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Abstract

Personalised medicines, tailored to the specific needs of each patient, have emerged
as a potential solution for improving therapeutic outcomes. This thesis explores two
additive printing technologies using model drugs and polymers stated blow to fabricate
drug delivery systems with the potential of personalisation. Additionally,
characterisation of the printing parameters of each printing system was performed to

understand their influence on the printing volume.

The microdispensing technology was used to fabricate personalised orodispersible
films by on-demand printing of viscous ink containing paracetamol-hydroxypropyl
methylcellulose onto a releasing substrate. Orodispersible films with personalised
dosage were fabricated by changing the printing areas, which showed a linear
relationship with the drug loading. The tensile strength of the printed film was
comparable to that of the cast film and showed good handling propertied compared

to the marketed product.

The nanoelectrospray (nES) technology was another printing method explored, which
enables on-demand and layer-by-layer coating to deposit drug-loaded coatings on
contact lenses. Zein, the model polymer, was used to characterise the spraying
parameters of the custom-build nES system. This work showed that the contact lenses
maintained an excellent vision zone after the nES coating process, and the spray
volume was predictable using established scaling laws.

Polylactic-co-glycolic acid and three model drugs, ketotifen fumarate, bimatoprost and
latanoprost, were coated in the peripheral region on commercially available contact
lenses to assess the in vitro drug release and the influence of steam sterilisation to the
coating. The drug loading of ketotifen fumarate and bimatoprost, was independent of
in vitro drug release. Steam sterilisation was used to sterile the nES-coated contact
lenses, and results showed that the method significantly damaged the drug-polymer
coating. Gamma rays could be used as an alternative to minimize the damage to the

drug-polymer coating.
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Chapter 1 Introduction

1.1. The need for personalised medicines

In modern pharmaceutical manufacturing, medications are typically produced in
standardised strengths to meet the need of most patients. This one-size-fits-all model
was based on clinical data from clinical trials that determine the therapeutic dosage of
medications. While mass production of medications is a cost-effective way to meet
demand, it fails to account for individual variations in response to medications. Patients
may experience unwanted side effects from prescribed medications due to the
limitations of this approach[1]. Personalised medicines, therefore, offer a solution to
achieve a better therapeutic outcome by using optimised and tailored therapies,

potentially resulting in fewer side effects.

The concept of personalised medicines was commonly used in pharmacogenomics to
offer tailored pharmaceutical treatments based on the patient's genetic information[2].
For example, patients with human epidermal growth factor receptor 2 (HER2)-positive
breast cancer would receive a different treatment than those who are HER2-
negative[3]. However, this concept should not be restricted to matching the patient's
genetic profile with gene therapy. It should also cover the selection of the correct
choice of medications with tailorable doses and formulations at appropriate timings[4].
As individuals react differently to the same medication due to physiological differences
and genetic factors, some patients may require a higher dose to achieve optimal
therapeutic outcomes, while others may require less (Figure 1.1). Hence,
individualising medications is key to helping patients achieve the best therapeutic

outcome while reducing the potential of experiencing unwanted side effects.
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Figure 1.1. The importance of personalised medicines to accommodate the individual

need. (Figure is adapted from[2] with permission.)

1.2. How can additive manufacturing be adapted to fabricate personalised
medicines?
With the advancements in technology and the development of additive manufacturing
(AM) technology, it may become possible to produce personalised medicines at
hospital pharmacies or at the point-of-care in the future, as suggested by Sandler et
al.[2]. The new model begins with obtaining personal information such as age, body
weight, medical conditions and genetic information. The pharmacogenomics
information obtained from the patient could provide insights on any dose adjustments
of particular medications to achieve optimal therapeutic effect (Figure 1.2). This
information is stored in the computer system of the point-of-care, mainly in the hospital,
to create a comprehensive treatment profile for the patient. Once the patient receives

a diagnosis from the doctor, the genetic information is shared with the on-site
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pharmacy to produce personalised medicines with the help of artificial intelligence,
which designs the ideal dosage form and appropriate dose. The individualised
medications are printed on-demand once the patient information is received. The
patient then collects the tailor-made medications and undergo a review if necessary.
Any dose adjustments are recorded and implemented in the following collection, and
this information can be fed back to the personal medication profile. To achieve a high
level of flexibility in manufacturing medications, new equipment with a relatively small
footprint and high precision is needed. Additive manufacturing is recognised by
researchers as a highly suitable technology to accommodate the need for fabricating
personalised medicines[5,6].

Clinical and patient feedback
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Diagnosis, treatment and therapy plan Individual patient supply
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Preparation and printing of individual dosage forms and doses

Figure 1.2. The proposed model for implementing personalise medicines using
printing technologies. (Figure is adapted from[2] with permission.)
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1.3. Who is going to benefit from personalised medicines?

Personalised medicine offers flexible dosing tailored to the patient's specific needs,
providing particular benefits to patient groups that often require dose adjustments,
such as paediatric and geriatric patients. Personalised medicine can also improve

medicine compliance by reducing the likelihood of suffering from side effects.

Paediatric patients experience rapid metabolic changes during physiological
development, necessitating a dose based on age or body weight range. Therefore, the
required dose for paediatric patients is given according to age or body weight range.
Although paediatric medications are commonly available in liquid form to facilitate
swallowing and flexible dosage, measurement errors in liquid formulation leading may
occur due to unclear graduations on syringes, spoons or measuring cups, and

counting errors from droppers|7,8].

Geriatric patient is another patient group who may benefit from personalised medicine.
The physiological degeneration of geriatric patients leads to slower metabolism,
declining renal function and liver function with age. Dose adjustments are frequently
necessary to avoid side effects while maintaining therapeutic efficacy, particularly to
avoid interactions in polypharmacy[2]. Splitting tablets by carers to achieve the
targeted dose is a common practice, but this increases the risk of dosing variation,
especially for those film-coated tablets or modified-release formulations[9,10].
Polypharmacy is also common in geriatric patients and can lead to compliance issue.
As medical advancements provide better healthcare through early disease detection,
an increasing number of medications are prescribed to patients at their early age as
prevention for age-related diseases, such as cardiovascular diseases and
neurological disorders. Florence and Lee reported that patients aged 65 or older take
thirteen medications on average[4]. It can be challenging for elderly patients to
manage their medication regimen when they have to take four to six medications daily,
of which one or two require administration three to four times daily. Although
compliance aids are available in community pharmacies to help elderly patients to
manage their medications, the increasing number of ageing populations implies a

growing workload for healthcare professionals. It would benefit both patients and
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healthcare professionals if the medication regimen could be simplified by combining
medications with tailored doses in a few formulations, which could be achieved by

printing multiple active pharmaceutical ingredients (APIs) in the same drug carrier.

1.4. Additive manufacturing as a mean to fabricate personalised medicines.

The use of AM has surged in recent years, pushing the boundaries of the research
and development in the pharmaceutical industry[1,11]. AM techniques can be used to
print various formulations, including tablets, oral films, medical implants, and even
biomedical applications like tissue engineering. For examples, Gottschalk et al. used
binder jetting technology to produce tablets containing different drug loadings (20%
and 40%) of the poorly water-soluble drug ketoconazole[12]. The tablets with a 20%
drug loading remained amorphous after 12 weeks of accelerated stability studies.
Fused deposition modelling (FDM) was used to print aripiprazole, a poorly water
soluble drug, loaded orodispersible films, and showed faster drug release kinetic
compared to the solvent casting method[13]. Heo et al. developed a conductive
hydrogel using a stereolithography-based 3D printer for neural tissue engineering[14].
The 3D-printed scaffold showed minimal toxicity to the neural cells and enhanced the
neuronal differentiation under electrical stimulation. AM involves deposition of a wide
range of materials layer-by-layer on the substrate to create the product with a 3D
structure. Common methods of AM for pharmaceutical applications include FDM,
powder bed fusion and drop-on-demand deposition. AM is a highly versatile and
flexible technology that enables bespoke manufacturing of products on a small scale,
which is particularly useful for fabricating personalised medicines. Moreover, AM is
suitable for fabricating individualised doses of mediations with a narrow therapeutic
index to reduce the regime complexity and optimise therapeutic outcomes[15]. The
design of formulation, such as a tablet, starts from the design of a 3D model in 3D
modelling software, followed by data processing in the slicer software to generate
precise coordinates for the printing process. The shape and internal structures of the

formulation are adjustable according to the patient's requirements.

SPRITAM® is the first commercial example of using AM to fabricate 3D-printed

medications[16]. It is the first commercially available product using powder bed
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technology, which fuses layers of powder vertically using a binding ink. The technology
provided a novel method to produce orodispersible tablets and received FDA approval
in 2015[17]. SPRITAM® is available in fixed strengths from 250 mg up to 1000 mg and
no personalised dose is available yet given that the technology has the potential to do
so.In 2021, FDA approved a 3D-printed tablet for treating rheumatoid arthritis[18]. The
tablet was printed using melt extrusion deposition, which deposits a molten mixture of
the API, polymer, and other excipients on the substrate to form tablets. The printing
technology also enables precise control of the internal geometries of the tablet and

shape to modify the drug release kinetics.

Other technologies, including FDM and drop-on-demand deposition, were investigated
extensively in scientific research and detailed reviews are reported elsewhere[5,18—
20]. Each printing technology offers its own set of advantages and disadvantages, and
the decision to use which technology depends on the final formulation. FDM is a
straightforward and cost-effective technique for producing pharmaceutical
formulations, such as tablets[21]. A wide range of materials, such as thermoplastics
and pharmaceutical polymers, can be used to create the filament for FDM printing. A
gear system drives the drug-loaded filament through the heated nozzle to fabricate the
solid dosage form. The method is suitable for printing medications with poor aqueous
solubility[22]. However, the processing method can potentially degrade thermolabile
APIs during the printing process. Drop-on-demand deposition, primarily inkjet-based
printing, operates by depositing liquid droplets to construct the 3D object. The ink
contains a solution of polymers, solvents, and APIs. A heat source is frequently
employed to expedite the solidification of the deposited ink on the surface. The printing
can be executed in a single layer or multiple layers, depending on the required
formulation. Inkjet-based printing has been used in the fabrication of personalized
orodispersible films by depositing drug-loaded ink onto edible substrates[23]. Printing
tablets is also feasible by jetting binder ink onto the powder bed to fuse the powder,
constructing solid oral dosage form[12]. While inkjet-based printing uses very small
nozzles for high-resolution printing, it also restricts the range of physical properties of

the ink formulation to ensure proper deposition.
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No single printing technology can serve all purposes to print pharmaceutical
formulations. Of all the additive printing technologies available, this thesis will focus

on two different printing technologies for two separate drug delivery systems:

e Using the microdispensing (MD) technology to enable single-step fabrication of
personalised orodispersible films using highly viscous ink without edible
substrate, which is not achievable by inkjet printing.

e The nanoelectrospray system is designed to selectively coat the hydrogel
contact lenses to deliver ophthalmic medications, overcoming the challenge of
masking the contact lenses during coating to preserve the vision zone.

1.5. Orodispersible films as a drug delivery system

Orodispersible films (ODFs) have gained popularity in the past decade as an
alternative solid dosage form to deliver oral medications[24]. ODFs consist of one or
multiple layers that provide additional functionalities, such as adding taste masking
layers to enclose the drug-loaded layer. ODFs are a unique oral formulation that
dissolves rapidly in the mouth without the need of water. This unique advantage is
particularly beneficial to several patient groups, including those with Parkinson's
disease whose oesophageal muscles deteriorate to a point where swallowing will be
difficult, and psychiatric patients who often struggle with medications compliance[25].
On the other hand, swallowing difficulties are also common in paediatric patients[17],
especially infants whose swallowing reflex is not fully developed, posing a challenge
to administering oral formulation[26]. ODFs have the characteristic of fast
disintegration in the mouth or under the tongue without the need for swallowing,
facilitating the absorption of APIs to the systemic circulation and resulting in faster
onset of action[27].

ODFs have gained popularity in both over-the-counter and prescription medication
markets. Pfizer's Listerine® Pocket film is a well-known example of an ODF that does
not contain any APIs and is used as a mouth freshener. Other over-the-counter
examples include Gas-X, Pedia-Lax and Triaminic[28]. The first prescription drug,
ondansetron (Rapidfiim®), in the form of ODF, was approved in the EU in 2010[27].

Several prescription-only medications have been marketed subsequently, such as
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risperidone and fentanyl. While many ODFs are manufactured on a large scale with
fixed doses to comply with the current regulatory framework, there is a growing interest
in producing personalised ODFs to meet individual patients' clinical needs. The
growing interest of the small-scale production of personalised ODFs at the point-of-
care is evidenced by the increasing number of publications on this topic in recent
years. There was only 1 publication on personalised orodispersible films (ODFs) in
2013, but this figure grew over the years, reaching an average of 11 publications per
year over the last 5 years, based on the data available on PubMed (Appendix Figure
A.1).

1.6. Methods to manufacture ODFs
There are several methods available for the manufacturing of ODFs, depending on the

physical and chemical properties of the APIs as well as the choice of polymers.

1.6.1 Solvent casting

Solvent casting is the most common method with a simple equipment setup for
preparing ODFs[29]. The APIs, film-forming polymer and excipients are dissolved in a
suitable solvent system, such as water, ethanol, and acetone, to produce the casting
solution. The solvent system has to be compatible with the API and the film forming
polymer to create a homogenous casting solution. As water is the most commonly
used solvent for solvent casting, cellulose-based polymers such as hydroxypropyl
methylcellulose (HPMC)[30] and hydroxypropyl cellulose (HPC)[31] and pullulan are
most often used[32]. The casting solution is then poured onto a substrate and spread
evenly using a film applicator or a doctor blade to produce the master film. The
resulting film is dried under elevated temperature or ambient conditions before being
cut into the desired dimensions. Tailoring dosage is achievable by cutting the master
film into the target dimensions before packing the films. While the solvent casting
method is commonly used for lab-scale production and is suitable for heat-sensitive
APIs, it has some significant disadvantages. The use of significant amount of solvents
can pose potential hazards to the health of the operators and lengthy processes of
solvent evaporation can be time-consuming. In addition, the casting method is not

applicable for APIs that are sensitive to hydrolysis. Therefore, alternative methods
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such as hot-melt extrusion and electrospinning have been developed to overcome
some of the limitations to produce ODFs.

1.6.2 Hot-melt extrusion

Alternatively, hot-melt extrusion is a solvent-free method to prepare ODFs. The
polymers, APIs, and other ingredients, such as plasticisers, are mixed inside an
extruder with heating to form a homogenous mixture before being extruded through a
die to create thin films[33]. The resulting films are cooled and trimmed into the required
dimensions. Hot-melt extrusion is particularly useful for drug candidates with low
aqueous solubility as it improves their solubility by producing a solid dispersion as a
film. Besides, no solvent is involved in the mixing process, making it a safer option
compared to solvent casting. Scaling up the production of ODFs is relatively easy for
hot-melt extrusion and the manufacturing process is continuous to streamline the
production of ODFs. However, hot-melt extrusion is undesirable for thermolabile APIs
due to the elevated temperature used in the mixing step. Additionally, the film forming
polymers for hot-melt extrusion are also restricted to those that are stable at high
temperature and have thermoplastic characteristics[34]. For example, polyethylene
oxide, maltodextrin and modified starch (hydroxypropyl starch) were used for
preparing ODF by hot-melt extrusion[34,35]. Polymers that have high melting
temperatures or glass transition are less preferable for hot-melt extrusion as the high
process temperature can lead to degradation of the API. Plasticisers are often added
to the formulation to improve the processability by reducing the glass transition

temperature.

1.6.3 Electrospinning

Electrospinning is a method to produce ODFs using electrical force. In this process,
the precursor solution containing polymers and API(s) is subjected to the applied
voltage and forms continuous fibres at the apex of the nozzle. The fibres are then
collected onto a substrate, and solvent evaporation takes place during the process,
creating a non-woven mat. The resulting thin film produced by electrospinning has a
highly porous internal structure that disintegrates almost instantly upon contact with

water[36]. This feature also facilitates the dissolution of poorly water-soluble APIs[37].
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The choice of solvent, favouring aqueous-organic or pure organic systems, is crucial
to facilitate solvent evaporation during fabrication. This narrows down the choice of
polymers which has good solubility in both aqueous and organic solvents. Additionally,
polymers with high molecular weight are preferrable as they provide sufficient viscosity

to the electrospinning solution and chain entanglements for stable fibres formation[38].

1.6.4 Additive printing for personalised ODFs

To fabricate personalised ODFs, AM technologies have been explored as novel
methods to produce ODFs, such as inkjet printing[39—41], semisolid extrusion 3D
printing[42], and fused deposition modelling 3D printing[43]. These methods provide
flexibility in making ODFs with personalised drug doses to accommodate different
patient groups and small-batch manufacturing at or close to the point-of-care, such as

hospital pharmacies[44—46].

Among these novel methods mentioned above, inkjet printing is one of the additive
printing technologies researched extensively to produce personalised ODFs[47].
Continuous and drop-on-demand are the two common types of inkjet printing
technology available commercially. Drop-on-demand inkjet printing technology can
deposit droplets with picolitre volume on the substrate with high precision and is the
most discussed inkjet printing method in the literature for fabricating ODFs. Two types
of inkjet printers are commonly available in the drop-on-demand category: thermal and
piezoelectric inkjet printing systems[48,49]. The thermal system relies on heat to
generate a bubble in the dispensing chamber to eject the ink out of the nozzle. Instead,
the piezoelectric system has no heat involved and the piezoelectric material deforms
in response to the applied voltage, indicating the piezoelectric inkjet system can
handle a wider range of materials than thermal inkjet printer. The piezoelectric material

is usually coupled to a diaphragm to expel the ink via the nozzle to eject droplets[50].

In most literature, a commercial inkjet printer was used with a modified ink cartridge to
dispense droplets containing drugs[51-53]. Two methods were commonly reported in

the literature to produce ODFs by inkjet printing. The mainstream method is to
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dispense drug-loaded ink on-demand on edible supporting substrates, such as HPMC-
based films and starch films[23]. The ink contains the API with viscosity modifiers to
facilitate a stable deposition of droplets onto the supporting substrate which is usually
prepared by solvent casting[54]. The solvent of the ink evaporates with time, leaving
the drug molecules on the surface of the edible substrate. The printing is often
repeated layer-by-layer to deposit enough APIs on the edible substrate. A less
common approach is to print the ink-containing polymers and drugs onto the substrate
directly to form ODFs[41,55]. The ink usually contains a film-forming polymer and APIs
in a low concentration to maintain the viscosity within the printable range. Organic
solvents or surfactants are often necessary to reduce the surface tension of the ink.
For example, Cader et al. printed an ink-containing polyvinylpyrrolidone, polysorbate
20, glycerol, thiamine hydrochloride and water on a polyethylene terephthalate sheet
with appropriate droplet spacing to fuse all the droplets, resulting in pore-less
ODFs[55].

Inkjet printing enables printing patterns with high resolutions. Quality assurance and
tracking of medication can be achieved by printing APIs with unique patterns on HPMC
films, such as quick response (QR) codes containing patient information[56]. The QR
code was printed with drug-loaded ink on the edible substrate and it contained
information on patient details, medication, dosage, and batch details to ensure that the

correct medication was administered to the patient (Figure 1.3).
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Figure 1.3. Using modified inkjet printer to fabricate drug-loaded ODF with a QR code.

(Figure is adapted from[56] with permission.)

However, inkjet printing faces several significant limitations when it comes to
fabricating personalised ODFs. Firstly, the physical properties of the ink are highly
restricted for smooth printing. The viscosity of the ink has to be below 20 mPa.s and
the surface tension should be in the range of 20-50 mN/m to avoid nozzle
blockage[57]. Secondly, the drug loading of inks is limited, due to restricted viscosity,
leading to high solvent content and extended drying times. A high drug loading of the
ink increases the risk of drug crystallisation at the nozzle, affecting the printing
precision. Multi-pass printing is usually required for high-dose formulations to deposit
sufficient APIs on the ODFs. However, multi-pass printing results in a higher volume
of solvent being used and requires a longer production time associated with longer
printing time and solvent evaporation. Moreover, the interactions between the drug ink
and the edible supporting substrate could increase the complexity of the ODFs printing
and potentially affect the physical appearance of the final film. Genina et al. studied

the printing performance of rasagiline on different substrates by inkjet printing and
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concluded that the selection of substrates could significantly impact the uniformity of
printed dosage[40].

