spaced 1 µm apart.  

In order to detect a reasonable difference in the mass loss of the structured versus 

planar, the template size to be replica moulded from was increased to 400 µm2. Figure 4.37 

shows a FESEM image with and zoomed-in inset of this larger template. 
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Figure 4.37. Top-down FESEM of large (400 µm2, 2 µm × 2 µm holes, 1 µm spaced) template.  

 

 This template area was still quite limited, so to achieve as much structured surface as 

possible, the replica moulding protocol, particularly the dimensions of the PDMS spacers, 

were altered. It was essential to ensure that the dimensions of the moulded samples were as 

uniform as possible. To achieve this, the PDMS spacers of a consistent height were 

fabricated. Then, a small hole puncher was used to cut a hole in the centre of a PDMS section 

to achieve as much template coverage as possible. The cutting tool was also necessary to 

achieve a uniform size in the x- and y-axes. The PDMS section was applied to a glass slide 

with structures in the middle of the punched opening. A scalpel was then used to carefully cut 

out an inlet and outlet into the PDMS from the punched centre to the perimeter (Figure 4.38). 

This ensured that no trapped air bubbles occurred when pipetting the polymer formulation 
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solutions under the coverslip. After curing, the inlet and outlet ports were easily trimmed off 

using a scalpel.  

 

Figure 4.38. Schematic (left) and photograph (right) of the PDMS spacer setup used for the ‘Structured vs 

Planar’ mass loss study. 

 

An example of a prepared sample after curing under white light can be seen in Figure 

4.39. This is considered to be an excellent example of the optical properties associated with 

micro and nanostructured materials.187 It can also be seen that the template is present and 

intact after the curing protocol. 
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Figure 4.39. An example of a prepared sample after curing under white light after discarding the inlet and outlet 

ports. 

 

The same mass loss protocol was performed for the ‘Structured vs Planar’ experiment. 

Three samples of each polymer formulation were fabricated to obtain an average and 

standard deviation of results. Again, only the average of these results was used to calculate 

the degradation percentage, and the raw average mass results with standard deviations can be 

found in the appendix (Appendix Section B, Figure B.3.). The investigation was conducted 

over the same time points; 0, 5, 10, 15, 20 and 25 days. The mass loss percentage results are 

shown below in Figure 4.40. 
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Figure 4.40. Mass loss percentage over time in 5 M NaOH of structured (dashed line) and planar (solid line) 

samples of neat HDDA (black), 1:9 PCL-DMA:HDDA (red) and 1:4 PCL-DMA:HDDA (blue). 

 

It is clear from Figure 4.40 that there was a greater amount of degradation seen for 

the structured samples in both PCL-DMA containing samples, 1:9 PCL-DMA:HDDA and 1:4 

PCL-DMA:HDDA. In particular, after 25 days, there is a 1.1 % and 2.72 % greater amount of 

degradation in the structured samples compared to the planar samples in the 1:9 PCL-

DMA:HDDA and 1:4 PCL-DMA:HDDA, respectively. While only ~ 5 % of the structured 

samples contained pillars, which spanned an area of 400 µm2, the surface area exposed to 5 

M NaOH increased to 338000 µm2 as a result of structuring this area. These results further 

the hypothesis that the degradation occurred at a greater rate at the structured surface than at 

the planar bulk material. 
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These results showcased a dynamic topography where a greater degree of degradation 

was seen for the structured surface than the planar bulk. Dynamic topographies such as this 

could play a role in modulating the degradation characteristics of these and other materials 

for drug release applications. If the release profile of a hydrolysable material is too slow, 

perhaps introducing a structured surface would enhance the degradation of the material and, 

in turn, the drug release profile. How these dynamic topographies interact with cells over 

time would also be interesting. Similar to work carried out in the Discher group, perhaps the 

Young’s modulus differences between the pillars and the bulk could lead to varying stem cell 

differentiations on a single sample.118 Also, applications in the area of optics are also 

possible. As the structured surface degrades, the optical properties of the surface would 

change with it, resulting in a material that possesses dynamic optical properties.  

 

4.3 Conclusions 

To conclude, optical profilometry was utilised as a tool to try to establish the true depths of 

the template holes. However, upon replica moulding of the templates, the heights of the 

resulting pillars were more comparable to the design dimensions of the holes. This result 

indicated that the accuracy of the profilometry technique was limited, and, in reality, the 

holes were closely related to the design dimensions. From here, a reliable and reproducible 

protocol for replica moulding 2PP printed templates containing micro-scale holes of varying 

dimensions using neat HDDA, 1:9 PCL-DMA:HDDA, and 1:4 PCL-DMA:HDDA (all 1 % 

PBPO w/w) was established. An imaging degradation study was performed using the 

techniques of light microscopy and, primarily, FESEM. This degradation study demonstrated 

that the microstructures degraded at a greater rate depending on PCL-DMA concentration in 

the starting formulation. 1:4 PCL-DMA:HDDA showed the most extensive degradation, 1:9 

PCL-DMA:HDDA showed reasonable degradation but to a lesser extent, while neat HDDA 
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showed the least amount of degradation when exposed to 5 M NaOH over 25 days. It was 

demonstrated that minimal structural degradation was observed when a 1:4 PCL-

DMA:HDDA sample was immersed for 100 days in PBS, pH 7.4, which established the 

influence of the strongly alkaline environment on the degree of ester hydrolysis. Furthermore, 

as PBS did not substantially degrade the 1:4 PCL-DMA:HDDA sample, degradation would 

have little effect on release kinetics for potential drug delivery applications. As such, 

diffusion would be the driving force for the release from these materials. However, if a co-

polymer capable of swelling were to be introduced into the system, greater diffusion and bulk 

degradation could be accessed. This could be done using PEG (Chapter 6) and fabricating a 

Janus-type PCL/PEG material.188 

Degradation studies monitoring the mass loss of planar samples were also performed 

over 25 days and for an additional 135 days for a total of 160 days. Again, the samples with 

the highest proportion of PCL-DMA showed the most degradation over this period. From the 

FESEM images, there was visibly a greater degree of degradation localised around the 

sample’s structured areas than the surrounding bulk. This was attributed to the increased 

surface area and the reduced Young’s modulus caused by the crosslinking density in regions 

where polymerisation occurs in confined spaces. This effect was confirmed experimentally 

by the ‘Structured vs Planar’ experiment, where samples containing an area of 

microstructures showed a more substantial mass loss than their planar counterparts. 
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5  Particle Loading and Cell Studies 

5.1 Introduction 

icrostructures have been widely investigated for their ability to deliver 

payloads, from facilitating transdermal uptake to targeted cell delivery.189–

191 In this regard, mammalian cell interaction studies were performed using 

NTERA-2 and HeLa cells on all three formulations to establish their cytotoxicity. An 

NTERA-2 cell is a human embryonal carcinoma cell line that is stem-cell-like. The cells 

differentiate in response to retinoic acid, which gives rise to cells that include terminally 

differentiated neurons.192,193 HeLa cells were initially developed from a particularly 

aggressive strain of cervical adenocarcinoma taken during a routine biopsy from a young 

woman, Henrietta Lacks. Since then, they have been continuously cultured and are often 

regarded as immortal human cells as they survive in vitro. They also grow unusually quickly, 

doubling cellular count in only 24 hours, making them ideal for extensive scale testing.194 For 

these cytotoxicity experiments, planar samples of neat HDDA, 1:9 PCL-DMA:HDDA, and 

1:4 PCL-DMA:HDDA (all containing 1 % PBPO w/w) were studied. With more time, 

experiments investigating how cells interact with the structured surfaces of these samples 

would be performed. Planar samples were chosen to perform a more efficient cytotoxicity 

study as a great number of samples could be obtained using the UVP Crosslinker chamber 

rather than the white light apparatus. 