1.7 Using MD system as an alternative method to manufacture solid dosage
forms

In order to overcome some of the challenges of inkjet printing to fabricate ODFs, a
liquid deposition method with high precision and the capability to dispense viscous ink
is needed. In Chapter 3, a piezoelectric MD system was investigated to determine
whether it can overcome some of the challenges faced by inkjet printing in ODFs
fabrication with personalised dose adjustment capability. MD enables precise
dispensing of a range of low and high viscosity (up to 2,000,000 mPa.s) materials to
produce droplets, beads, and lines at high speed[58]. There are two main types of MD
printhead: the piezoelectric-driven printhead and solenoid actuated printhead[59]. The
piezoelectric actuated printhead contains a piezoelectric tappet rod in the dispensing
chamber to control liquid flow by moving upwards and downwards in response to
electrical signals. The solenoid-actuated printhead relies on the magnetic field change
to control the opening of the dispensing valve for liquid dispensing. Both systems
require pneumatic control to propel the liquid out of the orifice to form droplets and
excel at different fabrication tasks[59]. The main advantage of using MD for ODFs
fabrication is the ability to accurately dispense a low volume of viscous liquid without
an edible supporting substrate. Although, to the best of our knowledge MD has yet to
be reported for a one-step ODFs fabrication, it was explored to fabricate tailored dose
medications. Bonhoeffer et al. proposed three new concepts to manufacture
pharmaceutical formulations using a piezoelectric MD system (Figure 1.4)[60].
Naproxen nanosuspension was dispensed directly by a MD system onto excipients-
loaded capsules, placebo tablets and edible polymer films rolled up into a capsule.
Results showed that out of the three carriers, the capsule could load 30 mg of
naproxen which is the maximum strength used in the experiment. Higher drug loading
is achievable by using capsules with larger volumes or increasing drug concentration
to reach the therapeutic dose[60]. The concept demonstrated the potential use of MD
technology in the manufacturing line of pharmaceutical formulations. Apart from the
above work, there is limited literature regarding the pharmaceutical application of MD

technology.
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Figure 1.4. The novel approaches to fabricate personalised oral solid dosage form
suggested by[60] with permission.) A: Depositing naproxen nanosuspension directly
into capsules containing excipients only; B: Depositing the drug ink on the surface of
placebo tablets; C: Depositing the drug ink on the surface of ODFs before rolling and
storing the drug-loaded film in the capsule.

1.8 Additive printing for ophthalmic drug delivery
Eye drop remains the dominant formulation for delivering ophthalmic drugs globally.
However, the unique ocular physiology and anatomy present several challenges for

delivering drugs effectively via this route.

One of the major challenges is the rapid turnover rate of tears in the eye, which can
wash away drug molecules and reduce the residence time of the drug on the cornea.
The tear turnover rate is rapid (about 1 ml/min) to maintain moisture on the cornea
and as a defence mechanism to wash away foreign objects on the cornea[61]. The
tear fluid has a rebalancing mechanism to maintain an adequate amount of tear fluid.
The tear volume is typically 7 pl in the posterior segment of the eye[62]. Upon
instillation of eye drop onto the cornea, the total volume of liquid can surge up to 30
pl. Furthermore, the blink reflex drains the excess liquid, significantly reducing the
resident time of drug molecules on the cornea. A portion of the drug can be absorbed
systemically via the highly vascularised conjunctiva, leading to lower bioavailability

and potential side effects. Therefore, the bioavailability of eye drops could be as low
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as 1 - 5%, depending on the ophthalmic drug[63]. The low bioavailability also means
a significant amount lot of APIs are wasted, which is not favourable for expensive APIs.
In addition, non-compliance is a significant issue for patients as they may find it
challenging to instil eye drops correctly[64]. It was found that the eye drop often lands
on the eyelid and cheek. This can lead to missed drops and reduced efficacy of the
treatment. While eye drop applicators are available to improve aiming the drop at the
eye, they do not solve the problem of missed drops due to the blink reflex. This

problem remained largely unsolved and patient non-compliance remains a challenge.

Alternative ocular drug delivery systems have been reported in the literature to
improve bioavailability by using novel drug delivery systems. For example, ocular
inserts, punctual plugs, in-situ forming gel and drug-eluting contact lenses
(DECLSs)[62]. Among these systems, DECLs have gained substantial interest in recent
years due to their ability to act as a drug reservoir and prolong the resident time of
APIs on the cornea, leading to improved bioavailability. Using DECLs can reduce the
rate of drugs washed away by the tear fluid, which improves bioavailability. The main
benefit of using DECLs was shown by Gause et al. in that the bioavailability of DECLs

can be as high as 50%, compared to eye drops[63].

The idea of DECLs originated in the 1960s and has flourished in the past decade[65].
In 2021, Johnson & Johnson Vision launched the first commercial DECLs containing
19 nug of ketotifen fumarate for preventing ocular itchiness associated with allergies
during contact lens wear[66]. The method to prepare the DECLs was the simple
soaking method. The poly(2-hydroxyethyl methacrylate) (HEMA) contact lenses are
soaked into the drug-loaded saline solution with a pre-defined drug concentration[67].
However, loading ketotifen fumarate to the contact lens relies on electrostatic
interaction between drug molecules and the lens material. At pH 7.4, ketotifen is
positively charged and the methyl acrylic group of the contact lens is negatively
charged. This is highly drug-specific, making it not applicable to other ocular drugs
that do not carry charges at pH 7.4. Nevertheless, the soaking method is relatively

simple to prepare DECLs and is easy to scale up the production.
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1.9 Methods to fabricate DECLs

A wide range of methods has been reported in the literature to produce DECLSs using
various ophthalmic drugs, including the soaking method, encapsulation of drug-loaded
films in the contact lens, nanoparticles approach, supercritical fluid, molecular
imprinting, and direct coating[68—71]. However, with most of these methods, the
physical properties, such as optical transmittance and oxygen permeability, of the

treated contact lens are often adversely affected[72,73].

1.9.1 Soaking method

The soaking method is the first and the most common method to prepare DECLs by
immersing the contact lens into the drug solution. Johnson and Johnson vision
launches the first commercially available DECLs using the soaking method to include
ketotifen fumarate[74]. The drug molecules are loaded into the contact lens matrix by
passive diffusion (Figure 1.5.). While the soaking method is simple and cost-effective,
it has several limitations that need to be addressed.

One of the major limitations of the soaking method is the uncontrolled drug release
rate. The drug uptake and release are highly dependent on the physicochemical
properties of the contact lens material and the APIs. Considerable research has been
done to study the relationship between lens materials and the physicochemical
properties of the drug. It was found that the drug uptake is material-dependent, and
that hydrophobic drugs are more favourable for silicon lenses, while hydrophilic drugs
are better suited for lenses made of materials like poly(HEMA)[75]. Moreover, the
soaking method also limits low drug loading capacity. Most of the literature reported
using small molecules for the soaking method and reported that large molecules such
as hyaluronic acid[76], are difficult to be loaded effectively into contact lenses by the

soaking method[77].

In addition to the uncontrolled drug release rate, the soaking method also results in an
immediate burst release of the drug upon immersion into the release media. To

overcome the issue, an additional coating of vitamin E was used as a diffusion barrier
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on the contact lenses to prolong the release of several ocular drugs[78—80]. Although
the in vitro release results were promising, the method compromised the physical
properties, such as the ion permeability, when high loading of vitamin E was used[81].
Alternatively, soaking the contact lenses in a nanosuspension was attempted to
prepare DECLs[68]. Maulvi et al. prepare timolol-loaded DECLs by soaking the
poly(HEMA) lenses in a timolol-loaded gold nanoparticle suspension. The result
revealed that soaking the contact lenses in the timolol-loaded gold nanoparticle
suspension enhance the drug uptake compared to soaking in timolol solution alone.

However, such approach does not extend the in vitro release of timolol.
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Figure 1.5. Uptake and release of APIs from DECLs using the soaking method.
(Figure is adapted from[82] with permission.)

1.9.2 Molecular imprinting

Incorporation of functional molecules or drug-loaded nanoparticles during the
polymerisation process of contact lenses offers a promising approach for preparing
DECLs. This method allows for the creation of specific sites for drug loading within the
polymer matrix of the contact lens using functional monomers, drug template and
crosslinkers (Figure 1.6). This creates pockets that have strong intermolecular

interactions with drug molecules to slow down their dissociation[83,84]. The drug
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templates are extracted and replaced by the target APIs using the soaking method.
The strong intermolecular interactions between the APIs and cavities can extend the
drug release to weeks. However, the interaction between the contact lens monomer
and the functional groups of APIs can vary significantly, implying optimisation of the
functional monomers, drug template and crosslinkers is necessary for each API. This
method is not suitable for loading more than one APIs since it will have impact on the
physical properties of the contact lens, when multiple crosslinkers and monomers are
used[72].
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Figure 1.6. lllustration of the molecular-imprinting method to create favourable binding

site for the target APIs. (Figure is adapted from[85] with permission.)

1.9.3 Nanoparticles-laden

The nanoparticles-laden method is similar to molecular imprinting in that the APIs are
dispersed into the contact lens materials during the polymerisation step. The drug-
loaded nanoparticles can be incorporated into the contact lenses matrix via

polymerisation with the contact lenses formulation or the soaking method. This method
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has shown encouraging results in the sustained release of certain ophthalmic
drugs[86,87]. However, drug leaching was observed during the monomer extraction
step and the terminal sterilization step. The presence of nanopatrticles in the contact
lens matrix can impact critical properties such as swelling, optical transmittance, and

mechanical properties[88].

1.9.4 Encapsulation of polymeric films

Encapsulation of polymer film in contact lenses is another method which shares a
similar principle to nanoparticle-laden contact lenses. This approach involves
preparing a drug-loaded polymer film by the solvent casting method, followed by
cutting the film into a doughnut shape. The polymerisation step of monomer is divided
into two steps which the polymer film is placed onto the contact lens after the first
polymerisation, followed by a second polymerisation of monomers to enclose the
polymer film in the contact lens (Figure 1.7). Poly(lactic-co-glycolic acid) (PLGA) and
Eudragit S100/ethyl cellulose are examples of polymers that have been used to
prepare this type of DECLsS[89-91]. Moreover, loading multiple drugs in the contact
lens matrix is also possible by including different drug-loaded polymer films[90].
However, there are several challenges associated with this approach. The drug-
loaded polymer film can affect the physical properties of the contact lens, such as its
mechanical strength and oxygen permeability. The optical transmittance of the contact
lens depends on the coverage of the polymer film. The author claimed that the contact

lens in Figure 1.8 has a clear aperture, but the diameter of it was not defined.
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Figure 1.7. Encapsulation of ciprofloxacin-loaded PLGA film in poly(2-hydroxyethyl

methacrylate) (P HEMA) contact lenses. (Figure adapted from[89] with permission.)
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1.9.5 Additive coating drug-loaded polymer films on contact lens by
electrospinning

Direct coating of drugs and polymer onto contact lenses was demonstrated to be an
alternative approach to preparing DECLs. The formulation of the precursor solution
contains the drug and polymers and or other excipients to be coated topically onto the
interior surface of contact lenses using electrospinning. One advantage of this
approach is its versatility, as it allows the use of a wide range of polymers and
commercially available contact lenses off the shelf. Mehta et al. demonstrated the use
of electrospun fibres containing a mixture of polyvinylpyrrolidone, poly (N-isopropyl
acrylamide), four permeation enhancers and timolol to coat the interior surface of
silicon contact lenses (Figure 1.8)[70]. However, the unselective coverage of the
polymer coating on the contact lenses requires a mask to preserve the vision zone[70].
Moreover, the large coverage of the polymer coating can affect the critical properties

of the contact lens, such as its mechanical strength and oxygen permeability.
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Figure 1.8. A: lllustration of the non-elective electrospinning coating method to
prepare DECLSs; B: digital image of the nozzle for electrospinning; C&D: uncoated and

coated DECLs, respectively. (Figure is adapted from[70] with permission.)
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1.10 Nanoelectrospray — an on-demand deposition technique to fabricate
DECLs

To precisely deposit the polymer and drug coating on commercially available contact
lenses to minimise the interference of the intrinsic properties of the contact lenses, a
novel method using nanoelectrospray (NES) was investigated. The nES can deposit a
small amount of material with a flow rate down to picolitre per minute[92]. It is an on-
demand spraying technique that can achieve patterned and controllable deposition.
The materials and the mode of depositions are highly flexible, which gives the potential
of the technology to be used for the production of individualised or personalised
medical products. The miniaturized size of nES allows deposition of materials on
confined and selective areas. Unlike conventional electrospray and electrospinning,
NES can achieve confined spraying areas on the contact lenses without masking the
vision zone, implying less waste of APIs and polymers generated. Depending on the
processing parameters and material properties, the deposited layer can either be a
smooth, continuous layer of materials without pinholes or a textured layer composed
of semi-fused nanoparticles. Multiple coating layers can be deposited by nES layer-

by-layer to build up the required thickness.

NES is a type of electrospray that shares the same working principle, known as
electrohydrodynamic atomisation (EHDA). EHDA is a one-step technique to produce
nano-carriers, namely nanoparticles and nanofibers, using electrostatic force to
overcome the surface tension of the precursor liquid. EHDA has been studied
extensively to explore its pharmaceutical applications and develop new drug delivery
systems[93,94]. EHDA is commonly used to fabricate nanoparticles and nanofibers
with high particle size uniformity, modifiable kinetic to control drug release and
improved dissolution rate[60]. Using EHDA to produce thin coatings on surfaces is
relatively less common, but it is possible with the help of motorised multi-directional
substrates. Besides, ambient working condition enables EHDA to process biochemical

molecules such as DNA, proteins, and cells[94].

The experimental configuration of traditional electrospraying comprised four main

components, including a pumping system to provide a controllable flow rate of the
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liquid sample, a metal nozzle connected to the high voltage supply, a high voltage
supply to provide sufficient electrostatic force to overcome surface tension; and a
grounded substrate to collect the resulting products. A range of nozzles with different
designs has been manufactured to accommodate pharmaceutical purposes, nhamed
co-axial and tri-axial nozzle, to produce core-shell particles or fibres[95,96]. Direct
current is commonly used and reported in the literature for EHDA, but the use of
alternate current has been explored[97-99]. The grounded collector can be a drum, a
flat surface, or a solution to collect the resulting product, depending on the required
pattern or geometry of the end product. For nES, the flow rate of the precursor liquid
is entirely controlled by the applied voltage, omitting the need for a pumping system.
As mentioned earlier, nES is an on-demand spraying technique, whereas traditional
electrospray is often a continuous process. The detail of the experimental

configuration is reported in Chapter 2.

1.11 Principle of nES

The nES process involves applying an electric field to the working fluid, typically held
in a capillary tube, to overcome the surface tension and initiate the ejection of a
charged liquid jet, which can subsequently break up into a plume of charged droplets
(Figure 1.9). The nES process shares the same working principle as electrospray and
electrospinning, but in nES, the sprayed liquid flow rate is dictated solely by the applied
electric field, and in the absence of applied voltage, no flow or liquid ejection from the
nozzle occurs[100,101]. The applied voltage has to pass the threshold to initiate the
spray. Further voltage increase positively correlates with the flow rate, but it also
affects the spraying mode. Similar to conventional electrospray, nES can operate in
several modes, including the most studied stable cone-jet mode (which occurs over a
limited range of field strength and flow rate) and may also exhibit quasi-steady
pulsating spray modes[102]. An oscilloscope can be used to monitor the spraying
mode of nES and to understand the reproducibility of the spray. The key to nES
printing, the precise control of nES in a drop-on-demand fashion has also been
demonstrated[103], where minute volumes, as low as femtolitres, were reproducibly

isolated and deposited onto a substrate.
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Figure 1.9. The illustration of the nES process. The flow rate depends on the applied
voltage and no syringe pump is required in the experimental configuration. (Figure is

not to scale)

One feature of the nES is the capability to deposit materials on-demand. The initiation
of NnES can be controlled by switching the applied voltages using a high frequency
switch. Figure 1.10 illustrates the spray behaviour related to the switch of voltage. The
V1 voltage is the lower voltage which is below the onset voltage of nES. The spray
only initiates at a voltage higher than the onset voltage (V2). By switching the applied
voltage rapidly between a lower level (V1) where no liquid ejection occurs to a higher
value (V2) above the voltage required for nES onset, the number of pulsation events

occurring could be controlled by the dwell time at the higher potential.

These benefits have led to the application of nES printing in many fields including the
fabrication of conductive interconnects[104], touch-screen sensors[105], tissue
engineering scaffolds[106,107],light-emitting devices[108] and possibly surface
modification for soft hydrogel[109].
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Figure 1.10. An illustration of the switching of voltages to control the spray of nES.

A wide range of synthetic and natural polymers can be processed by nES, with
examples including poly(lactic-co-glycolic  acid), ethylene-vinyl acetate,
polycaprolactone, zein, chitosan and hyaluronic acid. The processability of a polymer
solution for nES is highly dependent on the electrical conductivity and viscosity of the
precursor solution[110]. The conductivity depends on the solvent system and intrinsic
property of the polymer[111]. The viscosity of a polymer solution is subject to the
polymer concentration and molecular weight of the polymer, which also influences the
morphology of the coating[112]. The molecular weight cut-off of a polymer is
considered individually to generate coatings with desired morphology[113].

The nES utilises a miniature spraying method that allows layer-by-layer drug

deposition with flexible dosing and placement precision for rapid production of DECLs
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using commercially available CLs. The nES system enables the on-demand deposition
of a thin layer of polymeric coating onto the peripheral area of the contact lens to
preserve the vision zone, aiming to mitigate its influence on the intrinsic physical
properties of the contact lens. These features mean that nES is a less wasteful method
since all the sprayed materials are transferred onto the contact lens and have the
potential to deposit tailored doses of medications. nES can coat various drugs on
different types of commercially available CLs to prepare DECLs for treating ocular
diseases. Additionally, the technology could be readily integrated into the

manufacturing lines for contact lenses.

1.12 Thesis objectives
The works in this thesis aim to explore the potential of MD and the nES systems to
fabricate personalised medicines for oral and ophthalmic drug delivery, respectively.

The key objectives of the experimental chapters are listed below.

Chapter 3:

e To characterise the MD system to prioritise the dispensing parameters for
volume adjustment.

e To examine the dosing accuracy of printing personalised ODFs and the
influence of printing on the mechanical properties and disintegration behaviour
of printed ODFs.

Chapter 4:

e To characterise the nES system built in-house to understand the influence of
the spraying parameters on coating thickness, width, and morphology.

e To assess the spraying location on soft hydrogel contact lenses for maximum
optical transmittance.

e To compare the experimental spraying volume and the theoretical value derived

from the established scaling law.
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Chapter 5:

e To develop DECLSs using the nES system and assess the in vitro release using
three model drugs with different hydrophobicities.

e To assess the influence of steam sterilisation on the DECLs fabricated by nES.
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Chapter 2 Materials and methods

2.1 Introduction

In this chapter, the materials used in all studies and the general methodologies are
described. Some experimental methods are excluded in this chapter and specified in
the relevant chapter. The methods to fabricate the personalised orodispersible films

and drug-eluting contact lenses are described in this chapter.

2.1.1 Model drugs
2.1.1.1 Paracetamol (PAR)

Paracetamol is an analgesic and antipyretic commonly available to be purchased over
the counter from pharmacies globally. It is commonly available in tablet form and is
also available in liquid form for patients who struggle to swallow solid dosage forms,
for example, paediatric and geriatric patients. The usual dose of PAR is 0.5 — 1 g four
times daily for adults with a maximum dose of 4 g in 24 hours[114]. The dose for
paediatric patients is usually based on their body weight and therefore, formulation

with flexible dosing would be highly suitable for them.
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Figure 2.1. Chemical structure of paracetamol.

2.1.1.2 Ketotifen fumarate (KF)

Ketotifen fumarate is a second-generation antihistamine drug for treating itchiness
associated with allergic conditions. It is formulated as an eye drop and requires a twice
daily application to alleviate the symptoms[115]. The tablet form of KF is also available,
but it is less commonly used to treat itchiness associated with allergic reactions. KF
comes in one strength of 250 pg/ml and the effective dose delivered topically to the
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eyeball is 12.5 pg per day when the 5% bioavailability is considered. Johnson and
Johnson vision marketed the first drug-eluting contact lens (DECL) ACUVUE®
Theravision™ in 2022. The DECL contains 19 ug of KF to prevent ocular allergic itch

while wearing contact lenses[74].

Figure 2.2. Chemical structure of ketotifen fumarate.

2.1.1.3 Bimatoprost (BIM)

Bimatoprost is a prostaglandin analogue that is indicated to treat open-angle glaucoma
by reducing intraocular pressure[116]. BIM is mainly formulated as an eye drop, but
also available as an implant for patients with stable ocular pressure[117]. BIM eye
drop is available in two strength, 100 pug/ml and 300 pg/ml, and is administrated once
daily, preferably at night[118]. Considering the 5% bioavailability, the amount of BIM
delivered topically to the eye is 5 ug and 15 ug, respectively, for the abovementioned

strengths.

Figure 2.3. Chemical structure of bimatoprost.
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2.1.1.4 Latanoprost (LN)

Latanoprost is a prostaglandin Fza analogue indicated for ocular hypertension to treat
open-angle glaucoma[119]. It is only available as an eye drop. Only one strength of
LN eye drop is available as 50 pg/ml, and similar to BIM, LN is administrated once
daily, preferably at night[120]. The amount of LN delivered to the eye will be 2.5 ug if

the 5% bioavailability is taken into consideration.

Figure 2.4. Chemical structure of latanoprost.

Table 2.1. Physicochemical properties of model drugs

PAR[121] KF[122] BIM[123]  LN[124]

Molecular weight (g/mol) 151.2 4255 415.6 432.6
Agueous solubility at 25°C (mg/ml)* 14[125] 17.5[126] 0.04[127] 0.006[127]
Partition coefficient (Log P) 0.91 3.85*% 3.2 3.98
Acid dissociation constant (pKa) 9.5 8.43 14.3 14.47

* Of the free base. # At 25 °C and pH 7.0.

2.1.2 Excipients

2.1.2.1 Hydroxypropyl Methylcellulose (HPMC)

HPMC is a common cellulose ether that forms swellable matrices in water and is
classified as generally regarded as safe (GRAS) by FDA[128]. HPMC is a versatile
material for pharmaceutical applications. It can be used for tablet coating, as a
thickening agent in liquid formulations, and as a gelling agent to achieve controlled
release of medications[129]. HPMC is available in a wide range of molecular weights

for different applications and the molecular weight is highly correlated to its dynamic
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viscosity. For example, the low molecular weight HPMC is suitable for coating
applications. In contrast, the high molecular weight HPMC is used for the prolonged
release of medications by forming a hydrogel to slow down the diffusion rate of APIs.
The low molecular weight HPMC (Pharmacoat 606) was chosen to be the film-forming

polymer in Chapter 3 to facilitate the disintegration of ODFs.
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Figure 2.5. Chemical structure of HPMC[128].

2.1.2.2 Zein

Zein is a water-insoluble protein that serves as the major store protein in corn[130].
Commercial zein contains a mixture of a-, B-, y- and &-zein, which represent zein with
different molecular weights and solubility. A-Zein has molecular weights between 22-
27 kDa and is the dominant species accounting for 80% of zein powder[130]. Zein has
low nutritional value to humans since it lacks basic and essential amino acids.
Therefore, zein is often used for other applications, such as confectionery coating and
stock feed. The applications of zein have extended across industries, ranging from
food, cosmetic and pharmaceutical industries[131]. Zein film fabricated by
electrospray has also been demonstrated[132]. Zein films prepared by electrospraying
showed a homogenous surface without compromising the water barrier capacity
compared to the casted zein films[132], showing electrospray can be an excellent
alternative to preparing functional zein coating. The good biocompatibility and
biodegradable property of zein provide a wide range of biomedical applications[133]
and it is considered generally recognised as safe (GRAS) by the FDA in 1984[134].
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Zein was chosen as the model polymer for the study in Chapter 4 since it is commonly
used as a coating material with excellent film-forming properties. Zein can be dissolved
in various solvents, including glacial acetic acid, urea, or alkaline solution (pH = 11). It
is also soluble in aqueous ethanol mixtures such as methanol, ethanol and isopropyl
alcohol but insoluble in pure water and alcohol[130]. For electrospray, a solvent
system with a high electric conductivity and high dielectric constant is preferable to
achieve better ionisation efficiency[135]. A solvent system with high vapour pressure
can promote evaporation of the electrosprayed droplets during its flight to the
substrate[113]. Therefore, aqueous ethanol was used in this work. The binary solvent
system has to have at least 50% v/v ethanol to solubilise zein to form a solution[130].

2.1.2.3 Poly Lactic-co-Glycolic Acid (PLGA)

PLGA is a synthetic copolymer of lactic acid and glycolic acid that is biodegradable
and biocompatible. It is a FDA-approved material that is widely studied and used for
biomedical applications, such as the production of polymeric nanoparticles, scaffolds
for tissue engineering and the production of drug-eluting medical devices[136,137],
thanks to its non-toxic and non-immunogenic properties. PLGA with different
physicochemical properties, such as molecular weight, end group, and the ratio of
lactic acid and glycolic acid are available commercially for specific biomedical
purposes[136]. PLGA with high molecular weight has a slower degradation rate than
those with lower molecular weight because more time is required to break down the
long polymer chain[138]. Therefore, a PLGA with a relatively high molecular weight
(76 — 114 kDa) was used in Chapter 5 for drug-eluting coating on commercially
available contact lenses.

O
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Figure 2.6. Chemical structure of PLGA (x is the number of lactic acid units and y is

the number of glycolic acid units.
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2.2 General physicochemical characterisation methods

2.2.1 Physical characterisation of the ODF inks and/or nES precursor spraying
solutions

2.2.1.1 Density

The density of the solutions was measured by a DMA 4500M density meter (Anton
Paar GmbH, Graz, Austria) equipped with an oscillating U-tube at 25 °C. The

measurement was done in triplicate to calculate the average density.

2.2.1.2 Surface tension

The surface tension of the solutions was measured by a DMS-401 tensiometer
(Kyowa, Niiza-City, Japan) using the pendant drop method. Ten measurements were
carried out for each sample to calculate the average surface tension.

2.2.1.3 Conductivity

The conductivity of spraying precursors was measured by the Jenway 4510
conductivity meter (Stone, UK) equipped with a microvolume conductivity probe
(027816, Jenway, Stone, UK) at 25 °C.

2.2.1.4 Rheological properties

Rheometers are widely used to measure the flow and deformation of a substance,
specifically, the change of internal structure of the sample subjected to an external
force. A rotational rheometer was used in the study to measure the dynamic viscosity
of samples. A fluid can be classified as Newtonian or non-Newtonian fluid. The
viscosity of a Newtonian fluid is independent of the shear rate, whereas the viscosity
of non-Newtonian fluids changes accordingly to the applied shear[139]. Non-
Newtonian fluid can be further categorised by pseudoplastic, dilatant and Bingham
plastic. The specific behaviour of the polymer solutions used in each chapter is

detailed in the corresponding results sections.
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The dynamic viscosity of the solutions was measured by a Discovery HR-2 rheometer
(TA Instruments, Delaware, USA) equipped with a 2°, 40 mm cone-and-plate
geometry. The method was set as a flow ramp procedure from 0.1 to 100 s at 25 °C

for 60 s. The measurement was done in triplicate to calculate the average viscosity.

2.2.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is often used to determine the weight change of a
material to a range of temperatures. The thermogravimetric analyser contains a
sensitive balance to measure the weight change of samples against temperature. The
resulting data provides insight into determining the thermal stability of the tested
materials. Therefore, TGA is often used to determine the degradation temperature of
pharmaceutical materials. Measuring the moisture content of the sample is also
possible by using the TGA. The TGA data is essential to set the maximum temperature
of a method for the differential scanning calorimetry (DSC) to avoid the degradation of
samples.

The degradation temperature of all samples (2.5 mg — 6 mg) was loaded to an open
aluminium pan and measured by the TGA 5000 (TA Instruments, USA), heating from
25 °C to 400 °C at a heating rate of 10 °C/minute. The temperature at 95% weight

change was adopted for the corresponding DSC methods.

Three samples (approximately 2.5 — 6 mg) of MD printed films with different printing
cycles and cast film were measured for moisture content. The films were placed on
platinum pans and heated from 25 °C to 300 °C at a rate of 10 °C/min under a
continuous flow of nitrogen (50 ml/min). The weight change between 25 °C to 100 °C
is considered the loss of moisture from the film and analysed using TRIOS software
(TA Instruments, USA).
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2.2.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a standard method to measure the heat flow
to a sample and its associated thermal events, such as melting point, glass transition
temperature and crystallisation temperature[140]. DSC can characterise materials
including active pharmaceutical ingredients, polymers and inorganic materials to
evaluate the crystal state, solubility of API in the polymer and purity[141]. There are
two types of DSC available commercially, heat-flux, power differential and power-
compensated DSC. The heat-flux DSC, which measures the supplied heat difference

between the sample and reference, was used for all studies.

The DSC 2500 (TA Instruments, USA) was used to measure the crystallinity of PAR
in the orodispersible films prepared by the printing and casting methods. All samples
and raw materials were separately crimped in an aluminium pan. PAR and HPMC
were subject to the standard heat-cool-heat cycle from 0 °C to 220 °C and 300 °C
respectively, at 20 °C/min heating and cooling rate. The film samples were cut to fit
the aluminium pan and heated to 220 °C at 20 °C/min. All measurements were
conducted with nitrogen as the purge gas with a 50 ml/min flow rate. The analysis was
performed by TRIOS software (TA Instruments, USA).

2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy

FTIR is a vibrational spectroscopy that is widely used in the pharmaceutical industry.
It emits electromagnetic radiation between 400 cm™ — 4000 cm to the sample of
which the chemical bonds of the sample stretch and/or bend by absorbing the
electromagnetic wave[142]. The characteristic bonds absorb particular wavelengths
and show peaks in the IR spectrum that can be used as a fingerprint of molecules,
which helps identify impurities in the sample, chemical changes of molecules and
drug-excipient interactions. The ATR attachment enables simple and non-destructive

measurements without prior sample preparation.
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The distribution of paracetamol at different areas of the MD printed film with eight
printing cycles and the cast films and any potential drug-polymer interactions were
studied using the FTIR spectrometer Vertex 70 (Bruker Optics Ltd, Coventry, UK)
equipped with a golden Gate Attenuate Total Reflectance accessory (Space Ltd,
Orpington, UK). Three random locations on each film were selected for measurement.
The measurement was performed from the wavenumber range of 500 — 4000 cm™ at
a resolution of 2 cm™ and 32 scans. The results were analysed using the OPUS

software version 7.8 (Bruker Optics Ltd, Coventry, UK).

2.2.5 Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectroscopy is a technique to quantify the amount of light absorbed by a
sample. A chromophore has to be present in the sample to be UV-active, meaning the
sample would absorb light waves in the UV-Vis region. Using Beer-Lambert Law, the
concentration of a material that absorbs light is calculated by the following
equation[143].

A =¢gcl

, Where A is the absorbance, ¢ is the molar absorption coefficient, ¢ is the molar
concentration and | is the optical path length. Alternatively, the transmittance of a
sample can be measured using a UV-Vis spectrophotometer by using the following

equation.

I
T(%) = 100 —
Iy

, Where T is the transmittance in %, lois the intensity of incident light, and I is the light

intensity after passing through the sample.

The amount of PAR in the cast and printed ODFs was quantified by UV-Vis
spectrophotometer (Lambda 35, Perkin Elmer, UK) at the Amax of 243 nm. A calibration
curve of PAR in PBS pH 7.4 was built by measuring the concentration ranging from
1.5 pg/ml to 15 pg/ml. The cast ODFs and MD printed ODFs were dissolved
individually in 5 ml of PBS pH 7.4 and diluted accordingly to be quantified by the UV-
Vis spectroscopy. The average value was calculated by five samples from printed
ODFs and cast ODFs.

54



2.2.6 Optical transmittance of nES-coated contact lenses

The method to measure transmission of light through contact lenses was adopted from
the literature[144]. Briefly, the lenses were measured at a 1 nm interval from 200 —
800 nm using a UV-Vis spectrophotometer (Lambda 35, Perkin Elmer, UK). The light
beam has a dimension of 7.5 mm in height and 1 mm in width according to the
instrument specifications. The contact lenses (N=3) were immersed into a quartz
cuvette containing PBS pH 7.4 solution to maintain the hydration of contact lenses
during measurement. The convex side of the contact lens was facing the incoming
beam (Figure 2.7). The % transmittance of blank contact lenses was used as control.
The lenses are expected to have at least 95% transmittance to provide clear vision[68].

Cuvette containing PBS —>

Coated contactlens ———>

Direction of light beam

Side view Front view

Figure 2.7. A: An illustration of the setup for measurement of optical transmittance for
nES-coated contact lenses. B: The position of coated contact in a quartz cuvette

containing PBS pH 7.4 solution.

2.2.7 High-performance liquid chromatography (HPLC)

HPLC separates a mixture of compounds in the sample by using the difference in
polarity of the compounds in the sample. A typical HPLC system consists of the mobile
phase, an injector, a column, a pump and a detector. A reverse phase column is
usually used for drug assay in the pharmaceutical field. A range of detectors is
available depending on the physical properties of the analyte. For example, UV
detectors, refractive index detectors and fluorescence detectors[145]. In the study, the
HPLC system (Jasco, Hachioji, Japan) consisted of a PU-1580 solvent delivery system
linked to an UV-1570M UV detector and an AS-2055 Plus auto-injector.

Chromatography was carried out using a reversed-phase HC-C18(2) column (250 x
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4.6 mm, 5 um) (Agilent, Santa Clara, USA) with a C18 guard column (12.5 x 4.6 cm,
5 um) (Agilent, Santa Clara, USA).

2.2.8 Scanning electron microscopy (SEM) and cryo-SEM

SEM is a common imaging method to observe micro- and nanostructure. The imaging
method provides qualitative information on the surface topology with a magnification
range from 10x to 100,000x[146]. Sputter coating of a metal, usually gold, is required
prior to SEM imaging, to scatter the incident electron beam from the sample to the
detector. The surface morphology of orodispersible films and nES coating on contact
lenses was imaged using the Gemini 300 scanning electron microscopy (SEM) (Zeiss,
Cambridge, UK). For the orodispersible films, film samples were cut and attached to
a sample holder with carbon adhesive tape and sputter-coated with gold for 30
seconds and 2.2 kV at 55 mm and 5x10-2 mbar (Quorum Technologies, Lewes, UK).
Images of cross-sections and surfaces of printed and cast films were captured using
SEM. The nES-coated lenses were imaged using the above SEM equipped with the
PP3010T cryo-chamber (Quantum Design AG, Marly, Switzerland). The nES coated
lenses were stored in a container with a lint-free wipe moistened with PBS before
imagining. The lens was cut to one-fourth of the whole lens, which was frozen rapidly
by nitrogen slush. The frozen sample was transferred to the cryo-chamber for the
sublimation of surface ice and sputter coating with platinum under vacuum before

being sent to the SEM cold stage for image acquisition.

2.3 Configuration of the microdispensing (MD) printing system

The MD system mentioned in Chapter 3 was built in-house to fabricate personalised
ODFs. The system consists of an air compressor, the control unit for dispensing, a
valve-based printhead, a pressurised reservoir to carry the drug-loaded ink and the
substrate to carry the deposited liquid (Figure 2.8). The components of the MD system
built in-house and the procedure to print ODFs are detailed in Chapter 3.
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Figure 2.8 lllustration of the MD system built in-house to print personalised ODFs on-

demand (components are not to scale).

The MD system is flexible and provides a range of dispensing parameters to be
adjusted as listed in Table 2.2. The characterisation of the MD system using placebo
inks and the physical characterisation of printed ODFs are discussed in Chapter 3.

Table 2.2 List of all dispensing parameters that are adjustable from the MD system.

Dispensing parameters Operation range
Pressure (kPa) 0-350
Rising time (ms) 0.5-999.9
Opening time (ms) 0 - 3000
Falling time (ms) 0.3-999.9
Delay time (ms) 1-1000
Opening height (%) 2-100
Number of pulse(s) 1 - 32000
Nozzle diameter (um) 60, 100, 200
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2.4 Configuration of the nanoelectrospray (nES) printing system

The custom-made nES printer (PCE Automation, Beccles, UK) shown in Figure 2.9.
was built to automate the nES process to fabricate circular films or dots on surfaces.
Within the system, a ceramic nozzle with a 50 ym internal diameter (MicroDot tip
7364054, Nordson EFD, Dunstable, UK) was connected to a 2.5 ml Luer lock syringe
(Terumo, Japan), which is fixed to the motorised z-translation stage (EGSC-BS-KF-
32-100-8P, Festo, Esslingen am Neckar, Germany) and travels vertically. Pneumatic
pressure supplied to the syringe can be regulated by the in-line pressure gauge, which
enables nES printing of highly viscous liquid. A digital camera with a high magnification
lens (MVL6X12Z, Thorlabs LTD, Lancaster, UK) was used to monitor the spraying
process. The fluorine-doped tin oxide glass slide was secured and grounded on the 2-
dimension motorised x-y translation stage (5155-1000A, Festo, Esslingen am Neckar,
Germany), which moves simultaneously to generate circular movements. The
substrate is interchangeable with other substrate materials, such as metal or insulators
if required. All the movement in x, y and z directions and spraying parameters are
controllable from the built-in control panel of the machine. There are a few components
connected to the nES system externally that are not shown in the top image of Figure
2.9 and explained as follow. As illustrated in the schematic diagram in Figure 2.9, the
high voltage power supplies (HCP 14-6500, F.u.G. Elektronik GmbH, Schechen,
Germany) were connected to the high voltage switch (PVX-4140, Direct Energy, Inc.,
Colorado, USA), which is linked to the nES printer and responsible for switching
voltage to get into pulsation mode. The function generator (TG 1000, Aim-Tti,
Huntingdon, UK) was used to control the frequency and amplitude of the square waves
generated. A current amplifier, (DLPCA — 200, Laser Components, Chelmsford, UK)
was used to amplify the voltage and connected to a digital storage oscilloscope
(TBS1104, Tektronix, Beaverton, USA) to monitor the waveform of the spraying
process. The measurement resistance of the amplifier was set to 10% Q for all
measurements. The nES system enables switching of the applied voltage to reduce
the time required to charge the precursor solution beyond the spraying threshold
(Figure 1.10). The nES system was set to a continuous spraying mode (disable the
switching components) to maximise the delivery rate of polymer onto the substrate.
The lower supplied voltage (V1 in Figure 1.10) was set to zero in all experiments to

reduce variables. Direct current was adopted in all experiments.
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Figure 2.9. Experimental setup of the custom-made nES system to deposit atomised

polymer droplets on the substrates.

2.5 Fabrication of drug-eluting contact lenses

The hydrogel contact lens was soft, and its shape often changed when it was placed
on the conductive glass substrate, leading to poor reproducibility of the lens position.
The contact lens specification was used to produce a lens holder by FDM 3D printing
to resolve such an issue. The 3D model (Figure 2.10 B) of the lens holder was built in
an open-source software named Blender (v2.9, Amsterdam, Netherlands), according
to the dimension of the contact lenses. The 3D model also provides information to
calculate the coating location (radius) and the nozzle substrate distance as seen in
Figure 2.10 D.
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The spraying solution and contact lens required preparation before the nES coating
process. The spraying solution was prepared by dissolving the polymer into a suitable
solvent system under vortex until complete dissolution. The resulting solution was
filtered via a syringe filter to remove any particulates in the solution, preventing
blockage of the spraying nozzle. As for the contact lens, it was removed from the
packaging and equilibrated in PBS pH 7.4 for 30 minutes. Excess liquid on the lens
was removed by a lint-free dry wipe before transferring the contact lens to the lens
holder.