After the cytotoxicity of the formulations was established, experiments into the 

viability of the polymeric microstructures to load materials were explored using silica 

particles. These loaded formulations were replica moulded from the large template of holes 

(400 µm2, 2 × 2 µm holes, spaced 1 µm). The particles were incorporated into each polymeric 

M 
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formulation before a replica moulding, and ‘snap-cleaving’ protocol was performed. This 

‘snap-cleaving’ step facilitated an internal, side-on observation of the structures loaded with 

the silica particles. These loaded formulations were replica moulded from the larger template 

of holes (400 µm2, 2 × 2 µm holes, spaced 1 µm) to greater facilitate the snap-cleaving of the 

sample, and the ‘UCD’ template was not necessary for the purpose of this study. These 

experiments were essential in the context of potential future applications concerning the 

release of particles and their interactions with mammalian cells. 

 

5.2 Results and Discussion 

5.2.1 Cytotoxicity Studies 

5.2.1.1 Establishing the Cytotoxicity Study Protocol 

For each cytotoxicity sample to fit comfortably within the 12-well plate, all samples needed 

to be approximately 1.3 cm × 1.3 cm. These dimensions were measured on a glass slide and 

outlined with a red marker so the size of each sample can be as accurate as possible, as shown 

in Figure 5.1. The formulation was pipetted through the side of the set-up where the red dots 

align with the start of the coverslip (in this case, the bottom 4 red dots in Figure 5.1). The 

solution was continually pipetted until the next set of red dots was reached, resulting in 

accurate dimensions of 1.3 cm × 1.3 cm for each sample. 

 

Figure 5.1. Marking dimensions on a glass slide so planar samples can be accurately measured to 1.3 cm × 1.3 

cm. 
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Planar moulds for cytotoxicity studies were cured using the UVP Crosslinker 1000 L 

for 2 hours at an intensity of 200 kJ. The UVP Crosslinker was used as opposed to the white 

light for various reasons. Firstly, the prepared cytotoxicity samples were planar. The white 

light offered an advantage in that an incremental increase of illumination intensity was 

possible, which was critical in effectively replica moulding the ‘UCD’ template (Section 

4.2.1). However, as no replication of features was necessary in this case, the UVP Crosslinker 

was selected as the vehicle to complete the curing experiments. Secondly, the time setting on 

the UVP Crosslinker is automated so that the lamp turns off after the required amount of 

time. In contrast, the white light must be altered manually, which can lead to slight errors 

around timing, especially when the intensity must be incrementally increased by 25 % every 

30 mins as detailed in the protocol for replica moulding the ‘UCD’ template. 

Finally, the main reason for choosing the UVP Crosslinker equipment was based on 

efficiency. A clear advantage of its usage was the ability to polymerise many samples 

simultaneously, while the white light lamp was limited to polymerising a maximum of 2 

samples. The cone of light emitted by the white light lamp also restricts the size of the gel to 

below 2 cm × 2 cm, which impedes scale up in many applications. By contrast, the UVP 

Crosslinker was equipped with 5 UV bulbs spanning its interior. Therefore, the number of 

samples that can be polymerised simultaneously was limited only by the area of its interior, 

which was 30.5 cm × 25.4 cm. Given that a standard microscope slide is 7.5 cm × 2.5 cm, the 

interior chamber of the UVP Crosslinker could house up to 30 slides at once, given 5 mm 

spacing between each slide. Constructing two replica moulding set-ups on a single slide 

would allow up to 60 (1.3 cm × 1.3 cm) samples to be replicated simultaneously, as 

illustrated in Figure 5.2. 
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Figure 5.2. Schematic of the top-down view of the UVP Crosslinker interior chamber demonstrating that 30 

microscope slides can fit comfortably within the chamber, facilitating the simultaneous polymerisation of up to 

60 samples. 

 

 For this study, 4 samples from each of the 3 polymer formulations were required. 

Using the UVP Crosslinker, all 12 of these planar samples could be quickly and accurately 

cured over a single 2-hour period. In contrast, if the white light was used, the same number of 
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samples would take 12 hours to complete (2 samples every 2 hours). Also, the nature of cell 

work is quite challenging and often unpredictable. Therefore, the UVP Crosslinker proved 

highly efficient and allowed the quick fabrication of samples for multiple repetitions.  

For this study, NTERA-2 and HeLa cells were seeded at a concentration of 150,000 

cells/mL. The cytotoxicity of the samples was tested after 24 and 48 hours using a lactate 

dehydrogenase (LDH) assay, with absorption measured at a wavelength of 490 nm. In order 

to obtain the 100 % dead cell reference point, each cell type was exposed to a lysis solution 

for 24 and 48 hours. The measured results were used as the 100 % dead cell reference for the 

24- and 48-hour time points. While the cells not exposed to lysis solution were used as the 

100 % live cell reference for 24- and 48-hours. The LDH assay assesses the level of plasma 

membrane damage in a cell population. LDH is a stable enzyme present in almost all body 

tissues, rapidly released from a cell upon damage to the plasma membrane.195,196 This 

extracellular LDH can be quantified by a coupled enzymatic reaction in which LDH catalyses 

the transformation of lactate to pyruvate via NAD+ reduction to NADH. This assay 

determines the reduction of a yellow tetrazolium salt by NADH into a red, water-soluble 

formazan dye by absorbance at 490 nm. Formazan concentration is directly proportional to 

LDH concentration, which shows the number of dead or damaged cells in the culture.197 Cells 

seeded in empty well plates exposed to lysis solution after 24 and 48 hours were used as the 

100 % dead cells control, while cells without lysis solution were used as the 100 % live cells 

control. The absorption of blank cell media was subtracted as background from all results. 

 

5.2.1.2 Cytotoxicity Results 

A statistical analysis known as a t-test was first performed on the results. The t-test 

determines if there is a significant difference between the means of two groups.198 The t-test 
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used for this study examined two samples assuming unequal variances. The two samples 

analysed were the sealant control and each test sample; neat HDDA, 1:9 PCL-DMA:HDDA, 

and 1:4 PCL-DMA:HDDA. The silicone sealant was used to fix the samples to the bottom of 

each well. The sealant was the experimental control as it was the only other variable present 

in each well that may impact the cells other than the samples. The t-test produces a p-value, 

which measures the probability of obtaining test results at least as extreme as the results 

observed, assuming the null hypothesis is correct.199 A statistically significant test result has a 

p-value of ≤ 0.05, which means the test hypothesis is false and should be rejected. However, 

a p-value > 0.05 means no effect is observed, and the null hypothesis is accepted.200 For this 

analysis, the null hypothesis could be described as ‘the test samples do not cause cell death’; 

therefore, if the p-value for a particular sample was > 0.05, the null hypothesis must be 

accepted, and the sample does not cause cell death. The results for the LDH assay using 

NTERA-2 cells are shown in Figure 5.3. 
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Figure 5.3. Cytotoxicity results for NTERA-2 cells interacting with the silicone sealant control and the planar 

test samples after 24 hours and 48 hours. 

 

From Figure 5.3, after 24 hours, the sealant control live cell percentage was 105.0 ± 

11.9 %. The first test sample, neat HDDA, demonstrated a live NTERA-2 cell percentage of  

104.5 ± 7.7 %, which indicated no cell death. 1:9 PCL-DMA:HDDA showed a slight increase 

in live cell percentage with a value of 106.4 ± 12.3 %. The final test sample, 1:4 PCL-

DMA:HDDA showed very little NTERA-2 cell death with a live cell percentage of 102.7 ± 

10.6 %. After conducting the t-test statistical analysis for the 24 hours collection, the 

calculated p-values were 0.37 (neat HDDA), 0.61 (1:9 PCL-DMA:HDDA), and 0.33 (1:4 

PCL-DMA:HDDA). As all the p-values are > 0.05, the test samples were not statistically 
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different from the sealant control. This result indicated that the samples do not affect 

NTERA-2 cell death compared to the control after 24 hours, and the null hypothesis should 

be accepted. 

After 48 hours, a decrease in average live cell percentage was demonstrated across all 

samples. The sealant control live NTERA-2 cell percentage was 93.0 ± 9.7 %. After 48 hours 

for the test samples, the live cell percentage results were 62.0 ± 34.9 % for neat HDDA, 56.1 

± 41.0 % for 1:9 PCL-DMA:HDDA, and 69.3 % ± 26.3 % for 1:4 PCL-DMA:HDDA. After 

the statistical analysis for the 48 hours collection was performed, the p-values were 0.35 

(Neat HDDA), 0.34 (1:9 PCL-DMA:HDDA), and 0.32 (1:4 PCL-DMA:HDDA). Again, as 

all the p-values are > 0.05, the test samples were, therefore, not statistically different to the 

sealant control. This result also indicated that the samples do not affect NTERA-2 cell death 

after 48 hours exposure to each sample surface. 

However, it must be noted that the error bars for the 48 hours test samples were 

substantial. These large standard deviations were due to the challenges in optimising the 

protocol initially, which resulted in the primary run of the triplicate analysis skewing the data. 

The raw data demonstrating this is shown in the appendix (Appendix Section C, Table C.1). 

Further analysis was planned to obtain more accurate results. However, this was not possible 

due to time pressure and a long delay in delivering necessary reagents. 

As well as studying NTERA-2 cells, HeLa cells were also studied. The results for the 

HeLa cell cytotoxicity study are shown in Figure 5.4. 
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Figure 5.4. Cytotoxicity results for HeLa cells interacting with the silicone sealant control and the planar test 

samples after 24 hours and 48 hours. 

 

As seen from Figure 5.4, after 24 hours, the sealant control live HeLa cell percentage 

was 101.0 ± 1.3 %. The live cell percentage results for the test samples were 93.7 ± 8.2 % for 

neat HDDA, 97.3 ± 7.3 % for 1:9 PCL-DMA:HDDA, and 90.7 % ± 10.9 % for 1:4 PCL-

DMA:HDDA. A t-test was performed on the data to confirm the level of significance for 

HeLa cell death after 24 hours. The calculated p-values were 0.37 (Neat HDDA), 0.61 (1:9 

PCL-DMA:HDDA), and 0.33 (1:4 PCL-DMA:HDDA). As all the p-values are > 0.05, the 

test samples were not statistically different to the sealant control, which indicated that the null 
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hypothesis should be accepted and the samples do not affect HeLa cell death compared to the 

control after 24 hours. 

After 48 hours, a decrease in average live HeLa cell percentage was demonstrated 

across all test samples, but a slight increase was observed for the control sample. The sealant 

control live HeLa cell percentage was 104.0 ± 1.4 %. After 48 hours for the test samples, the 

live cell percentage results were 86.8 ± 14.1 % for neat HDDA, 67.4 ± 33.9 % for 1:9 PCL-

DMA:HDDA, and 85.4 % ± 10.4 % for 1:4 PCL-DMA:HDDA. After the statistical analysis 

for the 48 hours collection was performed, the p-values were 0.24 (Neat HDDA), 0.27 (1:9 

PCL-DMA:HDDA), and 0.13 (1:4 PCL-DMA:HDDA). Again, as all the p-values are > 0.05, 

the test samples were, therefore, not statistically different to the sealant control. This result 

also indicated that the samples did not influence HeLa cell death after 48 hours exposure to 

each sample surface. However, the standard deviation for the 1:9 PCL-DMA:HDDA sample 

was substantial at ± 33.9 %. This was due to an outlying result obtained from the first run of 

the study, which came from challenges in optimising the protocol initially. This result is 

shown in the table of raw data in the appendix (Appendix Section C, Table C.1).  

To summarise, the reported results have demonstrated that the planar samples showed 

limited cytotoxicity towards NTERA-2 and HeLa cells. In fact, the international standard 

states that if the cell viability is ≥ 70 %, the material is considered non-cytotoxic.201 

Therefore, the polymeric materials showed no cytotoxicity towards NTERA-2 or HeLa cells 

after 24 hours, and if further repeats are performed to correct outlying results, the samples 

would likely show ≥ 70 % cell viability after 48 hours also. It is also critical to note the effect 

the PI used to cure the samples could have on the cells. PBPO was used in a 1 % w/w 

concentration to fabricate the samples. This PI has shown cytotoxicity across a range of 

mammalian cell types in concentrations as low as 1 µM.202,203 These reports may relate to this 

work as much of the cell death observed after 48 hours could be attributed to the PI involved.  
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Nevertheless, these were critical results for potential future applications in this area of 

research using these polymeric blends, which could include how the cells interact with the 

structured surfaces, or for potential particle loading and delivery applications.  

 

5.2.2 Particle Loading 

Particle loading experiments were performed after establishing that the samples showed non-

cytotoxicity towards NTERA-2 and HeLa cells. Silica particles were utilised to test the 

viability of the polymeric microstructures to load particles. The particles were incorporated 

into each formulation (neat HDDA, 1:9 PCL-DMA:HDDA, and 1:4 PCL-DMA:HDDA) to 

achieve a 5 % w/v concentration of particles. Replica moulding was then performed from the 

large 400 × 400 µm 2PP template using the same protocol outlined in the ‘Replica Moulding’ 

section (Section 2.3). However, before replica moulding, Dynamic Light Scattering (DLS) 

was performed on the silica particles in solution to establish their size. A 0.05 mg/mL 

solution was used for this analysis. The DLS results are shown in Figure 5.5. 

 

Figure 5.5. DLS results for the silica particles. 
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From Figure 5.5, it was measured that the mean particle size was 136.9 nm. The 

primary peak is related to 119.5 nm (98.8 %). However, there was a less intense peak relating 

to a particle size of 5560 nm (1.2 %). This peak was likely due to undissolved material in 

solution being measured by the DLS instrument. This undissolved material likely increased 

the polydispersity index (PDI) of the sample to 0.362. 