To maintain the hydration of contact lenses, 10 pl of PBS pH 7.4 was pipetted onto
the silver region of the 3D-printed lens holder before positioning the semi-dry contact
lens on it (Figure 2.10 C). The polymer-drug solution was sprayed at the peripheral
region (Figure 2.10 A) of contact lenses (N=3) with the predetermined parameters.
Once the lenses were nanoelectrosprayed, they were stored in a container with lint-
free cloth moistened with PBS 7.4 to maintain hydration before other measurements.
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Figure 2.10. The targeted deposition of a polymer-drug layer on contact lens by nano-
electrospraying (A), the 3D model of the lens holder (B), the 3D-printed lens holder
with a blank contact lens (C) and illustration of the 3D-printed lens holder with

reference to different spraying parameters (D).
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Chapter 3 Drop-on-demand  printing of personalised
orodispersible films fabricated by precision micro-

dispensing

3.1 Introduction

Personalised orodispersible films (ODFs) manufactured at the point-of-care offer the
possibility of adapting the dosing requirements for individual patients. Inkjet printing
has been extensively explored as a tool for producing personalised ODFs[50,56,147].
However, it is limited to dispensing liquids with low viscosity and the interaction

between the ink and edible substrate complicates the fabrication process[40].

In this study, the feasibility of using a micro-dispensing (MD) jet system built in-house
to fabricate substrate-free ODFs on demand was evaluated. The aim was to
demonstrate the fabrication of personalised ODFs using a MD system, evaluate the
accuracy of printing, and understand the droplet fusion and film-forming properties, as
well as their impact on the disintegration behaviour of the printed ODFs. The model
ink contains HPMC as the model polymer and paracetamol as the model drug. HPMC,
with the particular grade of Pharmacoat 606, is selected because of its excellent film-
forming, rapid hydration, and disintegration properties. Paracetamol is used as the
model drug to demonstrate the dose adjustment capability of ODFs prepared by MD
printing according to the patient’s clinical needs. A repeatable printing sequence was
designed to produce ODFs with various doses using the model ink (an ink with a fixed
model drug concentration), and different numbers of printing cycles for dose
adjustment. Cast films of the same formulation were used as the control sample to
benchmark the mechanical properties, disintegration time, and dosing accuracy of
MD-printed ODFs. Both the cast and printed film showed smooth surface morphology
without any air bubbles. No significant difference was found in the disintegration time
of the MD-printed films compared to the cast films. High precision in dosing by MD
printing was achieved. The dose of paracetamol had a linear correlation with the
dimension of the printed films (R? = 0.995). The results provide clear evidence of the

potential of MD printing to fabricate ODFs and the knowledge foundation of advancing
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MD printing to a point-of-care small-batch manufacturing technology of personalised
ODFs.

3.2 Materials and methods
Unless considered in this chapter, the materials and methods are specified in Chapter
2.

3.2.1 Materials

Hydroxypropyl methylcellulose (HPMC) (commercial name as Pharmacoat 606) was
kindly donated by Shin-Etsu (Niigata, Japan) and used as the film-forming polymer to
fabricate the ODFs. Paracetamol and phosphate buffer saline (PBS) tablet pH 7.4
were purchased from Sigma-Aldrich (Gillingham, UK). Milli-Q (Millipore, Merck, USA)
ultra-pure water was used as the solvent of the ink. The model of the micro-dispensing
(MD) system used in this study is a Nanojet Piezo Valve NJ-K-4020 with an inner
nozzle diameter of 200 ym (Microdrop Technologies GmbH, Norderstedt, Germany).
Polyethylene terephthalate (PET) plastic film (KF26066) was purchased from Q-
connect (Sheffield, UK) and used as the substrate for printing and casting ODFs.
Listerine PocketPaks® breath strips (a pullulan-based oral film) were purchased from
Johnson & Johnson (New Brunswick, USA). All materials were used without further

processing.

3.2.2 Preparation of placebo and polymer-drug inks

Three concentrations of HPMC solutions (5%, 10% and 15% wi/v) were prepared as
the placebo ink to characterise the MD system. The polymer was dissolved in water
with stirring at 50 °C using a magnetic stirring hot plate until all powder dissolved and
allowed to degas overnight at ambient conditions. The polymer-drug ink (HPMC 15%
w/v, paracetamol 1.4% w/v) was prepared by dissolving all the dry ingredients into the
water and following the same procedure as the placebo ink. Only the HPMC 15% w/v
proceeds to printing drug-loaded ODFs since it has similar dynamic viscosity to the
suggested viscosity (1000 mPa.s) for casting ODFs[30]. All resulting solutions were
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filtered by a glass fibre syringe filter with a 5 um pore size (OU-12915-33, Cole-Parmer
GmbH, Wertheim, Germany) and allowed to settle down before printing.

3.2.3 Microdispensing (MD) printing system setup

The components of the MD system built in-house are shown in Figure 3.1. The system
consists of a piezoelectric MD printhead with an inner nozzle diameter of 200 ym and
is attached to a manual z-translation stage (PT1B, Thorlabs, USA), a Sil-Air 30D air
compressor (Sil-Air, Emilia Romagna, Italy) to pressurise the ink reservoir, a computer
to control the movement of the motorised x-y translation stage (MTS-25, Thorlabs,
USA) and to design the printing sequence, a control unit to adjust the dispensing
parameters and to control the supplied pressure to the liquid reservoir and a liquid

reservoir connected to the MD printhead.

Air compressor

Manual z Control unit of
translation stage dispensing
) arameters
Micro-valve P
printhead
Substrate
Motorised x-y Ink reservoir

translation stage

Figure 3.1. The MD system built in-house to print personalised ODFs on-demand.
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Figure 3.2 illustrates the dispensing mechanism of the piezoelectric MD printhead and
its corresponding dispensing parameters. The microdispensing system contains a
piezo-actuated valve, which remains closed in the non-operational state to avoid
leakage of the ink (step 1 in Figure 3.2). The tappet rod moves upward with the rising
time to allow the liquid stream to flow out of the orifice (step 2 in Figure 3.2). The rising
time (0.5 — 999.9 ms) defines the required time for the tappet travels upward. The
relative displacement of the tappet rod away from the nozzle represents the opening
height, where 100 % is fully lifted, and 2 % is the minimum value. The actual
displacement of the tappet rod was not measurable and presented as % as mentioned
earlier. The opening time (0 — 3000 ms) indicates the time when the tappet rod remains
at a particular position to allow free flow of liquid out of the nozzle (step 3 in Figure
3.2). The tappet rod then moves downwards to eject the liquid out of the nozzle (step
4 in Figure 3.2). The time required to move the tappet rod back to its original position
defines the falling time (0.3 — 999.9 ms). Once the dispensing cycle is completed, the
valve remains closed for a specific time before the next dispensing cycle (delay time,
from 1-1000 ms).

®
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Figure 3.2. A complete dispensing cycle and the corresponding dispensing

parameters.
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3.2.4 Effects of MD printing parameters on the accuracy of dosing volume

Placebo HPMC inks were used to investigate the critical dispensing parameters of the
MD system that can affect the accuracy of the dispensed volume. The importance of
this investigation lies in the direct link between the accuracy of the dispensing volume
and the accuracy of the drug dispensed into the ODFs. The one-factor-at-a-time
approach was adopted. The rising time (0.5 ms) and falling time (0.3 ms) were set to
the minimum value for ease of characterisation. The gravimetric method was used to
measure the change in dispensing volume against different dispensing
parameters[148]. Dispensing volumes were measured when one of the four key
dispensing parameters was varied while the others were held constant. The
investigated parameters include supplied pressure, opening height, opening time and
delay time. Within each experiment set, ten drops of the placebo ink were dispensed
into a pre-weight glass vial containing dodecane as a barrier liquid (to prevent
evaporation of the ink). The weight difference of the vial before and after dispensing
was measured. The dispensing volume was calculated using the density equation, v
= m/ p, where p is the density, m is the mass and v is the volume. For each set of
parameter changes, three independent sets of ten drops of dispensing were performed
and measured to examine the reproducibility of the tests. A light microscope FDSC196
(Linkam Scientific, Tadworth, UK) was also used to observe the change of droplet

morphology with different dispensing parameters.

3.2.5 Fabrication of drug-loaded ODFs

3.2.5.1 Cast ODFs

The cast ODF was prepared by casting 10 ml of the polymer-drug ink stated above
onto the PET substrate by an adjustable film applicator 1117 / 100 mm (Sheen
Instruments, Herefordshire, UK) set at a 550 um gap height. The cast ODF was dried
in an oven set at 30 °C for approximately 2 hours. The resulting film was cut into square
films with 18 mm x 18 mm dimensions using a craft puncher before being stored in a

desiccator for further measurements.
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3.2.5.2 Printed ODFs

The printing of ODFs started with the characterisation of droplet dimensions and
morphology, followed by designing the printing sequence. The printing parameters,
such as the nozzle substrate distance, pressure, opening height and opening time,
were characterised. Once the droplet has achieved an acceptable quality (no air
bubbles, no distorted shape), the printing sequence was designed as shown in Figure
3.3. When the printing started, the translation stage moved in the y-direction from the
pre-set coordinate towards the zero point, followed by the movement to the x-direction.
The translation stage moved back to the original y-coordinate when the movement
along the x-axis was completed. The ODFs were formed by depositing a specific
number of droplets as a printing cycle onto the PET substrate using the optimised
dispensing parameters stated in Table 3.1. It is worth noting that the frequency of
droplet dispensing is not specified here. It is controlled by combining a range of
operational parameters, including the raising, the falling, the opening and the delay
time. These are discussed in the result section in Chapter 3. The drug loading of ODFs
was increased by repeating the printing cycles (1, 2, 4, 6 and 8) to expand the print
area along the x-direction. The printed ODFs were subsequently dried in a 30 °C oven

for 2 hours before being stored in a desiccator for measurements.

1 printing cycle 2 printing cycles 3 printing cycles
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Figure 3.3. Examples of printing cycles to fabricate ODFs with different drug loading.
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Table 3.1. Optimised printing parameters for printing drug-loaded ODFs by the MD

system.

Pressure (kPa) 295
Opening height (%) 45
Opening time (Ms) 14
Rising time (ms) 0.5
Falling time (ms) 0.3
Nozzle substrate distance (mm) 3

Delay time (ms) 350

3.2.6 Physical characterisation of cast and printed ODFs

3.2.6.1 Thickness:

The thickness of 18 mm x 18 mm cast ODFs, printed ODFs with eight printing cycles
and Listerine PocketPaks® films were measured by an electronic thickness gauge ET-
3 (Rehder-dev, Greenville, USA). The measurement was performed at four corners
and the centre of the film. Five samples of each type of film were measured and the

average thickness was calculated.

3.2.6.2 Weight:

The weight of printed ODFs with different printing cycles and cast ODFs were
measured by the analytical balance XS205DU (Mettler Toledo, Leicester, UK) after
the film was stored in the desiccator for 24 hours. The average weight was calculated

by five samples from each type of film.

3.2.7 Mechanical properties of ODFs

Four samples of the 18 mm x 18 mm MD-printed ODFs and cast ODFs were subjected
to mechanical testing using a Texture Analyser TA-Xtplus (Stable Micro Systems,
Godalming, UK) to determine the tensile strength and elongation at break. Listerine
PocketPaks® films were used as the guide for film handling by comparison with the
cast and printed films. The films were fixed between two clamps with a 1 cm gap using
tensile grips A/TG (Stable Micro Systems, Godalming, UK). The clamps moved away
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from each other with 50 mm/min velocity until the film was torn. Tensile strength
(N/mm?) is defined as the maximum force required to break the film and is calculated
by Eqt. (3.1).

Tensile strength = force at break ...Eqt. (3.1)

cross—sectional area of films
Elongation at break (%) is defined as the ratio of length increased after fracture to the

original length of the film as shown in Eqt. (3.2).

, i al h break
Elongation at break = T—-—-" 19 Lathreak x 100 ...Eqt. (3.2)
original length

3.2.8 Disintegration test of ODFs

A modified petri dish method was adopted to evaluate the disintegration time of MD-
printed and cast ODFs[149]. A watch glass with a 10 cm diameter containing 2 ml PBS
pH 7.4 was equilibrated in a shaking incubator (KS 3000 I control, IKA, Germany) set
at 60 rpm and 37 = 0.5 °C. The films were laid on PBS and recorded when the film
started to disintegrate[150]. The measurement was done in triplicate for all types of

films.

3.2.9 Statistical analysis

The basic calculation was performed by Microsoft Excel® (Microsoft Office 365). The
data analysis was performed using SPSS statistical program (SPSS 25, IBM, New
York, USA). Analysis of variance (ANOVA) and the Tukey test were used to compare
the thickness of ODFs at different locations. A statistical significance is considered

when the p-value is lower than 0.05.

3.3 Results and discussion

3.3.1 Ink characterisation

The main advantage of MD in comparison to inkjet printing is the capability to dispense
viscous ink. The viscosity of the ink has a direct impact on droplet spreading on the
substrate and drug distribution. A highly viscous solution can reduce its spreading on
the PET substrate and thus achieve a higher quantity of drug per area. The high ink
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viscosity also enables single pass printing to fabricate ODFs with sufficient thickness
and drug loading, improving the production efficiency and the range of medications
that can be printed as ODF potentially. This is a major challenge for direct inkjet
printing of ODFs. The measured dynamic viscosity of 15% w/v HPMC placebo ink was
813.92 £ 1.72 mPa.s. The dynamic viscosity of the polymer-drug (15% w/v HPMC and
1.4% wiv paracetamol) ink was 818.32 + 4.45 mPa.s as shown in Table 3.2. The
polymer-drug ink behaved as a Newtonian fluid since the shear stress and shear rate

showed a linear relationship.

Table 3.2. Physical properties of placebo and polymer-drug inks.

Formula Viscosity (mPa.s) Density (g/ml)
HPMC 5% wi/v 32.58 £ 1.65 1.01+0.01
HPMC 10% w/v 202.18 + 2.62 1.02+0.01
HPMC 15% w/v 813.92+1.72 1.03+0.01

HPMC 15% w/v + paracetamol 1.4% w/v  818.32 £ 4.45 1.03+0.01

3.3.2 Effects of MD printing parameters on the accuracy of dosing volume

The placebo HPMC inks were used to determine the effect of dispensing parameters
on dispensing volume. The dispensing volume is influenced by the opening time (ms),
applied pressure (kPa), and opening height (%), as illustrated in Figure 3.4. The
applied pressure must be sufficiently high to ensure the liquid has enough velocity to
leave the nozzle and travel to the substrate. Low applied pressure leads to dispensing
failure because of the accumulation of ink at the nozzle. High applied pressure
increases the dispensing volume, but the effect on dispensing volume is less than the
effect of the opening time. As seen in Figure 3.4 A, for all concentrations of HPMC ink,
the volume of the placebo ink dispensed is linearly proportional to the applied
pressure. There is no linear correlation between dispensing volume and opening
height as seen in Figure 3.4 B Air bubbles were observed in the droplets when the
opening height was set to 100%, as shown in Figure 3.5. This issue was addressed
by reducing the opening height to below 45%. However, this adjustment resulted in a
significant reduction in the volume dispensed. Therefore, the opening height was set

at 45% for printing the drug-load ODFs. The opening time is the most critical parameter
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to control the dispensing volume among the tested dispensing parameters. Figure 3.4
C shows that the opening time is highly linearly correlated with the dispensing volume
for all three placebo inks tested. More importantly, compared to Figure 3.4 A, the
sensitivity of the opening time to adjust the dispensing volume is much greater than
the pressure. By changing the opening time from 10 ms to 200 ms, the dispensed
volume of 5% HPMC ink can be changed from less than 20 pl to nearly 600 ul. The
test range of delay time has a minimal impact on the dispensing volume as shown in
Figure 3.4 D. To optimize the dispensing parameters for new ink, the pressure should
be adjusted first to provide enough energy to the ink leaving the nozzle. The droplet
morphology should be monitored for a range of opening heights until defect-free
droplets form. The opening time is adjusted subsequently to dispense the required

volume. Finally, the delay time is changed to achieve the targeted droplet pitch.
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Figure 3.4. The correlations between the dispensing volume of the placebo HPMC ink
and (A) pressure; (B) opening height; (C) opening time and (D) delay time. (For each
graph, only the defined parameter was changed. The rest of the dispensing
parameters remained constant.)
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Opening height 45% Opening height 75% Opening height 100%

Figure 3.5.Example microscopic images of the droplet of the placebo HPMC ink
containing air bubbles (highlighted by red arrows) dispensed at different opening

heights.

3.3.3 MD printing parameter optimisation for drug-loaded ODF fabrication

Following the investigation into the effects of individual printing parameters on the
dispensing volume, the printing parameter optimisation using the polymer-drug ink
(HPMC 15% wl/v, paracetamol 1.4% w/v) was performed. The nozzle-substrate
distance was set as low as possible to expand the operational range for other
dispensing parameters[148]. The rising time and falling time were set to the minimum
value for ease of optimisation. The pressure was adjusted to ensure the droplet had
sufficient velocity to leave the nozzle without splashing when it landed on the
substrate. The opening height was then adjusted to produce droplets free of bubbles
to ensure bubble- and defect-free films. Once these were optimised, the opening time
was optimised to allow the dispensing of droplets with diameters of 1.65 mm on the
PET substrate so that the overlapping of droplets forms a straight line of 18 mm in
length. Finally, the delay time was adjusted according to the movement speed of the
x-y translation stage (2.4 mm/s) to control the degree of overlapping of droplets. The

optimised printing parameters adopted to print ODFs are shown in Table 3.1.

3.3.4 Thickness and surface morphology of drug-loaded ODFs
Figure 3.6 A demonstrates the locations of measurements for the thickness of ODFs.

The thickness of 18 mm x 18 mm drug-loaded ODFs prepared by solvent casting, MD
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printing (with eight printing cycles) and Listerine PocketPak® films is shown in Figure
3.6 B. The average (taking into consideration of corners and centres of the films)
thickness of cast films and MD-printed films were 60.12 £+ 1.67 um and 51.24 + 8.8
um, respectively. The thickness of Listerine PocketPak® films is 45.64 + 1.04 pum. In
terms of the evenness of the thickness across the films, the cast films and Listerine
PocketPak® films showed even thickness throughout the film (p = 0.932 > 0.05 and p
= 0.508 > 0.05, respectively); whereas the MD-printed films showed uniform thickness
at the corners (p = 1 > 0.05) with an elevated centre (p = 0.0001 < 0.05) (Figure 3.6
B). The marketed product, Listerine PocketPak® films, is used as the benchmark to
assess the film quality since it shows high consistency in the thickness of the entire
film. The results of this film obtained in this study agree with other reported
results[151]. The high evenness of the film thickness of the cast film is because the
cast films tested were cut from the centre of a large parent film. The cast parent films
had significantly thinner edges than the centres, thus only the central areas were used.
For the MD-printed films, the thicknesses of the edges and centres are the accurate

representation of the properties of the film directly after manufacturing.
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Figure 3.6. (A) An example of drug-loaded ODF prepared by MD printing to show the
location of measurement; (B) the thickness of 18 mm x 18 mm cast, MD-printed drug-
loaded ODFs (with eight cycles) and Listerine PocketPak® films at different locations.
Asterisks refer to a statistically significant difference (p = 0.0001 < 0.05) with the
thickness at the centre; (C) graphic illustration of the drying and ODF formation

processes of the partially overlapped droplets deposited by MD.

It was observed that the drying of the MD-printed drug-loaded ODFs originated from
the edge of the film and emerged slowly towards the centre. The possible cause of the
higher thickness of the centre of the MD-printed ODFs than the corners may be
explained by the lateral spreading of the wet film, as illustrated in Figure 3.6 C. As
defined by the print path design, there is a degree of overlap between individual
droplets. After deposition, this leads to rapid coalescence or fusion of adjacent droplets
to form the liquid ‘pool’ and cause opposing flow in the centre. However, at the edges,
there is mainly lateral spreading of the droplets deposited at the outer edge leading to
the formation of a thinner layer of liquid than the centre prior to solidification via drying.

Using a non-wetting substrate is likely to suppress the lateral spreading. The large
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parent film prepared by the casting method also exhibited lateral spreading, resulting
in nonuniform thickness with thinner edges and a thicker centre. However, the cast
films used as the controls were cut from the centre of the parent film using an 18 mm
x 18 mm craft punch, thus with good consistency of the thickness of the corners and

the centres.

3.3.5 Surface morphology of MD-printed drug-loaded films

The texture of drug-loaded ODFs can affect patient’s acceptance to some extent. The
film should show a homogenous surface or colour to demonstrate its quality[152]. As
discussed earlier, ODFs prepared by inkjet printing often require the printing of drug-
containing inks onto a pre-prepared edible substrate film. This poses the risk of
substrate malformation because of the printing process[47]. It is often attributed to the
high proportion of solvent used in inkjet printing ink to control viscosity. The solvent
can solubilise the substrate film upon contact, leading to an uneven substrate surface
after multi-pass printing. The MD uses a single pass printing approach to fabricate
ODFs to reduce the risk of poor surface texture associated with overprints. The surface
properties of cast and MD-printed drug-loaded ODFs are shown in Figure 3.7. The
MD-printed ODFs demonstrated a smooth surface (Figure 3.7 A — D), indicating the
overlapping of droplets was sufficient to allow the complete fusion of adjacent droplets
to form a homogenous film. The cross-sectional images of printed ODFs show
homogeneous distribution of materials. Similar surface morphology was also observed
from the cast film (Figure 3.7 E — H). A layered appearance is observed in some of the
cross-sectional images of the MD-printed ODFs, but not in others. Thus, we believe
the appearance of the layering I- due to the artefacts caused during the cutting

process of the films.

76



MD printed ODFs

Surface

Cross-section

Surface

Cross-section

Figure 3.7. Representative SEM images of the drug-loaded ODFs prepared by MD
and the casting method. A & B: surface of the MD-printed ODF, C & D: cross-section
of the MD-printed ODF ; E & F: surface of the cast ODF, G & H: cross-section of the
cast ODF. The white boxes in the figure show the images of higher magnifications of
the area of interest.
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3.3.6 Physicochemical characterisation of the drug-loaded ODFs

Table 3.3 shows the measured physicochemical properties of MD-printed and cast
ODFs. The printed films were set to have a fixed length of 18 mm and the film width,
and the overall film area was expanded by increasing the number of printing cycles. A
range of printing cycles, between one to eight, were used to produce the films and
investigate the correlation between the number of printing cycles and mechanical
properties (section 3.3.7), film weight and drug content (section 3.3.8), and
disintegration behaviour (section 3.3.9). A detailed discussion of these can be found
in later sections. Eight printing cycles provide a film with a dimension of 18 mm x 18
mm which is comparable to the cast films, and thus used for further mechanical testing.
The data demonstrated that the dimension and drug dose of the MD-printed films is

freely adjustable by altering the number of printing cycles.

Table 3.3. Physical characterisation, concentration and disintegration time of drug-
loaded ODFs prepared by MD printing and casting (n=5).

Printing cycle(s) 1 2 4 6 8 Cast
Print time(s) 16 32 65 98 131 -
Film dimension:

_ 2.7 X 4.6 X 9.4 x 13.6 x 18.0 x 18.0 x
Width (mm) x

18.0 18.0 18.0 18.0 18.0 18.0

Length (mm)
Film weight 2.98 £ 588+ 1030+ 1446+ 1886 2334+
+ SD (mg) 0.34 0.35 0.34 0.21 0.08 0.55
Paracetamol 235.17 453.22 775.78 111590 1372.20 1779.74
content + SD (ug) +24.25 +£28.88 £53.19 +16.46 +16.27 *46.56
Moisture 2.82 2.46 2.63 % 3.16 + 2.20 = 293+
content (%) £ SD 0.79 0.40 0.23 0.39 0.74 0.07
Disintegration 19.0 + 28.7 26.0 30.7 £ 29.0 + 30.0+
time = SD (s) 4.0 5.5 5.3 3.1 3.6 3.6
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3.3.6.1 Moisture content in the ODFs

TGA was used to determine the moisture content of printed and cast films, as shown
in Table 3.3. The MD-printed films show a range of moisture content from 3.16 to
2.2%, while there is 2.93% moisture in the cast films. No guidelines on the moisture
content are currently available in the pharmacopoeia. Borges et al. suggested that the
residual moisture content in the ODF should range from 3 — 6% based on
measurements of commercially available ODFs[153]. ODFs with up to 10% moisture
have been shown to be acceptable without any problems related to sticky or tacky
films[154]. The moisture content of ODFs could impact the crystal state of the API and
the mechanical properties of ODFs. The low moisture content that remained in the
ODFs was likely due to the hydrophilic nature of HPMC. A small quantity of moisture
also can act as a plasticiser and provide flexibility to the film. Since the ODFs prepared
by MD are on-demand and expected to supply quantity from a few days to a month’s
worth of medications, the packaging is still required to protect the ODFs from

moisture[152].

3.3.6.2 Thermal analysis of printed and cast ODFs

The physical state of the model drug in the drug-loaded ODFs was characterised using
two analytical methods. The DSC results in Figure 3.8 A show a sharp endothermic
melting peak of crystalline paracetamol powder at 171.9 °C and a glass transition
temperature (Tg) of pure HPMC at 133.3 °C. The lack of paracetamol melting from the
DSC results of the MD-printed and cast ODFs indicated that paracetamol was in an
amorphous state. As the Tq of amorphous paracetamol is 23 °C[155], the drug would
plasticise the polymer and the T4 of the HPMC-paracetamol dispersion ODF is
expected to be below 133 °C. The board peak at about 90 °C from the thermogram of
printed and cast ODFs reflects the presence of moisture in the ODFs. The moisture
contents could further reduce the Tq of the ODFs to a temperature range that overlaps
with the broad moisture loss peak, which may explain the absence of the Tg of the
ODF.
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3.3.6.3 ATR-FTIR and comparison between printed and cast ODFs

The ATR-FTIR data of the drug-loaded MD-printed with eight printing cycles and cast
films, the reference raw materials and their physical mixture are shown in Figure 3.8
B. The characteristic peaks of Form | paracetamol have been well characterised by
other literature[156,157] and the obtained IR spectrum of paracetamol matches the
reported data. The pure HPMC shows characteristic peaks at 3449 cmt (O-H
stretching), 2903 cm™ (C-H stretching), 1453 cm (C-H scissoring), 1374 cmt (O-H
bending) and 1053 cm (C-O stretching). The spectrum of the physical mixture is a
simple sum of the spectra of crystalline paracetamol and HPMC. The broadened
characteristic crystalline paracetamol peaks at 3321 cm (N-H stretching) and 3108
cm® (O-H stretching) in the spectra of the cast and MD-printed films indicate that
paracetamol is in its amorphous state and consistent with molecular dispersion[158].
The shift of peak from 1505 cm! (aromatic ring mode) to 1514 cm™ in the cast film
and MD-printed film has been reported previously and is consistent with the molecular
dispersion of the drug in the polymer[157]. No apparent shifts of HPMC characteristic
peaks are observed; thus, minimal drug-polymer interaction is indicated. Three
random locations on the cast and MD-printed ODFs were examined by ATR-FTIR to
access the evenness of drug distribution. The relative intensities of the peaks at 1514
cm® were used as the signature peaks of the concentration of paracetamol contents.
No significant difference was observed in the spectra of different locations within the
films (see supplementary data in the appendix, Figure A.2.), indicating paracetamol is
evenly distributed in the printed films with eight printing cycles.
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Figure 3.8. (A) DSC thermograms and (B) ATR-FTIR spectra of the raw materials,
the cast drug-loaded ODFs and MD-printed drug-loaded ODFs with eight printing

cycles.
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3.3.7 Mechanical properties of drug-loaded ODFs

The ODFs must be strong enough to be handled during the manufacturing process,
the packaging process, and administering to patients[152]. Literature suggested that
ODFs with a tensile strength higher than 2 N/mm? and an elongation at break of more
than 10 % are preferable to demonstrate good handling properties[159]. However,
there are no official specifications on such parameters available. Therefore, in this
study, the commercially available Listerine PocketPaks® ODFs were used as the
benchmark comparison to assess the handling properties of the ODFs prepared by
MD printing and casting. As Listerine PocketPaks® ODFs is a marketed product and
is produced commercially, we assume the product provides sufficient mechanical

properties for production, packaging, and handling.

Figure 3.9 shows the mechanical test of MD-printed and cast drug-loaded ODFs
compared to the Listerine PocketPaks® ODFs. It is worth noting that for MD-printed
films the breakpoints were mostly close to the contact point with the clamps, whereas
for the cast films, some broke in the middle and others broke close to the contact point
with the clamps. The likely cause of the breaking points of the MD-printed films being
closer to the clamps is the lower thickness of the edges than the centres, as illustrated
in Figure 3.6 B. The tensile strength and elongation at break for Listerine PocketPaks®
films were 29.29 + 2.39 N/mm? and 0.99 + 0.14 %, respectively; both parameters were
statistically significantly lower than the cast (p = 0.008 < 0.05. and p = 0.001 < 0.05)
and MD-printed ODFs (p = 0.008 < 0.05. and p = 0.001 < 0.05). Although the Listerine
PocketPaks® use pullulan as the primary film-forming polymer, the thickness of
Listerine PocketPaks® films is very similar to the MD-printed films (see Figure 3.6 B).
As the film thickness has a significant effect on the mechanical properties, it is
reasonable to directly compare the mechanical properties of the MD-printed film and
Listerine PocketPaks®. The results imply that the MD-printed drug-loaded ODFs have
better handling properties than Listerine PocketPaks® ODFs. The tensile strength of
the 18 mm x 18 mm MD-printed ODFs and cast ODFs were 60.39 + 7.43 N/mm? and
53.27 + 2.19 N/mm?, respectively, which shows no statistical difference (p = 0.115 >
0.05). The percentage elongation for the MD-printed ODFs and cast ODFs were 2.50
+ 0.47 % and 7.00 = 1.51 %, respectively, showing a significant statistical difference

(p =0.001 < 0.05). The difference seen in the elongation between cast and MD-printed
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drug-loaded ODFs could be due to the difference in the uniformity in thickness of the
films made by the two methods. The cast films have highly uniform thickness because
they were cut from the centre of a large parent film, whereas the MD-printed films were
individually printed with no wastage, but the edges of the films that are directly in
contact with the clamps of the texture analyser sample holder were thinner than the
centres of the films, and therefore offered a lower cross-sectional area.

A Tensile strength B Elongation at break
90.0 r * 12.0 .
80.0 | " | :
70.0 L 10.0 r %
N 60.0 r 8.0
€ 50.0 -
£ X 6.0 r
> 40.0
300 1 40 +
200 50 |
10.0 T
0.0 0.0
Cast ODFs Printed Listerine® Cast ODFs Printed Listerine®
ODFs ODFs

Figure 3.9. Mechanical properties of drug-loaded ODFs prepared by casting and MD
printing, and Listerine PocketPak® films: (A) tensile strength measurements and (B)
elongation at break (%). Asterisks refer to a statistically significant difference with cast

film.

3.3.8 Drug content uniformity in MD-printed ODFs

The relationship between the dispensed drug within the MD-printed ODFs and the
number of printing cycles ranging from 1 to 8 is shown in Figure 3.10 A. The number
of printing cycles showed a highly linear relationship with the amount of paracetamol
loaded into the ODFs with an excellent correlation coefficient (R? = 0.995). When the
drug quantity in Table 3.3 is converted into a percentage (% w/w) drug loading (drug
content/dry film weight x 100%), with changing the number of printing cycles, the
paracetamol loading concentration (% w/w) of the MD-printed ODFs remained

relatively constant, ranged from 7.89 to 7.27 % w/w. The concentration difference is
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less than 0.36% if the paracetamol concentration in cast ODF (7.63% w/w) is taken as
the benchmark. According to the literature, the drug content uniformity of ODFs is
suggested to be within 85 — 115% of the average drug content[160]. The drug contents
of all MD-printed ODFs fall well within this range. This result indicates a low inter-drop
volume variance of the MD printing process. The high accuracy in drop volume and
the reproducibility of the printing allows the MD printing to be used as a small-batch
manufacturing process to produce ODFs with adjustable doses by simply changing

the number of printing cycles.
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Figure 3.10. (A) Amount of paracetamol in drug-loaded ODFs prepared by MD
printing with different numbers of printing cycles; (B) digital photography of the MD-
printed ODFs with different printing cycles.

3.3.9 Disintegration behaviour of drug-loaded ODFs prepared by MD printing

The disintegration times of drug-loaded ODFs prepared by casting and MD printing
are reported in Table 3.3. The disintegration time of the MD-printed films (eight printing
cycles) and the cast films are 29.0 + 3.6 s and 30.0 £ 3.6 sin PBS pH 7.4, respectively.
No statistical significance is exhibited by the MD-printed (eight printing cycles) and the
cast films. When comparing the disintegration time among different printing cycles, the
results show no statistical difference either by the one-way ANOVA test.
Disintegration time is one of the critical factors to consider in manufacturing ODFs.
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The European Pharmacopeia suggested that the ODF is expected to dissolve in 3
minutes when it is put on the tongue in the oral cavity[161]. The FDA stated that the
oral dispersible tablet’s disintegration time (which may apply to ODFs) is lower than
30 s in water[162]. However, there are no agreed specifications for the method to
determine the disintegration time for ODFs. The printed ODFs were able to fulfil the
criteria set by European Pharmacopeia. It has been reported in the literature that the
thickness of ODFs can significantly affect the disintegration time[163]. Although the
overall thickness of the drug-loaded ODFs prepared by MD printing (eight printing
cycles) and casting showed a statistical difference, it may not be significant enough to
show a significant difference in disintegration time. The fast disintegration led to the

rapid and complete dissolution of the film within 5 minutes.

The number of printing cycles is independent of the disintegration time which is the
time taken for the film to disintegrate, but not completely dissolve. This is likely
because the film thickness of most of the MD-printed films remained mainly between
40 - 60 um (Figure 3.11). Although the film dimension increases with printing cycles,
the thickness of the film is likely to be the dominating factor in controlling the

disintegration time of the film.
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Figure 3.11. The thickness of all MD printed films with different printing cycles. TL =
top left, TR = top right, BL= bottom left, BR = bottom right, C = centre. The small
dimension of print films with one cycle and two cycles limits the thickness

measurement and therefore, only three measurements were taken.

3.3.10 Analysis of MD printing as a manufacturing method for drug-loaded ODFs
The concept of individualised medicine was suggested to benefit patients by delivering
an appropriate amount of API to avoid adverse side effects and improve patient
compliance. The data presented in this study suggested that a MD system could fit
well into the point-of-care production of personalised medicine on-demand model for
ODFs products. The major advantages of MD printing over inkjet printing are being
able to operate on viscous liquid formulations (up to 8000 mPa.s for the printhead
used in this study[164]) and produce substrate-free ODFs. ODFs prepared by inkjet
printing require an edible substrate to absorb the drug ink[40,41], which is
unnecessary for ODFs prepared by MD. The ink absorption kinetic, the
thermodynamic changes according to the solvent used in ink formulation and the
substrate increase the complexity of the manufacturing process[41]. Inkjet printing ink
formulation containing low polymer concentration with high drug concentration is a
strategy to overcome low drug loading per drop[51]. However, the high risk of drug
recrystallisation over time while printing should not be ignored in such liquid
formulations with high drug loading. The accumulation of drug crystals and small
nozzles used for inkjet printheads increases the likelihood of nozzle blockage, which
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is less likely for the MD since a bigger nozzle is used to deposit viscous ink. MD can
also dispense lipid-based formulations such as emulsions to enhance the drug loading
of poorly water-soluble drugs in ODFs, which is another advantage compared to inkjet

printing.

In terms of the feasibility of the manufacturing process, first, the polymer-drug inks
with fixed drug concentrations could be centrally prepared in pharmaceutical
manufacturing plants with Good Manufacturing Practices standards. The standardised
inks can be distributed to point-of-care manufacturing sites, such as hospital
pharmacies, to be printed by a MD system in a clean environment to produce tailored
doses of ODFs on-demand for patients. Scaling up the manufacturing would be
possible by using multiple print heads simultaneously to increase the production

volume.

In this study, a drug-polymer ink was prepared in water to print the ODFs. The solvent
system used in this study was limited to APIs with moderate to good aqueous solubility.
Hydrophobic APIs require formulation development or the use of a solvent system to
improve their solubility in ink. Although using organic solvents in the solvent system
can improve the solubility of less-water soluble APIs, the residual solvents in the ODFs
could pose safety issues if the solvent evaporation is not completed. If using organic
solvents are necessary, those with FDA classification class 3, such as ethanol,
acetone, and ethyl acetate, would be preferable. Extended drying time under
controlled temperature will be required to avoid incomplete solvent evaporation, which

increases the running cost and manufacturing time.

Alternatively, the preparation of an emulation-based ink for hydrophobic APIs could be
a solution to improve the drug solubility in ink. The stability of the emulation is critical
since it could be stored at the point-of-care for a long period before use. The instability
of the emulsion adversely affects the distribution of the drug content in ink and the
accuracy of drug loading in printed ODFs.
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Printing time is worth considering regarding scaling up the production of personalised
ODFs. Currently, the printing time of the eight cycles ODFs takes 131 seconds. The
long print time is mainly due to the slow speed of the motorised stage. The print time
could be substantially shortened by using fast motorised stages (for example, 50

mm/s) combined with higher printing frequency.

3.4 Conclusions

Overall, on-demand additive printing of fast dissolving ODFs with various doses of
paracetamol was demonstrated by the MD system. A viscous polymer-drug ink was
used to enable single-pass printing to fabricate ODFs with sufficient thickness for good
handling. The dose of paracetamol in ODFs was adjustable linearly by printing ODFs
with different printing cycles to change the print area. The deposition of droplets was
sequenced to have sufficient overlapping to produce solid ODFs. The surface
morphology of printed ODFs was comparable to the cast ODFs, showing a smooth
surface without any bubbles. Although the mechanical properties of printed ODFs
were statistically different from the cast film, the disintegration time was similar for both
fabrication methods. The MD system is designed for depositing viscous liquid with high
accuracy, which is suitable for fabricating tailored dose ODFs on-demand. The MD
system can avoid issues such as blocked nozzles and recrystallisation of API, which
can be an issue for ODFs prepared by inkjet printing. The results of this study
demonstrated that the MD printing is an accurate liquid dispensing method for viscous
fluids, indicating that the technology has the potential for not only point-of-care ODFs
production in small batches but also other liquid dispensing and coating applications

for personalised medicine and device fabrications.
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Chapter 4 Precision coating of ocular devices/contact

lenses by nanoelectrospray additive printing

4.1. Introduction

Eye drops are the most used method of administering ocular medications. It is
challenging for patients to use eye drops properly because the drop often runs off the
eye. A more critical factor is that bioavailability of eye drops is generally limited to 1 -
5%[165] due to the drug loss through the clearing of tears and drainage of the eye. It
is necessary to install eye drops frequently to maintain the drug concentration in the
eye at the therapeutic level[166]. Eye drops have also been reported to have poor
patient compliance[167], irritation caused by preservatives[168], highly variable
dosing[169], and poor drug absorption. Drug-eluting contact lenses (DECLs) were
explored as an alternative to eye drops and had been proven to improve treatment
efficacy[85]. For the manufacturing of DECLs, various methods have been proposed
in the literature, but all techniques have limitations as detailed in Chapter 1[72].

In this study, the design, working principle, characterisation and optimisation of the
bespoke nanoelectrospray (nES) system are detailed. A custom-designed nES
printing system was built to be a new platform coating technology that can coat contact
lenses with polymer/drug formulations to produce DECLs. The nES system enables
the on-demand deposition of a thin layer of polymeric coating onto the peripheral area
of commercially available contact lenses to preserve the vision zone, aiming to
mitigate its influence on the intrinsic physical properties of the contact lens. Zein, the
model biopolymer with good film-forming properties, was precisely coated onto the
peripheral region of commercially available soft hydrogel contact lenses without

blocking the vision zone.

The experiment aimed to investigate the relationship as follows.

e Nozzle substrate distance and spray width
e Dosing speed and the coating thickness

e Layers of overprint and coating thickness
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e Location of coating on the contact lens to maintain an unobstructed vision
zone
e Prediction of spraying volume using an established scaling law

e Polymer concentrations and the coating morphology

The results showed that the nozzle substrate distance primarily controls the spraying
width and it should be considered before adjusting other spraying parameters to build
up the required thickness. The coating thickness is subject to the polymer
concentration in the formulation, dosing speed and the number of rotations. The
polymer concertation can affect the coating morphology significantly; therefore,
screening the polymer concentration is necessary for the desire coating morphology.
By using the spray current transient and an established scaling law, the predicted
spray volume is highly correlated to the experimental results. The findings from this
study will be helpful in the next stage of the experiment, where drug-polymer solutions

will be sprayed on contact lenses.
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4.2. Materials and methods
Unless considered in this chapter, the materials and methods are specified in Chapter
2.