After replica moulding of the particle-loaded materials was performed, the samples 

were ‘snap-cleaved’. This process describes the clean breaking of the mould across the 

structured area. The snap-cleave method allowed for the internal area of the structures to be 

observed. As the replica moulding protocol required ample irradiation with white light, using 

non-fluorescent silica particles was advantageous as photobleaching was not an issue. 

However, imaging was performed on the FESEM, so photobleaching was not an issue 

regardless of if the particles had fluorescent character.  

 

5.2.2.1 Imaging of Loaded Microstructures 

Firstly, FESEM imaging of an unloaded sample was performed to establish whether or not 

the snap-cleaving method would achieve the required side-on observation of the structures. 

Furthermore, measurement of the feature dimensions was feasible using this protocol. The 

design parameters of the pillars were 2 µm in width and 1.5 µm in height. The average width 

of the pillars was measured as 2.01 ± 0.001 µm, and the height was 1.42 ± 0.02 µm, which 

demonstrated excellent feature replication fidelity. An example of an unloaded snap-cleaved 

sample using neat HDDA where these measurements were performed is shown in Figure 5.6. 
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Figure 5.6. A side-on FESEM image and zoomed inset of a snap-cleaved sample of microstructures replica 

moulded from the large template (400 µm2, 2 × 2 µm holes, spaced 1 µm) of holes in neat HDDA.  

 

 For Figure 5.6, the snap-cleave method successfully provided a side-on observation 

of the structures. Other side-on and tilt FESEM images of this template after 5 days of 

degradation in 5 M NaOH can be found in the appendix (Appendix Section C, Figure C.1.). 

From here, loading silica particles was performed by adding a 5 % w/v ethanol solution to 

each formulation. The ethanol was then removed by heating at 80 °C. The complete removal 

of ethanol was confirmed by weighing the vials regularly throughout heating. Once the 

weight stabilised, the removal of ethanol from the formulation was confirmed. However, 

upon review of the protocol, the 5 % w/v stock solution of silica particles was not fully 

dispersed. As a result, accumulation of particles throughout the samples occurred after replica 

moulding, as demonstrated in Figure 5.7, where a 1:9 PCL-DMA:HDDA sample is shown as 

an example. 



CHAPTER FIVE  PARTICLE LOADING & CELL STUDIES 

161 
 

 

Figure 5.7. A side-on FESEM image of a snap-cleaved sample of microstructures containing non-dispersed 

silica particles replica moulded from the large template (400 µm2, 2 × 2 µm holes, spaced 1 µm) of holes in 1:9 

PCL-DMA:HDDA. Inset shows the area of silica particle accumulation.  

 

 In light of this result, after formulating the 5 % w/v particles in ethanol solution, it 

was sonicated overnight to ensure that complete dispersion of particles was achieved before 

addition to the polymeric formulations. A cloudy solution resulted (Appendix Section C, 

Figure C.2), which indicated successful dispersion of the particles. 

 After this dispersion issue was corrected, the loaded formulations were replica 

moulded from the large template of holes (400 µm2, 2 × 2 µm holes, spaced 1 µm) again, and 

snap-cleaved. The silica particle-loaded microstructures using neat HDDA are shown below 

in Figure 5.8.  
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Figure 5.8. Side-on FESEM image of silica particle-loaded microstructures using neat HDDA (1 % PBPO 

w/w).  

 

 The neat HDDA sample demonstrated a much-improved dispersion of particles across 

the micropillars due to improved dissolution of the initial stock solution. However, another 

challenge observed was that many particles were localised in the underlying or surrounding 

bulk material and not the microstructures, as seen in Figure 5.8 (inset). The 1:9 PCL-

DMA:HDDA and 1:4 PCL-DMA:HDDA samples were not included as many side-on 

structures were not visible for effective analysis of the particle loading. These images can be 

found in the appendix (Appendix Section C, Figure C.3 and Figure C.4). Future work in this 

area could incorporate magnetic nanoparticles as an alternative to localise the particles within 

the structured region.  
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 While it was observed that the PCL-DMA/HDDA composite samples showed limited 

cytotoxicity, the viability of the samples to load silica particles demonstrated mixed results, 

and greater optimisation of the protocol is required to achieve reproducible results.  

 

5.3 Conclusions 

Cytotoxicity studies were performed on NTERA-2 and HeLa cells using an LDH 

assay with absorption measured at a wavelength of 490 nm. The results showed that the 

planar samples were non-cytotoxic towards both cell lines after 24 hours. The subsequent 

statistical analyses demonstrated that the test samples did not cause significant cell death for 

either cell type over 24 and 48 hours. However, future work should focus on completing 

another run of experiments to acquire a more accurate set of results for both cell types. 

Preliminary particle-loading experiments were performed using silica particles. 

Particle-loading experiments are important to understand the potential of these materials to be 

used in drug delivery applications. Silica particles are also useful as they can be readily 

surface functionalised to alter their surface chemistry, which makes these dynamic materials 

suitable for many different studies.204–206 DLS was performed on silica particles, and the 

mean particle size was measured as 136.9 nm. The PDI was relatively high at 0.362, likely 

due to undissolved material in the solution. The ‘snap-cleave’ method proved successful for 

imaging samples side-on using FESEM. Initially, particle loading showed a poor distribution 

of particles throughout the samples, but upon review of the protocol, increased dissolution in 

some samples was achieved. These studies have not yet been fully optimised due to limited 

time, but a solid foundation has been laid for a current Masters student to make efficient 

progress concerning these experiments. 
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6  Pilot Release Studies 

6.1 Introduction 

rior to working with PCL-DMA blends, early experiments focused on release 

studies of biologics using PEG. Due to the extensive research on this polymer, 

PEG was chosen as a suitable material for these preliminary studies to gain a solid 

understanding of polymeric networks. PEG and PEG-derivatives have been widely studied 

over the last number of years for various applications. Such applications range from drug 

delivery207,208, targeted diagnostics209,210, hydrogels in wound healing and tissue 

regeneration211,212, and PEGylations213,214, which describes the covalent bonding of PEG to 

molecules to enhance biocompatibility and solubility, which is of particular interest in drug 

development.215 In this chapter, polymeric PEG gels were fabricated using PEG-DA (Mn 575 

gmol-1 and Mn 4000 gmol-1) to investigate the physical parameters of the network within the 

gels. These experiments explored the effect that changing the polymer chain length and water 

content of the polymeric formulation had on the characteristics of the gels. These 

characteristics were then related to the release of biologics of varying sizes in conjunction 

with a biological assay. PEG-DA short-chain polymers with differing number average 

molecular weights were crosslinked by UV curing reactions using an Analytik Jena UVGL-

25 Lamp (4 W, 230 V), in the presence of varying amounts of water (50 - 80 %) and Irgacure 

2959 as the PI in a 1 % w/w amount. The gels were described by water content percentage, 

while the remaining percentage was the polymer (w/w %). The physical properties of the gels 

were then investigated, particularly the swelling ratio and, in turn, the average mesh size 

within the polymeric framework. 

 

P 
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6.2 Results and Discussion 

6.2.1 PEG-DA 575 and PEG-DA 4000 Homopolymers 

6.2.1.1 Light Microscopy 

Light microscopy was performed on the gels (~ 2 mm in thickness) to ensure complete 

homogeneity and dissolution after curing, with no suspended PI remaining. A hair was taped 

to the glass side to aid in focussing on the bottom surface of the gel. Images for this setup can 

be seen in the appendix (Appendix Section D, Figure D.1 and Figure D.2). From Figure 6.1, 

photographs of each gel can be seen on the left and light microscopy images of the bottom, 

centre and top of each gel can be seen on the right to show complete homogeneity throughout 

each sample. 