4.2.1. Materials

Purified zein was obtained from Thermo Scientific (Loughborough, UK). Ethanol
absolute was sourced from VWR Chemicals (Lutterworth, UK). Milli-Q (Millipore,
Merck, USA) ultra-pure water was used as part of the solvent system. Fluorine-doped
tin oxide glass slides were purchased from Sigma-Aldrich (Gillingham, UK). All
materials were used without further processing. MicroDot Dispense tips with a 50 pm
inner diameter (P/N 7364054) were purchased from Nordson EFD (Bedfordshire, UK).
Commercial soft contact lenses, Biomedics 1-day extra contact lenses (CooperVision
Ltd, USA), with a composition of 45% ocufilcon D/55% water, were used as the model

lenses.

4.2.2. Preparation and physical characterisation of zein solutions for nES

The 2.5% w/v and 5% w/v zein solutions were prepared by dissolving the required
amount of zein powder in either 70% or 80% w/w aqueous ethanol using a vortex
mixer at ambient conditions until all powder dissolved. The details of the formulations
are stated in Table 4.3. The resulting solution were then filtered by a 0.45 um PES
syringe filter (Fisher Scientific, Loughborough, UK) before the nES process. The
electrical conductivity, viscosity, surface tension, and density of the zein solution were

measured according to the methods reported in Chapter 2.

4.2.2.1. Viscosity
The viscosity measurement was done in triplicate to calculate the average viscosity at
80 s for comparison between formulations since zein in the aqueous ethanol showed

shear thinning behaviour.
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4.2.3. Process characterisation and optimisation of the custom-made nES
system

A few spraying parameters of the nES system were characterised to understand their
influence on the coating quality, and clarification of them is needed. The radius
indicates the relative distance between the centre of a circle at the pre-set X, y
coordinate to its perimeter, enabling polymer film deposition with varied sizes as rings
or dots on the substrate (depending on the spraying mode). The number of rotations
controls the number of layers of overprint deposited on the surface. The dosing speed
controls the speed of travel for the nozzle relative to the substrate, with a higher
number implying a faster moving speed. The nozzle substrate distance (NSD) is the
distance between the apex of the nozzle and the substrate, which is controlled by

changing the distance travelled on the z-axis.

Three spraying parameters were investigated by the one-factor-at-time approach to
understand their influence on the deposited zein film's width and thickness. These are
NSD (ranging from 1.5 to 4.5 mm), dosing speeds (ranging from 10 to 40 mm/s) and
the number of rotations (ranging from 10 to 40 turns). The characterisations of this
section were performed using an electrically conductive fluorine-doped tin oxide glass
substrate as the deposition surfaces. Three rings of each experimental setting were

prepared for surface profile measurement.

4.2.4. Surface profile measurement of zein films by a stylus profilometer

A Stylus Profilometer (DektakXT, Bruker, MA, USA) was used to measure the surface
profile of zein films. The 'Hills and Valleys' profile was used for measurements and the
2 um radius stylus was set at 1 mg stylus force. Three locations of the zein films were
selected as shown in Figure 4.1 to calculate the average spraying width and step

height (thickness) of the zein films.
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Locations of measurements

Zein film

|:| = region where surface profile was measured (not to scale)

= Direction of measurement.

Figure 4.1. Locations on zine films where surface profile measurements were

performed.

4.2.5. nES printing of a zein solution on the soft hydrogel contact lenses

In the example printing, the solution with 5% w/v zein in 70% w/w aqueous ethanol
(Z3) was sprayed on the contact lens using the parameters stated in Table 4.1. The
optical transmittance of the nES coated contact lenses (N=3) were measured following
the method reported in Chapter 2.2.6 to determine the spraying radius that does not
blocks the vision zone. The surface morphology of the coating was imaged using cryo-
SEM reported in Chapter 2.2.8.

Table 4.1. nES spraying parameters of Z3 solution on the contact lens.

NES condition 1 2 3
Voltage (kV) 1.889 1.889 1.889
NSD (mm) 2.23 2.19 2.22
Spraying radius (mm) 4.5 5 55
Dosing speed (mm/s) 30 30 30
Number of revolutions 90 90 90
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4.2.6. Calculation of nES deposition volume
In this process, the spray current transient was captured during the printing cycle. An
example of a spray current transient is shown in Figure 4.2 below, where t,, =

(t, — t;) and amplitude Iy is the average current in the time frame of 7,,.

The value of Ihase Was determined by averaging the current values from just before the
steep rise in current at the onset of the transient pulse and was taken from an average
of around 20 datasets. Then lyeak Was measured as the highest current level reached
in the transient and taken as the average of 20 measurements. The time threshold for
t1 and t2 were taken at the points on the rising and falling current transient where the

current level satisfied the condition I > [0.25(1peak - Ibase) + Iyasel-

Three consecutive peaks were taken to calculate the average time required to perform

one complete ejection period, 7,, where 7, = (ron+roff). This is then used to

calculate the nES pulsation frequency during printing, f = 1/(z,).
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Figure 4.2. Example current waveform of a 5% w/v zein solution captured during the

NES. The waveform is used to calculate the spray volume per unit pulse.
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The procedure for analysis of the nES current transients to estimate the volume of
solution deposited during the printing cycle was adapted from earlier work[103] and is
briefly described here. An inline flowmeter was not used and instead the flow rate
during nES printing was estimated by combining spray current transients, recorded by
a fast current amplifier, with the established electrospray scaling laws. According to
Fernandez de la Mora[170], the nES transient jet can be considered steady if the jet

lifetime, 7,,, is longer than the electrical relaxation time, 7, where t = % and g,is the

permittivity of free space, ¢ is the relative permittivity and K is the electrical conductivity
of the solution. For the solutions used in this work, values for 7 range from 1.04 x 108
s to 1.61 x 108s, far shorter than any jet lifetime observed, which were typically 50 -
100 uS as indicated from the current transients. The second condition is that the jet
diameter is less than the nozzle diameter. The jet diameter in the present work was
observed to be much smaller than the nozzle diameter. Having satisfied these
conditions, the rearranged scaling law expression previously described in equation

(4.1)[103] can be used to estimate the volume ejected during a single pulsation, v,;.

The volume ejected during a single pulsation event is related to the total charge

ejected as described by Paine et al.[103]:

_ Zon€ (Inc)?
Vest = 222 (f(e)) ...Eqt. (4.1)

, where T1on is the on-time in Figure 4.2, y is surface tension, K is the electrical
conductivity of the solution, I, is calculated by averaging the current transient to
estimate the charge per cycle, then dividing by the number of pulsation events, and
f(e) is a function given by De La Mora and Loscertales[170,171], where f(e) = 18
when the permittivity is greater than 40. All solutions used in this study higher

permittivity higher than 40, therefore, f(e) = 18.

Finally, the total printed volume, v;,;, can be estimated as follows:

Veot = (vest X f X tpnt) ...Eqt. (4.2)
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, Where t,,, is the total spraying time, f is the spray frequency and vest is the estimated

spray volume per pulse using equation 4.1.

4.2.7. Determination of spray mass by UV-Vis spectrometry

A stock solution of 5% w/v zein solution in 70% w/w aqueous ethanol was prepared
for this experiment. The stock solution was diluted to concentrations ranging from 0.2
mg/ml to 1 mg/ml to build a calibration curve, measured by the UV-Vis
spectrophotometer Lambda 35 at 278 nm. The stock solution was nanoelectrosprayed
on an aluminium foil according to spraying parameters stated in Table 4.2. Three rings
were prepared for each experimental setting. The coated foil was immediately
immersed into 1 ml of 70% w/w aqueous ethanol to dissolve the zein coating, followed
by quantification using the UV-Vis spectrophotometer. The deposited volume
calculated by scaling law was converted to the mass using the density equation, p =
m/v, where p is the density, m is the mass and v is the volume. The results were then

compared with the UV-Vis spectroscopy method.

Table 4.2. nES parameter of the 5% w/v zein solution (Z3) on aluminium foils

nES condition 1 2 3

Voltage (kV) 2.2 2.2 2.2
NSD (mm) 2.5 2.5 2.5
Dosing speed (mm/s) 10 15 30
Number of revolutions 100 100 100
Spraying radius (mm) 5 5 5

Spraying time (s) 266 176 88

4.2.8. Statistical analysis

The basic calculation was performed by Microsoft Excel® (Microsoft Office 365). The
data analysis was performed using SPSS statistical program (SPSS 25, IBM, New
York, USA). Analysis of variance (ANOVA) and the Tukey test were used to compare
the spraying width and thickness. A statistical significance is considered when the p-

value is lower than 0.05.
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4.3. Results and discussion

4.3.1. Effects of nES parameters on spraying width and film thickness

The physical properties of zein solutions used for nES are reported in Table 4.3. Two
concentrations of zein solutions were prepared to understand the influence of polymer
concentration on the film quality. The viscosity of Z1-2 (2.5% w/v) and Z3-4 (5% w/v)
zein solutions decreased with increased ethanol concentration from 70% w/w to 80%
w/w, showing a statistically significant difference (p < 0.05). The viscosity of a solution
is dependent on the polymer concentration, the polymer's molecular weight and the
solvent system[172,173].

The electrical conductivity was found to decrease with higher ethanol concentration in
the solution for both concentrations of zein solutions. The electrical conductivity is also
subjected to zein concentration, in which the 5 %w/v solutions have higher electrical
conductivity than the corresponding 2.5 %w/v solutions. The electrical conductivity can
influence the flow rate and ejected volume in nES operation which the electrical
conductivity of the precursor solution has an inversely proportional relationship with

the ejected volume according to Eqt 4.1[103].

The surface tension for Z1 - 4 solutions is stated in Table 4.3 and shows no statistical
difference between solutions. The surface tension primarily affects the strength of the
electric potential applied to the solution to break the liquid jet into fine droplets. The
results above showed a similar trend in literature that higher ethanol concentration in
the zein solution leads to lower electrical conductivity, density, and viscosity[174].
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Table 4.3. Physical properties of zein solutions for nES

Formulations

71 72 z3 Z4
Zein (%w/v) 2.5 2.5 5 5
Ethanol (Y%w/w) 70 80 70 80
Conductivity (uS/cm) 200.0 186.2 333.0 293.0

Density + SD (g/ml) 0.87+0.01  0.85+001  0.88+001  0.8620.01

Surface tension

+ SD (mN/m) 25.7+1.0 249+0.8 255+1.2 24.7+1.0
Viscosity
+ SD (mPa.s) 4.20 = 0.05 3.87 £0.06 5.60 £ 0.09 5.15+0.05

Different nES process parameters were investigated to understand their influence on
the spraying width and polymer film thickness. The characterisation results of Z2 and
Z4 are present in Figure 4.3 and the rest of the data are included in the appendix
Figure A.3. Figure 4.3 A-B shows the results of the influence of dosing speed on Z2
and Z4 solutions at 3.5 mm NSD with ten rotations. The spraying width for Z2 and Z4
solutions ranges from 4.46 to 4.86 mm and 4.74 to 4.96 mm, respectively. The
thickness of films for Z2 and Z4 decreased with increasing dosing speed from 10 mm/s
to 40 mm/s, showing an excellent fitting to the power-law (R? > 0.99) (Figure 4.3 B).
With the increased dosing speed and the rest of the spraying parameters fixed, the
overall spraying time and the total amount of material deposited on the substrate are
reduced. The results indicate that the dosing speed primarily controls the thickness of
the film and does not significantly affect the spraying width.
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Figure 4.3. The effect of (A-B) nES dosing speed, (C-D) number of rotations and (E-
F) nES NSD on the spraying width and film thickness of Z2 (2.5% w/v) and Z4 (5%

wiv).
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For multiple printing rotations, the spraying width and film thickness against the
number of rotations for all solutions is shown in Figure 4.3 C-D. The spraying width for
both Z2 and Z4 did not show significant changes at different numbers of rotations. The
spraying width ranges from 4.72 mm to 4.87 mm and 4.81 mm to 4.89 mm for Z2 and
Z4, respectively. The film thickness increases from 0.21 ym (10 turns) to 0.9 ym (40
turns) and 0.32 ym (10 turns) to 1.26 ym (40 turns) for Z2 and Z4, correspondingly.
The thickness of zein film for both concentrations shows a linear relationship with the

increased number of turns with a good correlation factor (R? > 0.99).

The effects of NSD on the spraying width and film thickness are shown in Figure 4.3
D-E. The voltage was adjusted accordingly to obtain a stable spray for different NSDs.
For Z2, the spraying width increases from 1.81 mm at 1.5 mm NSD to 6.03 mm at 4.5
mm NSD. For Z4, the spraying width increases from 2.11 mm at 1.5 mm NSD to 6.58
mm at 4.5 mm NSD. It is evident that NSD is the main spraying parameter to adjust
the spraying width. Increasing NSD resulted in a broader spraying width with a positive
linear relationship for both solutions and a good correlation factor (R? > 0.99). The
thickness of films for Z2 and Z4 reduces accordingly with increased NSD and follows

a linear relationship.

To optimise the spraying width and film thickness, the NSD is the first operational
parameter that should be determined to achieve the desired spraying width according
to the required application. With the example of commercially available contact lenses
used in the present work, the area for patterning was limited to a peripheral ring of
around 3.1 mm width and 8 mm diameter to avoid coating the visual area of the lens.
The NSD also controls the drying time of droplets generated by nES, which affects the
coating morphology[175]. The higher NSD provides sufficient time for solvent
evaporation, resulting in dry particles accumulating on the substrate. The NSD can
influence the film morphology from ES deposition due to the solvent evaporation and
drying process of in-flight droplets. For example, it has been reported that at a
sufficiently large NSD the deposited particles are dry enough to stack on each other
to form a rough film[112]. On the other hand, a smooth film can form when the NSD is

low enough that the semi-dry nES droplets fuse on the substrate due to insufficient
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drying time[112]. Next, the dosing speed should be considered, which primarily
controls the coating thickness and might affect the drying time of the nES-deposited
droplets. Finally, the film thickness can be built up by changing the number of rotations

to achieve the required thickness.

4.3.2. Effects of nES parameters on the surface profile of zein films

Two concentrations of zein were nanoelectrosprayed onto an electrically conductive
glass substrate to investigate the influence of polymer concentration on the
morphology of the film. The general surface profiles of Z1-Z4 on the glass substrate
are shown in Figure 4.4. Z1 and Z2 solutions (2.5% w/v zein) formed a thin film on a
glass substrate with a twin peak pattern and a trough-like centre with relatively low
thickness. By doubling the concentration to 5% w/v (Z3 - 4), the deposited material

formed a smoother surface profile with the absence of pronounced peaks.

The observed surface profiles can be explained by the spraying and drying processes.
With the lower polymer concentration solutions (Z1 and Z2), a lower solution
conductivity is observed leading to higher drop volumes and flow rates during
deposition. The NSD was set to be reasonably close (3 mm) which does not leave
sufficient time for the sprayed particles to dry before landing on the substrate. This
results in fluid build-up and a coffee ring-like pattern that the zein molecules
coalescence to form the twin peak pattern and a trough-like centre at the central area
of the film. The gradual decrease of the thickness of the film from the centre to the
edge could be accounted for by the accumulation of satellite droplets after solvent

evaporation.
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Figure 4.4. The surface profile and the digital image (top right corner) of zein film

deposited on the electrically conductive glass substrate, (A) Z1, (B) Z2, (C) Z3 and (D)

Z4.

As for Z3 - 4, the smoother film thickness profile with increasing thickness towards the
centre of the film can be explained by the lower droplet volume and spray flow rate,
resulting in the landing of semi-dried droplets without coalescence and bulk wetting.
The higher central film thickness can be expected since the spraying solution formed
a Taylor cone at the apex of the nozzle, followed by generating a fine plume of particles
in a triangle shape. The charged particles/droplets undergo Coulombic fission during
the flight to the substrate, producing finer particles/droplets landing further away from
the centre of the film due to electrostatic repulsion[111]. The distance from the apex
of the nozzle is the shortest distance from the centre of the film. Thus, the thickness

of films is expected to be highest at the centre.

The effect of NSD on the observed uneven film thickness profile of the Z2 solution was

investigated. The surface profiles of Z2 with NSD from 1.5 mm to 4.5 mm are shown

in Figure 4.5. The twin peaks pattern remained in all surface profiles of the tested

range of NSD. However, the distance between the peaks reduced gradually from 500

pm at 1.5 mm NSD (Figure 4.5 A) to 287 um at 4.5 mm (Figure 4.5 D). The observation

of a reduction in peak separation distance supports the explanation of a wetted central
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band followed by the coffee ring effect during drying as there will be more time for
solvent evaporation in flight resulting in the formation of a narrower wetted band.
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Figure 4.5. The surface profile of zein films prepared by the Z2 solution at different
NSD, (A) 1.5 mm, (B) 2.5 mm, (C) 3.5 mm and (D) 4.5 mm.

4.3.3. The deposition of a zein solution (Z3) on commercial hydrogel contact
lenses via nES

The targeted deposition area of zein (Z3) by nES on a contact lens is shown in Figure
4.6 A. A few factors were considered before coating the soft contact lens. First, the
coating area should not cover the vision zone of the contact lens to preserve the optical
property of the lens. In general, the optical zone diameter of a contact lens is 8 mm to
cover the pupil for all lighting conditions[176]. The vision zone of the contact lens was
assumed to be 8 mm in this study, leaving a 3.1 mm width at the peripheral region for
coating. The NSD is known to be the main parameter affecting the spraying width and
has a linear relationship with the spraying width (Figure 4.3 E). The NSD was set to
2.2 mm from the contact lens surface which had been shown to produce a spray width
of approximately 1.2 mm with the tested solution. The radius parameter was then
adjusted to avoid coating material deposited unnecessarily on the vision zone. The
spraying radius is the distance from the centre of the lens to its perimeter from the top
view. The optical transparency of contact lenses coated by zein (Figure 4.6 B) with

different spraying radii is shown in Figure 4.6 C. The optical transparency is expected
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to be at least 95% or above at 600 nm to provide an unobstructed vision. The results
show that all coated contact lenses have optical transparency above 95%, whereas
the blank contact lens shows 98% transmittance. The optical transparency shows a
trend that it reduces with a smaller spraying radius, which is likely caused by the
deposition of satellite drops near the centre of the lens, partially blocking light passing
through the contact lens. Different printed materials may affect transmittance to a
greater extent and perform differently because of the change in electrical conductivity
of the spraying solution, which also affects the spray angle and the coverage of
deposited material on the substrate. Therefore, the minimum radius needs to be
determined. According to the results, it is concluded that the minimum spraying radius
should be kept above 4.5 mm at 2.2 mm NSD.
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Figure 4.6. (A) An illustration of the targeted spraying area on the contact lens; (B) a
digital image of a Z3-coated contact lens on a piece of newspaper. The white ring at
the peripheral region of the contact lens is the zein polymer deposited by nES; (C)
optical transparency of blank contact lenses and zein-coated contact lenses with

different spraying radii.
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The results of nES 5% w/v zein solution (Z3) on contact lenses with a range of radii
are shown in Figure 4.7. Figure 4.7 A, C and E. The white ring indicates the zein
coating on contact lenses and the centre of the lens remained free of zein polymer at
different spraying radii. The SEM images (Figure 4.7 B, D and F) confirm that no zein
polymer was deposited at the centre of the lens and was confined in the peripheral
region. Figure 4.7 G shows the cross-sectional image of an example contact lens after
coating zein polymer in the peripheral region. A dense film of zein film adhered to the
peripheral region of the lens. Overall, the results show that the nES process can
deposit the model polymer selectively at the targeted area and avoid coating the visual
axis.
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Figure 4.7. Cryo-SEM images of 5% w/v zein (Z3) coated lenses with different
spraying radii (indicated by the white arrows); (A) 4.5 mm spraying radius, (C) 5 mm
spraying radius and (E) 5.5 mm spraying radius. B, D and E are the magnified images
to show the zein coating at the peripheral region (dotted lines) and a clear vision zone
at the centre (G) Example of the cross-sectional SEM image of the zein-coated contact

lens.
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4.3.4. nES deposited volume measurement: Comparison of experimental data
and theoretical prediction

The quantity of zein deposited on aluminium foil substrates was compared with the
theoretically predicted quantity, yielded from the processing of current transients
captured during the spraying process as described in method section 4.2.6. A UV-Vis
spectrometer was used to quantify the amount of zein deposited on the substrate
independently. Results from testing solution Z3 are presented as deposited solution
volume against total spray time in Figure 4.8. As shown, both the experimentally
measured and theoretically estimated printed zein volumes are linearly proportional to
the total spray time with a good correlation factor (R? > 0.99), however, the amount of
zein quantified by the UV-Vis method is found to be consistently lower than the amount

from the transient estimation method.
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Figure 4.8. Amount of zein quantified by the UV-Vis spectroscopy compared with the
estimated mass calculated by the scaling law: A) each method against time and B)

UV-Vis against the scaling law.