 

Figure 6.1. Photographs and light microscopy images of PEG-DA 4000 and 575 gels with varying water 

contents. 
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It is clear from all the images that the gels are transparent and homogeneous 

throughout. Some air bubbles can be observed within the PEG-DA 4000 gels containing 60 

% water which can arise when pipetting the polymer solution into the moulds before curing. 

 

6.2.1.2 Swelling Studies 

A change in Mn of the polymer chain used in the fabrication of the PEG gel had a substantial 

influence on the swelling characteristics of the polymer network in deionised water (Figure 

6.2). This occurred due to the increased distance between the crosslinks formed at the 

reactive terminal acrylate groups.216 A change in the water content of the initial polymer 

solution used to fabricate the solid gel also influenced the swelling characteristics of that gel. 

This occurred as increasing the water content decreased the crosslinking density within the 

volume of the gel leading to greater average mesh size and increased swelling capacity.217 

 

Figure 6.2. Schematic outlining the effect of polymer chain length on the swelling ratio. 

 



CHAPTER SIX  PILOT RELEASE STUDIES 

167 
 

Both effects can be seen in Figure 6.3, which presents the swelling ratio of the PEG-

DA gels fabricated using PEG-DA 4000 or PEG-DA 575 with deionised water over 3 weeks. 

The average mass results used to calculate each sample’s indicative swelling ratio percentage 

can be seen in the appendix (Appendix Section D, Figure D.3). 

 

Figure 6.3. Graph outlining the swelling ratio of PEG-DA 575 and 4000 gels vs time. 

  

It was observed that gels formed when using different Mn PEG-DA polymers resulted 

in highly different swelling characteristics due to the chain length of the polymeric starting 

material. The dashed square in Figure 6.3 indicates the effect a different chain length has on 

the swelling ratio. Both gels were cured with an initial water content of 50 % w/w. A gel 

made using PEG-DA 575 reached a maximum swelling ratio of 56 % after 2 hours and 

maintained this level of swelling, whereas a gel made with PEG-DA 4000 reached a 

maximum swelling ratio of 343 % after a similar time of 1.5 hours and also maintained this 
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level of swelling with slight deviations. This demonstrated an increase of 287 % in the 

swelling ratio from increasing the Mn of the polymer from 575 gmol-1 to 4000 gmol-1. 

Changes in the swelling ratio due to the amount of water present in the polymer 

precursor solution can be seen. By further varying the amount of water that the formulation 

contained (60 %, 70 % and 80 % w/w) directly affected the ultimate swelling ratio of the gel. 

Gels made from precursor solutions with greater water content resulted in greater swelling 

ratios. PEG-DA 4000 containing 60 % water reached a maximum swelling ratio of 376 %. 

The swelling ratio increased to 430 % for the gels fabricated with a 70 % water content. 

Finally, the 20 % PEG-DA 4000, 80 % water gels showed a maximum swelling ratio of 488 

% of the original dry mass. This demonstrated that a change in the water content of the 

precursor solution could be utilised to tune the swelling ratio with a high level of 

predictability. The PEG gels showed stability and no sign of degradation in water over time 

as the ether functional group is not prone to hydrolysis in aqueous systems.  

 

6.2.1.3 Mesh Size Calculations and Assay Development 

The mesh size (ζ) was a crucial parameter in this work as it related closely to the ability of the 

gel to house and release the biologic in an effective manner.218,219 Mesh size is an average 

property and can have broad variations, especially when polymeric networks are fabricated 

through radical polymerisation methods where closed loops or dangling chains are often a 

feature.216,220 Therefore, the calculated average mesh size diameter can only be roughly 

correlated with the diameter of the cargo molecules housed in the interior of the polymeric 

network. 

The mesh sizes for the PEG-DA 4000 (50, 60, 70, and 80 % water) and PEG-DA 575 

(50 % water) were calculated using the Canal and Peppas method (see Appendix Section D 
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for complete calculation).91 The mesh size of the PCL-DMA blends from previous chapters 

were challenging to quantify using this method due to the nature of the polymer. Two critical 

parameters in calculating the mesh size were the chi (χ) value and the mass swelling ratio 

(QM). PCL-DMA is hydrophobic, so it does not have a χ
 value with water. Also, it shows no 

swelling behaviour in water, so the QM is non-existent. Figure 6.4 shows the calculated mesh 

sizes for each PEG-DA material.  

 

Figure 6.4. Graph outlining the mesh size of PEG-DA (Mn 575 and 4000 gmol-1) gels vs water content 

percentage. 

 

It was calculated that the mesh size for gels fabricated using PEG-DA 575 (50 % 

water) was 0.5 nm. For gels made with PEG-DA 4000 in the precursor solution, the 

calculated mesh size for 50 % water was 3.1 nm. This result was significant as the mesh size 

can be tuned by altering the Mn of the polymer used in fabricating the gel. 
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It was also observed from Figure 6.4 that the mesh size for gels fabricated using 

PEG-DA 4000 (60 % water) was calculated as 3.3 nm. For gels made using 70 % water, the 

mesh size increased to 3.6 nm, and for gels made with 80 % water, the mesh size increased 

again to 4.0 nm. This result also showed that the mesh size of the polymer network could be 

tuned by varying the water content used in the initial polymer formulation before curing. 

The above results demonstrated that the swelling ratio and, in turn, the mesh size 

could be effectively tuned from 0.5 nm to 4 nm by changing the Mn of the polymer chain 

from 575 gmol-1 to 4000 gmol-1 and by increasing the water content in the polymer 

formulation. In 2009, Censi et al. exemplified the potential utility of this with a triblock 

copolymer hydrogel, in which the release of proteins, Bovine Serum Albumin (BSA) or 

Immunoglobulin G (IgG), was tuned from 6 to 14 days as the water concentration was 

decreased from 80 - 65 %. They showed that the mesh size decreased, and therefore, the 

proteins were released at a reduced rate.217 

The average mesh size within a polymer network mediates drug diffusion through the 

polymer network, and as such, the mesh size and the size of the drug are intrinsically related. 

The diffusivity, D, depends on the radius of the drug molecule (rdrug) and the viscosity of the 

solution (η) via Equation [13].221  

   

  

Equation [13] is the Stokes-Einstein equation, where kB is Boltzmann's constant and 

T is the absolute temperature. Li and Mooney et al. showed that the mesh size plays a crucial 

role in how a drug diffuses through a polymeric network.222 When the diameter (Dx) of the 

Equation [13] 
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mesh was greater than the drug (Dmesh/Ddrug > 1), the drug diffused unhindered through the 

polymer network, which resulted in substantial release over a brief duration. As the diameter 

of the drug approached that of the mesh size (Dmesh/Ddrug ≈ 1), the effect of steric hindrance 

became prominent, and drug diffusion was slowed. Finally, the drugs were immobilised 

within the polymer network when the drug surpassed the mesh size (Dmesh/Ddrug < 1). They 

also showed that degradation or deformation could disrupt the network to release these 

physically entrapped molecules.222 

From Table 6.1, literature values for various biologics are shown. BSA has a 

hydrodynamic diameter (Dh) of ~ 7.2 nm (González et al.223, La Verde et al.224 and Yang et 

al.225). The Dh for IgG is ~ 11.0 nm, and lysozyme has a Dh of 4.0 - 4.1 nm.224,225 

 

Table 6.1. The Dh of various biologics sourced from literature.223–225 

 

However, the Dh is not always accurate when dealing with biological molecules with 

tertiary and quaternary structures. The size is highly dependent on the environmental 

conditions as aggregation and unfolding of proteins can occur if the conditions are not 

favourable.226,227 Another complication in predicting release from gel networks is the 

presence and contribution of network defects and statistical mesh size distributions. 

Calculated mesh size is an average property that typically does not account for the effects of 

larger pores in the mesh on the rate of protein release, where these larger pores may provide a 
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pivotal route for protein escape.92 It was calculated that gels made using PEG-DA 4000 

containing 80% water have an average mesh size of 4.0 ± 0.05 nm, so may have a suitable 

polymer network for the controlled release for lysozyme (Dh = 4.0 - 4.1 nm). However, due to 

the distributions of both the biologic and the mesh size discussed above, experimental assays 

must be performed. 

The Bradford assay is based on using the Coomassie Brilliant Blue G-250 

(Coomassie) dye and its binding to protein residues.228 Under acidic conditions, Coomassie is 

cationic, mainly doubly protonated, and is red. In neutral conditions, the dye is green, and the 

anionic form is blue. The Bradford reagent is an acidified solution of Coomassie; the dye is 

therefore primarily protonated and red. When the dye meets a protein, the first electron is 

donated to the charged groups within the protein. The binding disrupts the structure of the 

protein, resulting in exposure to hydrophobic pockets. The dye reacts to these regions, with 

the sulfonic acid groups binding to positive amines. The dye is red with an absorbance 

maximum (Amax) of 470 nm in the absence of protein. In the presence of protein, the Amax 

shifts to 595 nm to the anionic form of the dye.229,230 This absorbance shift was clearly shown 

experimentally using various concentrations (0 - 0.125 mg/mL) of BSA in PBS (0.01 M, pH 

7.4). The results for this are shown in Figure 6.5. Since the blue anionic form was 

proportional to the amount of protein in the sample, the quantity of protein in a sample could 

be measured directly by measuring the absorption at 595 nm against a calibration curve. The 

neutral green form of Coomassie that had donated an electron but was not bound to protein 

did not interfere with the measurement since it has an Amax of 650 nm.231 
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Figure 6.5. Bradford assay spectral scan of BSA from 0 - 0.125 mg/mL showing the absorbance shift from 470 

nm to 595 nm. 

 

This was an important experiment that tested the viability of the Bradford assay for 

the measurement of biologic release from the polymeric gels. There were various steps 

associated with the Bradford assay. Firstly, a calibration curve must be formed using the 

desired biologic to establish the amount of biologic present for a given absorbance at 595 nm. 

This was performed using lysozyme, and the protocol described as ‘Standard Procedure for 

Microtiter Plates’ found in the ‘Bio-Rad Protein Assay’ handbook.230 Secondly, the release of 

the biologic and its binding to Coomassie were studied. Loading of lysozyme into the 

polymeric gels occurred after the gels were cured. UV light exposure needed for curing a 

liquid formulation to a solid gel for an extended period would surely denature any protein 
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present. This occurs as exposure to UV radiation, particularly UV-C radiation (100 - 280 

nm), induces reactions within proteins. These reactions mainly consist of an alteration in the 

secondary structures of the proteins, exposure of hydrophobic residues, unfolding and 

aggregation.232–234 Therefore, it was practically challenging to establish how much material 

was loaded into the gel and, in turn, how much would release. Lysozyme was chosen as it 

was calculated from the swelling ratio that gels made using PEG-DA 4000 containing 80% 

water have a mesh size of 4.0 ± 0.05 nm (Figure 6.4), so may have a suitable polymer 

network for the controlled release for lysozyme (Dh = 4.0 - 4.1 nm).  

A large amount of reading on this assay and multiple experiments were performed to 

establish the optimal parameters for the calibration curve. Such parameters as the dye to 

deionised water ratio for the Bradford reagent, the concentration of the protein standard, and 

incubation time greatly influenced the final absorbance reading and the linearity of the 

calibration curve. Some of the failed experiments and the timeline to a successful calibration 

curve can be seen in Table 6.2.  
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Table 6.2. The journey to a successful Bradford assay calibration curve using lysozyme. 

 

Exp. 

# 

Standards 

(mg/mL) 

Reagent 

(dye:H2O) 

Sample conc. 

(Standard:Reagent) 

(µL) 

Incubation 

time (min) 
Linear? Comments 

1 0.5 - 1.5 1 : 9 10 : 200 30 ✖ 
Poor R2 value, 

large error bars 

2 0.15 - 0.45 2 : 8 10 : 200 30 ✖ 
Poor R2 value, 

large error bars 

3 0.01 - 0.1 3 : 7 10 : 200 30 ✖ Good R2 value, 

poor error bars 

4 0.01 - 1.5 3 : 7 10 : 200 30 ✖ 

Plateauing at 

higher 

concentrations, 

some outliers 

5 0.01 - 0.1 3 : 7 10 : 200 30 ✔ 

This is the linear 

range of Exp. 4 - 

Only 5 points  

6 0.001 - 0.1 3 : 7 20 : 180 60 ✖ 
Poor R2 value 

and error bars 

7 0.001 - 0.1 1 : 6 20 : 180 30 ✖ 

Plateauing of the 

curve at higher 

concentrations 

8 0.001 - 0.02 1 : 6 20 : 180 30 ✔ 
Large error bars, 

repeat 

9 0.001 - 0.02 1 : 6 20 : 180 30 ✔ A positive result. 
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A few examples of the calibration curves attempted from Table 6.2 are as follows. 

Figure 6.6 reflects Experiment 3. Figure 6.7 reflects Experiment 7, and Figure 6.8 reflects 

Experiment 9, where the calibration curve was a success over the range of 0.001 - 0.02 

mg/mL. 

 

Figure 6.6. Calibration curve of Experiment 3 showing a good R2 value but poor error bars for greater 

concentrations. 



CHAPTER SIX  PILOT RELEASE STUDIES 

177 
 

 

Figure 6.7. Calibration curve of Experiment 7 showing a plateauing of values at higher concentrations. 

 

 

Figure 6.8. Calibration curve of Experiment 9 showing a good R2 value, tight error bars and many points 

between 0.001 - 0.02 mg/mL. 



CHAPTER SIX  PILOT RELEASE STUDIES 

178 
 

 

After establishing the calibration curve, the next stage of the study was to quantify the 

release of lysozyme from the gels. As mentioned previously, gels made using PEG-DA 4000 

containing 80% water had a mesh size of 4.0 ± 0.05 nm (Figure 6.4), which related closely to 

the Dh of lysozyme (4.0 - 4.1 nm, Table 6.1). With this in mind, these gels were cured in 

triplicate and dried before being submerged and swollen in a 20 mg/mL lysozyme/PBS (0.01 

M, pH 7.4, 5 mL) solution for 24 hours. This was done to load the lysozyme into the gels. 