The scaling law by De La Mora[29,30], which is then adapted by Paine et al.[22] in
equation 4.1, provides a good scaling of spray current with a volumetric flow rate in
ES but for a particular spray fluid only gives an order of magnitude estimation of the

absolute spray current values at a particular flow rate. Therefore, in order to improve
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the accuracy of material/drug dosing in the printed coating in the present work, it was
necessary to include an empirically derived constant, A, to enable an accurate
correlation of ejected charge measurements to deposit volume. For this reason,
equation 4.2 is modified to include constant A, an experimentally derived constant from

best-fit trendlines, to give an accurate volume estimate from the transient technique:
vtot = A. Uest-f- tpnt . eq (43)

For the zein solutions evaluated in this study, the experimentally determined value of
A, to give a correlation between the transient technique and UV-Vis measurements,
was found to be 0.36. The theoretical data with and without experiment constant are
shown in Table 4.4. The spray volume of zein measured by UV-Vis was found to range
from 1.049 — 0.346 pl over the range of spraying time. Applying the experimental
constant to the transient data, the spray volume is estimated to range from 1.079 —
0.344 pl. In these cases, equation (4.3) can be helpful in predicting the spray volume

by using the current waveform captured during the spraying process.

Table 4.4. Theoretical and experimental calculations of the deposited mass of zein

with different total spraying time

Total spraying time (s)

266 176 88

UV-Vis results (mg) 0.923+0.054  0.656+0.109  0.305 + 0.058

Transient results before
_ 2.637 £ 0.160 1.690 + 0.262 0.840 +0.171
correction (mg)

Transient results after
. 0.949 + 0.057 0.606 + 0.094 0.302 + 0.062
correction (mg)

It is worth mentioning that there is no upper limit on the maximum coating thickness
that can be deposited. The technique enables multiple print layers, and the thickness
can be adjusted by changing the polymer concentration, dosing speed, NSD and the
number of print rotations. The maximum deposition volume in a single experiment is

controlled by the volume of the precursor liquid reservoir, which is 2.5 ml. From the
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result of this study, the lowest and highest deposition volume for a single layer of zein
coating was 3.46 nl and 10.49 nl, respectively. When depositing drug-containing
formulas, as the processability is controlled by the electrical conductivity and viscosity
of the spraying solution, the polymer can be replaced entirely by the drug as far as the

spraying solution has suitable physical properties.

Although the nES system could precisely deposit a low volume of solution, a few
limitations are worth discussing. For the use of the current transient to estimate the
total spray volume, the precursor solution has to be electrically conductive. The
oscilloscope will not be able to detect the current transient when the solvent system
has extremely low electrical conductivity, such as organic solvents. Adding organic
salts could provide adequate electrical conductivity to the precursor solution mainly
containing organic solvents. However, many organic salts are toxic to humans and
may not be suitable for biomedical applications. Using a precursor solution with
extremely low electrical conductivity is possible for nES, but an alternative method is
necessary to determine the quantity of materials deposited on the surface. On the
other hand, the nature of the substrate plays a vital role in the spraying efficiency.
Electrospray and nES require an electrically conductive substrate to establish a
cathode or anode to generate the electric field. The glass substrate and contact lenses
used in the study are considered electrically conductive substrates and thus, a smooth
spraying process was observed as expected. Using nES to deposit coatings on non-
electroconductive surfaces is possible with special substrate surface treatment[177].
Otherwise, the accumulation of charge on the surface will reduce the spraying
efficiency with time and terminate the spray eventually.

4.4. Conclusions

This study demonstrated for the first time the highly controllable deposition of
polymeric liquid formulations on soft and curved hydrogel-based substrates using nES
in pre-defined shape patterns at pre-determined locations. Using commercial soft
contact lenses as a challenging example with wet and curved surfaces, the controlled
deposition of model polymer zein solution in a ring shape at the peripheral region of

the contact lens without blocking the vision zone was demonstrated. The NSD is the
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most significant factor controlling the coating coverage. It should be considered first
for the process optimisation, followed by adjusting the polymer concentration, dosing
time, and the number of revolutions to increase the coating thickness. The deposition
volume was shown to be highly predictable using spray current transients with the
established electrospray scaling law, which is critical for precise drug dosing for
medical applications. The on-demand nature of nNES minimises the waste of materials
compared to other methods to prepare DECLs while maintaining a clear optical zone.
The present study shows the potential of nES as a platform technology for material
deposition on medical devices with challenging features such as wet, soft, and curved
surfaces. It is envisaged that the applications are primarily for functional coating of
medical devices, with examples of drug delivery and anti-microbial surface treatment.
For drug delivery applications, the drug candidates for coating range from small
molecules to macromolecules, including peptides and proteins as far as a suitable
solvent can be used to ensure the stability of the drug molecules. This study built a
firm technological foundation for using nES as a novel additive manufacturing method
to produce DECLs with drug coating at the surfaces of contact lenses in pre-defined

patterns and locations.
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Chapter 5 Selectively coated contact lenses by
nanoelectrospray to fabricate drug-eluting contact lenses

for treating ocular diseases

5.1 Introduction

Most ophthalmic drugs are given as eye drops. Eye drops are self- administrative
directly to the eye, but many patients struggle to use them properly. More importantly,
the bioavailability of eye drops is often limited to 5%[165] due to drug loss via tear
clearance and drainage from the eye[178]. The tear clearance leads to frequent
instillation of eye drops to maintain the drug concentration at the therapeutic level[166].
Additionally, eye drops have been reported to have poor patient adherence[167,179],
preservative-induced eye irritation and intolerance[168], highly variable
dosing[180,181] and poor drug absorption[178].

Innovative drug delivery systems are being explored to increase ophthalmic drug
bioavailability. The target of the novel drug delivery systems aims to prolong the drug
release in the eye and reduce the administration frequency. Among the novel drug
delivery systems for ocular purposes, drug-eluting contact lenses (DECLSs) have drawn
much attention as a non-invasive method to deliver ophthalmic drugs. DECLs are
estimated to improve bioavailability by 50%, compared to 5% by eye drops[85]. The
concept of DECLs was first established in the 1960s, and since then, various methods
have been reported in the literature to fabricate DECLs[82,182]. Methods to load
ophthalmic drugs in contact lenses include molecular imprinting[69], encapsulating
drug-loaded polymer films in the polymer matrix of the contact lens[90], and immersion
of contact lenses into supercritical fluid[183]. These methods require either developing
new polymer chemistry or implementing a new and complex multi-step manufacturing
process. The above methods often affect the intrinsic physical properties of contact
lenses[72]. Far-field electrospinning was reported to coat drug layers non-selectively
on the lens surface and, therefore, required masking the vision zone[70]. Currently,
there is no reported effective additive manufacturing method that can be readily

adopted by the existing contact lens manufacturing process and is suitable for large-
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scale production of DECLs.
The study aims to use the nanoelectrospray (nES) system reported in Chapter 4 to
produce DECLs by depositing the model polymer and different model drugs selectively

on the commercially available contact lenses[184].

The model polymer, polylactic-co-glycolic acid (PLGA), is a biodegradable and
biocompatible polymer that has been well-studied. It is also an FDA-approved material
and is commonly used for implants. A few studies reported using PLGA as the drug
carrier to prolong the release of ocular medications[89,185]. The molecular weight of
PLGA is known to affect the drug release kinetic; therefore, a PLGA with a relatively
high molecular weight was chosen in this study to prolong drug release of the model
drugs.

Model drugs with a range of hydrophobicity were used in this study. The hydrophilic
model drug, ketotifen, is an anti-allergic medication for controlling symptoms
associated with allergic conjunctivitis. It is an H1 histaminic receptor antagonist and a
mast cell stabiliser, alleviating symptoms such as ocular itching and tearing[186]. The
other two hydrophobic model drugs used in this study, bimatoprost and latanoprost,
are prostaglandin analogues licensed to treat open-angle glaucoma by reducing

intraocular pressure[187].

To evaluate the feasibility of using the nES system to fabricate DECLs, the

investigation was made into the following aspects:

1. The quality of the coating on commercially available contact lenses.

2. The effect of sterilisation on DECLs prepared by nES.

3. The in vitro release of the model drugs from DECLs prepared by nES.
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5.2 Materials and methods
Unless considered in this chapter, the materials and methods are specified in Chapter
2.

5.2.1 Materials

Ketotifen fumarate (KF), bimatoprost (BIM) and latanoprost (LN) were purchased from
Molekula (UK). Phosphate buffer saline (PBS) solution tablets (pH 7.4), triethylamine
(299.5%), phosphoric acid (285%) and PLGA Resomer® RG 756 S (Mw 76k - 115k
Da, lactide:glycolide 75:25) were obtained from Sigma-Aldrich (Gillingham, UK).
Methanol and acetonitrile, high-performance liquid chromatography grade, were
purchased from Fisher Scientific (Leicestershire, UK). The ceramic MicroDot tips with
a 50 pum inner diameter (P/N 7364054) were purchased from Nordson EFD
(Bedfordshire, UK). Commercial soft contact lenses, Biomedics 1-day extra contact
lenses (CooperVision Ltd, USA), with a composition of 45% ocufilcon D/55% water,
were used as the model lenses. All materials were obtained from suppliers without

further processing.

5.2.2 DECLs prepared by nES

Before the nES coating process, commercial contact lenses were removed from their
original packaging and equilibrated in PBS pH 7.4 for 30 minutes. Excess liquid on the
lens was removed by a lint-free wipe before the nES coating process. To maintain the
hydration of contact lenses during the coating process, 10 ul of PBS pH 7.4 was
pipetted onto the silver region of the 3D-printed lens holder before positioning the

semi-dry contact lens on it (Figure 2.10C).

The solvent system to solubilise PLGA alone was explored to assess the coating
guality on contact lenses. The drug-loaded spraying solutions were then prepared as
outlined in Table 5.1. The model drugs were dissolved individually in a 2.5% w/v PLGA
solution using the optimised solvent system. The resulting solution was filtered via a

PTFE syringe filter with 0.2 um pore size (Fisher Scientific, Loughborough, UK).
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Polymer-drug solutions with different drug loadings were prepared to investigate the

influence of drug loading on the in vitro drug release kinetic.

A custom-made machine (PCE Automation, Beccles, UK) was used to automate the
spraying process. Details of the nES system can be found in the literature[184].
Preliminary studies were carried out to determine the spraying parameters to ensure
proper deposition of polymer and model drugs on contact lenses without blocking the
vision zone. . The vision zone is assumed to be 8 mm diameter of the contact lens
from the top view (Figure 2A). The polymer-drug solution was sprayed onto the
peripheral region (Figure 2.10A) of contact lenses (N=3) with the parameters specified
in Table 5.1. The resulting DECLs were stored in a container with a lint-free dry wipe

moistened with PBS 7.4 to maintain hydration before other measurements.

5.2.3 Coating thickness of nES-coated contact lenses

The coating thickness was measured by the electronic thickness gauge ET-3 (Rehder-
dev, Greenville, USA) with an accuracy of +2 um. The instrument measures the
sample thickness by lowering a sensor onto the sample, which is positioned on a steel
ball carrier, and calculates the difference in distance relative to the zero point. Prior to
measurement, the contact lenses were removed from their original packaging and
allowed to equilibrate in PBS 7.4 for 30 minutes. The thickness measurement was
taken at three predetermined locations in the peripheral region of each blanked contact
lens . The thickness of the marked locations was remeasured after nES to calculate
the difference in thickness. Three contact lenses were used for each spraying solution

to calculate the average thickness.
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Table 5.1. Composition of the nES spraying solutions and the associated spraying

parameters.
Model drug concentration
(% relative to the polymer weight)
PLGA

Spraying concentration Conductivity Applied

solutions (Y%ow/v) LN BIM KF (nS/cm) voltage (kV)
KF1 2.5 - - 1 3.83 2.7
KF2 2.5 - - 3 5.13 2.7
KF3 2.5 - - 5 7.53 2.7
BIM1 2.5 - 1.5 - 6.94 2.8
BIM2 2.5 - 5 - 8.05 2.8
BIM3 2.5 - 15 - 10.20 2.8
LN1 25 25 - - 2.20 2.7
LN2 25 5 - - 2.88 2.7
LN3 25 15 - - 5.07 2.7

All nES-coated lenses were prepared with the following spraying parameters:

Nozzle substrate distance (mm) 2.99
Dosing speed (mm/s) 15
Number of revolutions 90
Spraying radius (mm) 5

5.2.4 In vitro drug release of nES-coated contact lenses

The in vitro drug release of non-sterilised and sterile nES-coated lenses was
performed in glass vials containing 2 ml of PBS 7.4. The vials were placed in a shaking
incubator set at 35 °C with 125 rpm. All in vitro experiments were performed under the
sink condition, except LN3 (15% LN). A 1.5 ml aliquot was replaced at regular intervals
with fresh PBS 7.4, followed by validated HPLC methods to quantify drug
release[126,188,189]. The drug recovery was performed to calculate the amount of
model drugs deposited onto the contact lenses since the electrical conductivity of the
precursor solutions was too low to capture the current transients. Once the coating

process was done, 100 pl of acetone was pipetted to the lens to dissolve the PLGA
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coating, followed by pipetting 1.9 ml PBS to solubilise the model drugs and performing
sonication for 5 minutes. The amount of model drugs deposited was quantified by

validated HPLC methods mentioned below.

The model drugs were assayed by a HPLC system (Jasco, Japan) consisting of a
pump (PU-1580), an autosampler (AS-2055 Plus) and a 4-channel UV detector (UV-
1570M). A Waters Cis column (250 x 4.6 mm i.d., 5 um particle size) connected with
a HC-Cais guard column (Agilent, California, USA) was used under ambient condition
to assay all model drugs. All methods were operating at a flow rate of 1 ml/min. The
mobile phase for KF included methanol to 0.2% triethylamine in water in an 80 to 20
ratio (v/v). The detection wavelength was set at 300 nm. Stock solutions of KF in PBS
pH 7.4 were diluted with the mobile phase in 1:1 ratio to produce a calibration curve
of 0.78 — 12.5 pg/ml. The mobile phase for BIM consisted of acetonitrile, methanol and
0.1% phosphoric acid (v/v/v) (30:30:40). The detection wavelength was set at 210 nm.
Stock solutions of BIM in PBS pH 7.4 were diluted with the mobile phase in 1:1 ratio
to produce a calibration curve of 0.63 — 10 pg/ml. The mobile phase for LN comprised
acetonitrile and water (v/v) (60:40). The detection wavelength was set at 210 nm.
Stock solutions of LN in mobile phase were diluted with the PBS pH 7.4 in 1:1 ratio to
produce a calibration curve of 0.63 — 10 pg/ml.

The aliquots of all model drugs collected from in vitro experiment was mixed with the
associated mobile phase in 1:1 ratio, followed by filtration through a 0.2 ym PTFE

syringe filter (15141499, Fisher scientific, UK) before assay.

5.2.5 Steam sterilisation of nES-coated lenses

One formulation of each model drug was selected to investigate the effect of
sterilisation on the drug loading and coating on the coated DECLs. The DECLs
prepared by nES were stored in a vial containing 2 ml PBS 7.4 for steam sterilisation
at 121 °C, 15 psi for 30 minutes in an autoclave (Systec DB-100, Deutschland,
Germany)[190]. The amount of drug leaching was assayed by validated HPLC
methods mentioned above[126,188,189]. The in vitro release of sterile DECLs was

performed using the abovementioned method.
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5.2.6 Statistical analysis

The mean value of coating thickness and in vitro drug release results were analysed
by one-way ANOVA and Tukey test (SPSS 25, IBM, New York, USA). A p-value lower
than 0.05 is considered to show statistical significance. The coefficient of variance
(CV) was calculated to evaluate the reproducibility of the drug loading to the contact
lenses and expressed as percentage.

5.3 Results and discussion

5.3.1 Optical transmittance (OT) and drug loading of nES-coated DECLS

The nES system was designed to deposit materials precisely at the selected locations.
Figure 5.1 shows the typical contact lenses before (3A) and after nES (3B) coating.
Only the peripheral region of the contact lenses has been coated by the formulation,
and the vision zone remains clear as intended. The high transmittance of contact
lenses is an essential factor in providing clear vision to contact lens users. The OT of
the DECLs prepared by nES is shown in Table 5.2. The OT of all coated lenses is
above the acceptable target (>95%) at 600 nm, indicating the coating did not cover

the vision zone (7.5 mm) as intended.

Figure 5.1. Digital photography of a contact lens before (A) and after nES (B) in

general, scale bar in the figure = 5 mm.

Taking 5% bioavailability into consideration, the required daily dose for KF, BIM, and
LN are 1.25 ug, 0.25 pg and 0.125 ug, respectively, when eye drop is used as the drug

delivery system[191-193]. All coated lenses show drug loading above the therapeutic
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dose, and it is possible to personalise the dose by changing the drug loading in the
precursor liquid and/or the spraying parameters. For example, the number of rotations

and the dosing speed[184].

Table 5.2. The optical transmittance of DECLs at the vision zone and the coating

thickness.

OT (%) Coating thickness (um)

Blank lenses 97.6+0.3 -

KF1 96.4+0.3 44 + 4
KF2 95.9+0.8 45+ 4
KF3 96.2+1.2 43+5
BIM1 959+1.6 41 +4
BIM2 96.3+04 44 + 3
BIM3 96.7+04 41 +4
LN1 96.8+0.3 45 + 3
LN2 97.0+04 44 + 4
LN3 96.0+ 0.5 43 +3

5.3.2 Morphology of coating on contact lenses

With a relatively short nozzle to substrate distance to limit the spraying width, a solvent
system containing fast-drying solvents was chosen. Acetone was selected as the
primary solvent in the solvent system since it is an excellent solvent to solubilise PLGA.
It also has high vapour pressure and is classified by FDA as a class lll solvent.
However, the use of acetone alone destabilised the spraying cone, leading to poor film
morphology (Figure 5.2 A). It was reported that the solvent system with a lower vapour
pressure generates smooth particles instead of a texture one[194]. Ethanol was added
to the solvent system to reduce the vapour pressure without precipitating PLGA in the
spraying solution, resulting in a smooth coating on the contact lens (Figure 5.2 B).
Further increase the acetone:ethanol ratio to 8:2 precipitated PLGA, and therefore, the

solvent ratio stopped at 9:1.
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Figure 5.2. Microscopic image of nES-coated contact lenses using 2.5%w/v PLGA in

acetone alone (A) and in acetone to ethanol (9:1) (B). The scale bar is 1 mm.

Cryo-SEM images in Figure 5.3 show the typical surface morphology of the PLGA
films with the model drugs. Similar surface features are shared by DECLs loaded with
KF, BIM and LN, and a dense and continuous layer of the drug-loaded polymer film
was deposited on the peripheral region of the contact lens. The PLGA coating of all
model drugs was a mix of fibres and particles, indicating the molecular weight of PLGA
could be high enough to initiate fibre formation. The fusion of nES PLGA particles with
adjacent particles occurred on the contact lens to form a solid film when the nozzle

substrate distance and dosing speed were sufficiently low.
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Figure 5.3.Typical cryo-SEM images of DECLs with different model drugs prepared
by nES, A: KF, B: BIM and C: LN. The dashed line indicates the coated region. The

black boxes in the figure show the images of higher magnifications of the area of

interest.