After 24 hours, each gel was removed and rinsed thoroughly with PBS to remove any surface 

lysozyme that may skew the initial measurement. The gels were then placed in a solution of 

PBS (pH 7.4, 1 mL), where the release study was performed. For this initial experiment, 

readings were taken after 1, 2, 4 and 6 hours. The protocol used was Experiment 9 from 

Table 6.2, with absorbance readings at λ = 595 nm. The results of the study are shown in 

Figure 6.9.  
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Figure 6.9. Absorbance graph at λ = 595 nm for the release of lysozyme after 6 hours from 20 % PEG-DA 

4000, 80 % water gels. 

 

This represented a positive qualitative result for the first attempt at this release 

experiment. The absorbance increased over time, which indicated that the lysozyme was 

released at a steady rate. However, as the minimum/maximum absorbance values (0.188 - 

0.203 AU) did not fit the linear calibration curve, the exact amount of lysozyme released was 

not measured quantitatively. The range of the calibration curve was 0.112 A.U. (0.001 

mg/mL) - 0.1463 A.U. (0.02 mg/mL). Also, the first measurement after 1 hour was too long 

after being submerged. To focus on the initial burst release period, measurements were taken 

at closer intervals over the first hour of the study. To probe where the release ended, 

measurements were taken after the 6-hour period. The additional readings were taken at 30 

mins and 24 hours. In an effort to stay within the calibration curve range, a 10 mg/mL 
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loading concentration was used in the repeat experiment instead of 20 mg/mL. The results for 

the repeat experiment are shown in Figure 6.10. 

 

Figure 6.10. Absorbance graph at λ = 595 nm for lysozyme released after 0.5, 1, 2, 4, 6, and 24 hours from 20 

% PEG-DA 4000, 80 % water gels. 

 

The release profile shown in Figure 6.10 demonstrated an initial burst release of 

lysozyme from the 20 % PEG-DA 4000, 80 % water gels from 0 - 4 hr. After this time point, 

the release began to slow, and a plateau was reached. There was a slight decrease in 

absorbance readings between the 6-hour and 24-hour readings from 0.221 AU to 0.21 AU, 

respectively. The cause of this was likely due to the Coomassie Blue dye dissociating from 

the lysozyme over time or by photobleaching, or a combination of both effects. While this 

graph showed a good trend for the release of lysozyme from the gels, unfortunately, the 
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minimum/maximum absorbance values (0.153 - 0.221 AU) again did not fit the calibration 

curve. The calibration curve can be extended in many assays, and the values from the two 

attempts described above can be used. However, as described previously, the Bradford assay 

is dependent on the dye:H2O ratio, among many other factors, and in many cases, a 

plateauing effect is seen at higher concentrations, as shown in Figure 6.7.235,236 Therefore, if 

the calibration curve were extended linearly, this would not accurately represent how this 

assay interacts with lysozyme at higher concentrations. With this in mind, the absorbance 

values must fit the calibration curve for the study to give accurate quantitative readings. 

 

6.3 Conclusions 

Similar release studies following on from these experiments using PCL-DMA were planned. 

However, the direction of research changed to focus on the degradation of structured PCL-

DMA. This was due to the challenges surrounding the applicability of PCL-DMA to release 

biologics. PCL-DMA swelling in aqueous environments to facilitate release is highly limited, 

and the quantification of the mesh size is also a substantial challenge.  

In conclusion, the mesh sizes of homopolymer PEG-DA (575 gmol-1 and 4000 gmol-

1) polymeric gels of varying concentration mixtures of PEG-DA and water have been 

calculated. An increase of 287 % in the swelling ratio was demonstrated by increasing the Mn 

of the polymer from 575gmol-1 to 4000 gmol-1. The most sizable swelling behaviour was 

observed for PEG-DA 4000 gels with increased water content. PEG-DA 4000 containing 60 

% water reached a maximum swelling ratio of 376 %. The swelling ratio increased to 430 % 

for PEG-DA 4000 gels fabricated with a 70 % water content. Finally, the 80 % water gels 

showed a maximum swelling ratio of 488 % of the original dry mass. 
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These swelling ratio results were intrinsically related to the mesh size calculations. It 

was calculated that the mesh size for gels fabricated using PEG-DA 575 (50 % water) was 

0.5 ± 0.01 nm. For gels made using PEG-DA 4000 in the formulation, the calculated mesh 

size for 50 % water was 3.1 ± 0.01 nm. The mesh size for gels fabricated with 60 % water 

was calculated as 3.3 ± 0.02 nm. For gels made using 70 % water, the mesh size increased to 

3.6 ± 0.04 nm, and for gels made with 80 % water, the mesh size increased again to 4.0 ± 

0.05 nm. These mesh size calculations were then related to various biological sizes from 

literature to predict practical release studies. The assay development results have shown that 

the release of lysozyme from 20 % PEG-DA 4000, 80 % water gels occurred relatively 

quickly over 24 hours. An initial burst release was evident up to 4 hours, and a plateauing 

effect was observed when the release slowed or stopped after 24 hours. However, no concrete 

values quantified the release of lysozyme from the polymeric gels. The work described above 

laid a solid foundation for understanding how biological assays functioned and how they 

were optimised. In this respect, revisiting this work in the future can be done quickly without 

the hardship of optimising a new protocol. 
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7  Future Work 

 

In terms of future work from the findings in Chapter 3, a shorter acrylated or methacrylated 

PCL chain could be utilised to reduce the viscosity of the formulations to achieve greater sub-

micron resolution while maintaining a degradable and biodegradable characteristic. WCA 

measurements of each structured material may also be performed to give a quantitative 

measure of their wettability. This may be a challenge for 2PP templates fabricated with IP-

Dip as scalability of the templates is difficult as the largest possible 2PP templates fabricated 

were 400 µm × 400 µm in size, and the water droplet may be too large for this area. 

Leading on from Chapter 4, I believe it would be insightful to perform profilometry 

on a template after one or more replica moulding experiments. This ‘used’ sample would see 

if any polymeric material might be embedded at the base of the holes after replica moulding, 

which would affect the depth, and in turn, the pillar heights after further replica moulding. 

Analysis of the ‘used’ sample could be important to demonstrate the reusability of the 

templates. More sophisticated mechanical measurements could be carried out on the 

microstructure arrays to understand how the Young’s modulus differs between the 

microstructures and the surrounding bulk. This could be carried out in nanoindentation 

studies using AFM or other specialised equipment like the Hysitron TI Premier 

Nanoindenter, which was used to measure the surface elasticity of planar samples in Section 

3.2.2. To further increase the degradation of the materials, other degradable co-solvents 

instead of HDDA could also be investigated to increase the degradable character of the 

material from 20 % in 1:4 PCL-DMA:HDDA to 100 % where the entire material is 

susceptible to degradation. Necessary materials would be hydrophobic hydrolysable polymers 
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or monomers that are in the liquid phase at room temperature. Confocal microscopy could 

also be utilised to investigate how the structures degrade in 3D. A suitable dye such as 

rhodamine B could be readily incorporated into the material for such an analysis.  

Future work concerning particle loading, magnetic particles could be incorporated to 

achieve a greater concentration of particles within the tip of the microstructures and not in the 

underlying bulk. A magnet could then be placed beneath the polymeric formulation after it is 

pipetted over the 2PP template, which theoretically would pull the magnetic particles down 

into the tips of the microstructures. As the degradation of the microstructures was primarily 

located around these structures, as demonstrated in Section 4.2.3, a greater concentration of 

particles could then be released after degradation. This work has also laid the groundwork for 

many potential future studies involving mammalian cells. Future experiments could focus on 

the effect the PI has on cytotoxicity. A minimum amount of PI to achieve reasonable 

polymerisation rates while maintaining the greatest possible cell viability could be 

established. How the cells interact with the structured samples could also be investigated. The 

dimensions of microstructures can also easily be altered to better suit a specific application 

involving cells. This can be done through modification of the .stl design file when fabricating 

the 2PP template. For example, the ridged surface can be fabricated to direct the migration of 

cells by topographical gradients, or thinner, taller needles can be fabricated for cell 

penetration applications to deliver drugs or particles. FESEM imaging of cells on the surface 

of the materials could be performed. 

The pilot release studies involving PEG gels were followed by the work outlined in 

Chapters 3-5. With this in mind, future work could be centred around achieving more 

accurate, quantitative release studies from these polymeric materials by the continued 

development of the Bradford assay or through more sophisticated assays. Looking at the 

Bradford assay results retrospectively, the test samples could have been diluted to bring the 
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absorbance readings into the linear range of the calibration curve. However, this was 

overlooked at the time due to a lack of experience and guidance. Loading and release studies 

comparing more than one gel system would have been an effective experiment. For example, 

comparison of PEG 575 (80 % water) and PEG 4000 (80 % water) gels. Furthermore, these 

materials could also be tested for the release of nanoparticles, similar to the loading of 

structures with silica particles, as demonstrated previously in Section 5.2.2. This would give 

a further understanding of the potential applications of these materials. The extent of loading 

could be more accurately measured using nanoparticles as the loading could be performed 

before curing. Mechanical testing through nanoindentation experiments would need to be 

carried out to better understand their potential applications. With more time it was planned to 

combine both materials, PEG-DA and PCL-DMA, to form a dual loading Janus-type material 

which has the ability to swell and degraded while also being able to house hydrophilic and 

hydrophobic drug molecules.188 

Various challenges in quantifying the mesh size of PCL-DMA using the Canal and 

Peppas method have been outlined, but an approximation could be made if the swelling was 

performed in a suitable hydrophobic solvent. Measurement of the mesh size through the gas 

permeability of the material could also be an avenue to explore. Release studies in vitro using 

the PCL-DMA blends were planned after optimisation of the particle loading protocol. 

However, restricted laboratory access due to COVID-19 safety protocols made this extremely 

challenging within the time allowed. Furthermore, if time was not an issue, further optimised 

cell studies into how the cells interact with the structured surfaces would have been 

performed, along with imaging of the cells on the structured surfaces. Looking ahead, further 

payload delivery experiments could be performed to quantify the potential applications of 

these structured materials to deliver drugs or particles directly to cells. 
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Appendices 

A) Chapter 3 - Synthesis of PCL-DMA and Replica Moulding 

Nanoscale Replica Moulding 

Silicon Master 

 

Figure A.1. ImageJ analysis of the diameter for the holes on the silicon master. 
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Neat HDDA 

 

Figure A.2. Broad image of replication of the silicon master using neat HDDA (1 % PBPO w/w). 

 

Figure A.3. ImageJ analysis of the diameter for the holes for neat HDDA. The original top-down FESEM image 

used in this analysis can be seen below in Figure A.9. 



APPENDICES 

215 
 

 

Figure A.4. Original top-down FESEM image used in the analysis of pillar diameters using neat HDDA. 

 

Figure A.5. ImageJ analysis of the heights of the pillars replicated from the silicon master using neat HDDA (1 

% PBPO w/w). 
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1:9 PCL-DMA:HDDA 

 

Figure A.6. Broad image of replication of the silicon master using 1:9 PCL-DMA:HDDA (1 % PBPO w/w). 

 

Figure A.7. ImageJ analysis of the diameter for the holes for 1:9 PCL-DMA:HDDA. 
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Figure A.8. ImageJ analysis of the heights of the pillars for 1:9 PCL-DMA:HDDA. 
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B) Chapter 4 - ‘UCD’ Degradation Story 

Mass Loss Studies - Average Mass Graphs  

 

Figure B.1. Average mass degradation results for polymeric materials from 0 - 25 days exposure in 5 M NaOH. 

 

Figure B.2. Average mass degradation results for materials from 0 - 160 days exposure in 5 M NaOH. 
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Figure B.3. Average mass degradation results for the ‘Structured vs Planar’ study from 0 - 25 days exposure in 

5 M NaOH.  
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C) Chapter 5 - Particle Loading and Cell Studies 

 

Figure C.1. Side-on (top) and 45 ° tilt (bottom) FESEM images of dry 1:9 PCL-DMA:HDDA pillars (left); 1:9 

PCL-DMA:HDDA pillars after 5 days in 5 M NaOH (middle); 1:4 PCLDMA:HDDA pillars after 5 days in 5 M 

NaOH (right). Pillars were dried and sputtered with 10 nm Au before FESEM imaging. 

 

Figure C.2. Photograph of dispersed silica particles (5 % w/v) in ethanol. 
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Figure C.3. Side-on FESEM image of silica particle-loaded microstructures using 1:9 PCL-DMA:HDDA (1 % 

PBPO w/w). No silica particles were observed within the structures for this sample. 

 

Figure C.4. Side-on FESEM image of silica particle-loaded microstructures using 1:4 PCL-DMA:HDDA (1 % 

PBPO w/w). Defects of uncured material can be seen on the surface, with many of the particles localised in the 

bulk beneath the structures. 
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Table C.1. Raw data of cytotoxicity results. Highlighted are outlying results. 
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D) Chapter 6 - Pilot Release Studies 

Mesh Size Equations91 

  

  

 

 

 

 

 

 

 

 

 

 

Constants for PEGDA 

ρp = 1.12 g/cm3 

Mn = 575 gmol-1 or 4000 gmol-1 

χ = 0.426 

l = 0.146 nm 

Cn = 4 

Mr = 44 gmol-1 

 

Q
V 

= Volume Swelling Ratio 

Q
M 

= Mass Swelling Ratio 

M
s 
= Mass after Swelling 

M
d
 = Dry Mass 

ρ
p = Polymer Density 

ρ
s = Solvent Density 

 

Mc = Molecular weight between crosslinks 

Mn = Molecular weight of polymer 

    = Specific Volume of Polymer 

V1 = Molecular weight of solvent 

V2 = Polymer Volume Fraction 

χ = Polymer-solvent interaction parameter 

 

(ro
2)1/2 = End-to-end chain distance 

l = Average bond length of polymer 

Cn = Characteristic Ratio of polymer 

n = Number of bonds in crosslink 

Mr = Molecular weight of repeating unit 

 

ζ = Mesh size 
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Light Microscopy Setup 

 

Figure D.1. Hair taped down on glass is used as a reference for the bottom of the gel. 

 

Figure D.2. A gel sample resting on the hair in preparation for light microscopy imaging. 
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Homogeneous Average Mass graphs  

Figure D.3. The average mass of PEG-DA 575 and 4000 gmol-1 gels vs time. 

 