5.3.3 In vitro drug release of nES-coated lenses

Figure 5.4 and Figure 5.5 show the in vitro drug release of the model drugs from
DECLs prepared by the nES method with different presentations of the cumulative
release of the model drugs. For the KF-loaded contact lenses, a rapid release of
ketotifen in the first 30 minutes was observed for all drug loadings (Figure 5.4 A). The
release of K3 reached nearly the plateau at 6 hours, whereas K1 and K2 showed no
further drug release after 24 hours. For BIM-coated lenses, the results showed that
burst release of BIM presented for all levels of drug loading in the first 30 minutes
(Figure 5.4 B). No further drug release at 24 hours was observed for BIM1 — BIM3.
Compared with KF and BIM, the in vitro drug release of LN shows a longer duration of

drug release in general. Burst release of LN was observed within the first 2 hours for
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all the drug loading levels (Figure 5.4 C). The duration of drug release is dependent
on the drug loading. The release of LN from LN1 and L2 stopped at 24 hours and 120
hours, respectively. LN3 shows the most extended drug release until 216 hours. The
hydrophobicity of the model drugs plays a role in the release duration, as suggested
by the in vitro results. The log P of LN is the highest and is expected to have stronger
interaction with PLGA than the other two model drugs. Meanwhile, the LN has the
lowest aqueous solubility among the model drugs, implying it has the lowest

thermodynamic driving force to dissociate into the drug release media.
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Figure 5.4. In vitro drug release of KF (A), BIM (B) and LN (C) from DECLs prepared
by the nES method.
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The processing method likely accounts for the rapid release of the model drugs from
the PLGA film. By nanoelectrospray, the polymer and drug were deposited
homogeneously on the substrate, implying some drug molecules were exposed on the
surface of the PLGA film. A substantial amount of model drugs on the surface was
released as soon as the coated lens was immersed into release media, which explains
the burst release phenomenon. The coating thickness of all nES lens samples ranges
from 41 to 45 um on average (p = 0.184) (Table 5.2). The low thickness of the PLGA
coating could be another reason for the quick release of the model drugs KF and BIM,
because of the short distance required for the drug molecules to travel to the surface
of the coating.

It was assumed that the drug loading in the coating could affect the in vitro drug release
rate. The lower drug loading may show a slower drug release kinetic. However, the in
vitro results for all levels of KF and BIM loading showed no difference in the drug
release rate regardless of the drug loading (Figure 5.5). The low thickness of the PLGA
coating may be the reason why no difference in release kinetic was observed. Further
lowering the drug-polymer ratio and increasing the thickness of the film may enable

modulation of the drug release rate by prolonging the diffusion path.

Interestingly, LN showed different in vitro results compared with KF and BIM. The
lower drug loading of LN (1.5%) shows a faster drug release kinetic from 5 hours
onwards, compared to the 5% (p = 0.036) and 15% (p = 0.019) drug loading. There
may have a local surface effect for 5% and 15% LN loading where the concentration
of LN is higher at the surface of the coating and reduce the concentration gradient
between the coating and the PBS. On the other hand, the 15% LN loading was not
performed under sink condition, which may contribute to the longer duration of drug

release observed in Figure 5.5 C.
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from DECLs prepared by the nES method.
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Table 5.3 shows the comparison between the quantity of model drugs deposited onto
the contact lenses and the amount released from the in vitro experiment. It is assumed
that the amount released from the nES-coated lenses should fall between 85% and
115% of the deposited amount. The results indicate that all formulations, except LN2,
have ratios that are either higher than 115% or lower than 85%. To evaluate the
reproducibility of drug deposition to the contact lenses, the coefficient of variation (CV)
was calculated. The CV for all formulations remains within 15%, indicating that the

data is tightly clustered around the mean.

Several factors could contribute to the deviation between the expected and actual drug
loading. One potential factor is batch-to-batch variation, where different batches of the
precursor solution may have varying drug concentrations. One batch of the precursor
solution was prepared to determine the total amount of model drugs deposited on the
contact lens, while another batch was prepared for the in vitro experiment. Using a
highly volatile organic solvent system for the percussor solution could introduce
variation during sample preparation through pipetting, resulting in deviating drug
concentration from the expected value. Additionally, the variation in drug loading could
be attributed to the different moisture content of the contact lenses. Despite blotting
the wet lenses on a lint-free cloth to remove excess liquid before nES, the exact
amount of liquid on the lens remains unknown. The difference in moisture content
might alter the electrical conductivity of the contact lens, which affects the spray

current and flow rate[195].

The in vitro release data of DECLs should be carefully interpreted since there is
currently no universally accepted standard method to measure it. The 2 ml of PBS
used in the in vitro release study was adapted from the literature as a simple approach.
The relatively large volume of release media used in this method (2 ml) provided the
sink condition for the in vitro drug release set-up, thereby maintaining a sufficient
concentration gradient to drive the drug molecules out from the coating. However, it
should be noted that sink conditions are rarely achieved in real-life scenarios due to
the low tear volume (7 - 30 ul)[83]. The in vitro results are, therefore, expected to

demonstrate a faster drug release kinetic, which is demonstrated from the comparison

124



of in vitro and in vivo result of the same DECLs[196]. To address this issue, alternative
devices that uses 3D printing and microfluidic technology to assess the in vitro drug
release of DECLs were reported in the literature[83,197]. With the validation of these
flow cell models, the in vitro release result will be more relevant to the actual drug

release on the corner surface.

Table 5.3. Drug-loaded nES-coated DECLs and the amount of model drugs released

from the in vitro drug release experiment

Ratio(%)
KF1 106 + 25
KF2 127 +11
KF3 103 + 18
BIM1 89+ 19
BIM2 85+ 19
BIM3 113 +13
LN1 100 + 18
LN2 106 +9
LN3 115+ 16

The in vitro drug release from the drug-loaded coating on contact lenses shows burst
release for all the model drugs used in this study. High molecular weight PLGA was
chosen in this study because it is well-known for its controlled release
characteristic[198]. It was shown that PLGA could slow down the release kinetic of
fluorescein when the drug-loaded film was encapsulated in the pHEMA contact
lens[89]
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The in vitro release experimental setup used in this study was simple and commonly
reported in the literature. Briefly, for the vial method, the DECLs are placed in a vial
containing a small volume (2-10 ml) of dissolution media (PBS or tear-simulate fluid)
and introduced some forms of agitation such as stirring or shaking[73,199,200]. The
physiological structure of the eye is hugely different from the in vitro setup that only
about 10 pl of tear fluid stays at the posterior eye segment. The high tear turnover rate
is another characteristic often neglected in the vial method. Therefore, the in vitro
result herein is limited to comparing the drug release kinetics for the tested
formulations. To provide a more realistic eye model for in vitro drug release
experiments, researchers have explored using flow cell devices to mimic the low liquid
capacity of the posterior eye and the high tear turnover rate[179,183]. Validation of the
in vitro release with in vivo results will be helpful to standardise the drug release

method.

5.3.4 Effect of steam sterilisation on the nES-coated lenses

Steam sterilisation is standard practice to sterilise contact lenses before being used.
Therefore, it was adopted to evaluate the influence of sterilisation on the nES-coated
contact lenses. The image in Figure 5.6 shows the drug-loaded PLGA coating before
and after the steam autoclave. In general, the coated lenses curled up for all model
drugs, with LN lenses having the most apparent curling. The curling effect seen in nES
DECLs is likely related to the hydrogel nature of soft contact lenses. Excess liquid on
the blank contact lenses was blotted on a lint-free cloth before the nES coating
process. The semi-wet contact lenses started to shrink with time during the nES
coating process, which took about 2 minutes to complete. During the spraying process,
the PBS in the contact lens matrix may evaporate with time or be displaced by the
solvent in the precursor solution, leading to lens shrinkage. When the nES-coated lens
was introduced into PBS 7.4, the lens swelled to the original dimension. However, the
PLGA ring restricted the swelling of the contact lenses in the peripheral region, and
the lens curled up as a result. Although 10 ul of PBS was pipetted to the peripheral
region to mitigate the shrinkage of contact lenses during the coating process, the
spraying chamber was not a closed system, and the dehydration of lenses was not

controlled. The shrinkage of contact lenses was also subjected to environmental
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factors such as temperature and humidity. A closed spraying chamber with controlled
humidity may reduce the curling issue.

After treating the nES-coated lenses in the autoclave, the PLGA coating detached from
the lens surface to different extents. Almost all nES-coated contact lenses returned to
their original shape after steam autoclave. The change in lens shape is likely attributed
to the change in the physical state of PLGA. The PLGA used in the study has a glass
transition temperature of 46.63 °C (data not shown). The behaviour of PLGA coating
changed from glassy to plastic during the autoclave process and gained flexibility like
a rubber. However, this also could cause delamination of the coating as seen for
ketotifen. The PLGA coating with ketotifen delaminated completely in all samples as
seen in Figure 5.6. The hydrophilic nature of ketotifen fumarate might facilitate the
delamination. The strong affinity of KF to PBS may create hydrophilic channels in the
coating, which facilitates the delamination of the PLGA coating. The PLGA coating
with BIM showed the best result after the autoclave that only one lens showed the sign
of partial delamination of the coating from the lens surface. Upon close inspection
using cryo-SEM, the coating morphology for both BIM and LN show comparable
results (Figure 5.8). The PLGA coating shows a fragmented surface with some holes
penetrating the coating.
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Figure 5.6. Digital images of nES-coated DECLSs before and after steam sterilisation.

The white arrow indicates the curling issue of contact lenses after nES.
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The in vitro drug release of LN and BIM from DECLs with and without steam autoclave
is shown in Figure 5.7. The amount of LN loaded to the contact lenses after autoclave
was 9.71 £ 0.21 pg and the amount of LN found in the PBS solution was 15.35 + 1.21
Mg. The % LN leaching in the PBS 7.4 was 61.17 + 1.79%. The in vitro drug release
of autoclaved LN-coated lenses showed burst release in the first hour and reached the
plateau at 24 hours. BIM-coated lenses showed a total drug loading of 11.35 + 2.1 pg
and 37.68 + 8.68 g in the PBS solution. A 76.4 + 5.97% of BIM leached in the buffer
solution during the autoclave process. The release kinetic of BIM before and after the
autoclave showed no difference in that the burst release happened in the first 0.25

hours and plateaued at 3 hours.
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Figure 5.7. The in vitro release of LN(A) and BIM (B) from nES-coated lenses after

autoclave.

Some extent of drug leaching from the nES-coated lenses was expected because of
the nature of the coating. The nES generates a thin coating with uniform distribution
of drug molecules through the film where drug molecules on the surface of the coating
are expected to dissolve quickly from the coating into the PBS. One approach to limit
drug leaching would be using pH-sensitive polymers to produce the coating. The ideal
pH for the eye is pH 7.4. The use of pH-sensitive polymers such as Eudragit S100
degrades above pH 7.0[201]
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The sterilisation step of contact lenses is necessary to prevent potential microbes from
causing eye infections during application. Although the nES could coat the PLGA
polymer and model drugs onto the lens surface, the steam sterilisation method limits
the choice of polymers that can be used. Both BIM and LN autoclaved lenses show
apparent damage on the coating after the steam autoclave. The fibre structure
observed in Figure 5.3 disappeared, but many tiny pores were observed on the coating
surface as seen in Figure 5.8. For the steam sterilisation method, the polymer ideally
has a glass transition temperature higher than 121 °C to reduce the likelihood of the
damaged coating or delamination. Alternatively, gamma ray sterilisation could be used
if the polymer has a glass transition temperature lower than 121 °C. The typical dose

of gamma irradiation for medical devices is 25 kGy[202]

Figure 5.8. Typical cryo-SEM images of DECLs with A: BIM and B: LN, after

autoclave.

The study aimed to evaluate the novel method to prepare DECLs by nES. To the best
of our knowledge, this is the first study using nES to prepare DECLs. The rationale
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was based on using additive printing technology to prepare polymer-drug coated
contact lenses on demand to produce a personalised drug delivery system. The results
suggested that solid, continuous coatings with different model drugs were deposited
on the peripheral region of commercially available contact lenses to maintain a clear

vision zone as intended.

As shown in the previous chapter, the nES technique makes tailoring dosage possible.
By changing the drug loading with fixed spraying parameters, it is possible to build a
calibration curve for a specific range of drug loading and prepare the tailored dosed
lenses accordingly. Other spraying parameters such as applied voltages, nozzle
substrate distance and nozzle diameter are known to affect the coating morphology
and the quantity of drug deposited on the lens surface[112]. These parameters should
be optimised to avoid the polymer-drug coating covering the vision zone and deposit

required amount of drug onto the contact lenes.

A potential application of the nES system is its integration into the production of contact
lenses. The production of contact lenses involves crosslinking monomers and
crosslinkers to form dry lenses, which are then hydrated in saline solution and sealed
in final packaging for sterilisation. The nES system could be integrated as an additional
step at the end of the manufacturing process to coat the contact lenses with polymers
and APIs, prior to sterilisation. By employing multiple nozzles in parallel during the
NES coating step, the production rates of DECLSs could be increased, paving the way

for large-scale manufacturing.

5.4 Conclusions

In this study, DECLs with a range of drug loading of the model drugs were prepared
by nES. All DECLs showed excellent optical transmittance at the optical zone, implying
that the coating method will not interfere with the vision. It was found that the swelling
of hydrogel contact lenses poses challenges in returning to the original curvature of
the lenses after the nES coating. Further study is needed to control the shrinkage

during the nES process. The in vitro release of the model drug showed that the
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hydrophobicity of the model drug plays a vital role in the duration of drug release, of
which the 15% LN lenses showed the longest duration of drug release. The drug
loadings showed no difference in the release kinetics for BIM and KF, except LN.
Similar to many reported methods to prepare DECLS, drug leaching was unavoidable
using the nES method. Adding a small quantity of the ophthalmic drug into the saline
solution may be the solution, as demonstrated by the first commercially available
DECL. Steam sterilisation is a harsh method for sterile DECLs prepared by nES, even
though it is the standard method for sterilising contact lenses. Alternative sterilisation

methods like gamma rays can minimise damage to the coating.
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Chapter 6 Conclusion and future outlook

The present works characterised two additive printing technologies and demonstrated
their potential to fabricate personalised medicines for different drug delivery systems.
It is concluded that no single additive printing method can accommodate all dosage

forms.

Chapter 3 discussed the characterisation of the piezoelectric MD system built in-house
using a range of viscous inks containing HPMC. The sequence of optimisation of the
printing parameter for an ink should start from adjusting the applied pressure to ensure
proper ejection of ink, followed by changing the opening height to generate bubbles-
free droplets. Subsequently, the opening time was adjusted to dispense the targeted
volume, followed by modification of the delay time to achieve the targeted droplet pitch.
Altering the printing cycles allowed for linear adjustment of paracetamol dosage in
ODFs with increased film dimension. The dimension of ODFs should be limited to a
reasonable size (18 mm x 18 mm) to make it clinically practical, implying limited
amount of APIs can be loaded to the ODFs. The development of emulsion-based
formulation enables higher drug loading to expend the range of printable APIs. The
piezoelectric MD technology enables single-pass printing without extra edible
substrates, achieving sufficient ODF thickness for good handling. The printing of ODFs
could be done on the final packaging materials, such as aluminium foil, before sealing
and dispensing to the patients at the point-of-care to streamline the dispensing

process.

Chapter 4 presented a novel approach for controlled deposition of polymeric liquid
formulations on soft and curved hydrogel-based substrates using a bespoke nES
system. The nozzle substrate distance should be considered first to determine the
spray area, followed by the dosing speed and the number of overcoats for required
thickness. The deposition volume of zein was predictable using spray current
transients and the established electrospray scaling law and the results was highly

correlated to the spectroscopic results. The results in chapter 4 provided fundamental
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understanding of the nES system's spraying parameters' effect on coating quality,
highlighting optimization priorities. The on-demand nature of nES reduces material
waste compared to other methods to prepare DECLSs, which could be beneficial when
the formulation contains expensive APIs. The study suggested that nES has the
potential to be a platform technology for depositing materials on medical devices with
challenging features such as soft, wet, and curved surfaces. While the transient
measurement is limited to the precursor solution with good electrical conductivity, it is
not suitable for formulations containing mainly organic solvents. Adding organic salt to
an organic solvent system will provide adequate electrical conductivity to enable the
monitoring of the stability of spray and the deposition volume.

In Chapter 5, the preparation of DECLs containing three model drugs with varying
hydrophobicity was explored using the bespoke nES system. The nES system was
able to coat all formulations on the contact lenses to produce DECLs with an excellent
optical transmittance at the optical zone. However, the shrinkage of hydrogel contact
lenses during nES costing presented challenges. Further investigation is required to
control the shrinkage during the nES process by monitor the shrinkage of contact
lenses at specific temperature and humidity using an optical camera system. The in
vitro drug release results revealed that the duration of drug release was highly
dependent on the hydrophobicity of the model drug, with 15% LN lenses showing the
longest duration of drug release. However, drug loading did not significantly impact
the release kinetics of BIM and KF, with the exception of LN. Steam sterilisation, which
is the standard method for sterilising contact lenses, was found to be a harsh method
that could damage the PLGA coating. Gamma rays could be used as an alternative
sterilisation method that minimises coating damage. The spraying volume was unable
to be monitored using the oscilloscope due to the low electrical conductivity of the
precursor solutions. Adding organic salts that are safe to human, would be helpful to
predict the spraying volume using the transient captured during the spray.

The development of personalized medicines at the point-of-care is an emerging field
that holds great promise for improving therapeutic outcomes. While there are

machines capable of printing medications with various doses, their operation requires
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highly skilled personnel. Ideally, these machines should come with user-friendly
software that enables healthcare professionals to operate them with minimal training.
However, the regulatory barrier is a significant challenge to overcome for the
widespread adoption of printing personalized medicines. Many additive printers in the
literature have not been validated or performed printing under Good Manufacturing
Practices, making it essential to develop comprehensive guidelines for the
development of validated equipment for printing personalized medicine at the point of
care. It is believed that additive printing technologies will provide highly versatile
tooling to improve therapeutic outcomes for patients in the near future once

sophisticated guidelines are provided by regulatory bodies.

To advance the printing of ODFs using MD technology, there are several areas of
further research that could be pursued. First and foremost, developing high drug
loading formulations should be explored in order to expand the range of APIs that can
be printed. In addition, a thorough stability study of the formulation and the crystal
state of the APIs in the printed films should be conducted to examine the feasibility of
high drug loading. Furthermore, examination of the stability of the high drug-loaded
printed films is necessary to determine the optimal storage conditions after on-demand
printing. These areas of investigation will contribute to a more comprehensive
understanding of the capabilities and limitations of MD technology for the printing of

personalized medicines at the point-of-care.

In order to further advance the development of controlled deposition of polymeric liquid
formulations on hydrogel-based substrates using a bespoke nES system, several
future directions were identified. One approach is to address the drug leaching issue
during storage by utilizing pH-sensitive polymer. Additionally, depositing the coating
between contact lens layers could also prove beneficial, as it has the potential to
prolong the diffusion distance for drug molecules. Another important direction is to
better understand the rate of shrinkage of contact lenses on the lens holder at varying
temperatures and humidity levels, which can be achieved through the use of an optical
camera system to monitor the changes in lens diameter from the top view of the lens

holder in both the x and y axes. To achieve high precision in coating thickness on the
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contact lens, a more precise imaging method is needed. For example, Ross et al. used
the anterior segment ocular coherence tomography to measure the thickness of
coating inside the contact lens matrix from the cross-sectional images[203]. Finally, it
is essential to evaluate the in vitro release of DECLs using flow cell devices to assess

their performance similar to physiological conditions.
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Figure A. 1 The search result on PubMed of the number of publications of personalised orodispersible films from 2013 to 2023
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Figure A. 2 ATR-FTIR spectra of MD printed drug-loaded ODFs with eight printing cycles at random locations. The dash lines indicate the

characteristic peaks from paracetamol
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Figure A. 3 The effect of spraying parameters on the spraying width and film thickness of Z1, Z2
(2.5% wlv), Z3 and Z4 (5% w/v). (A-B) nES dosing speed, (C-D) number of rotations and (E-F) nES
NSD.
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