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Abstract 

 

Oral drug delivery remains the preferred method of API administration, but 

Biopharmaceutical Classification System Class II drugs are not ideally suited to this 

due to their inherent poor solubility.   The current study aims to utilise the innovative 

formulation technique of aerosol jet printing to increase the dissolution capability of 

poorly soluble drugs.    

 

Aerosol jet printing Class II drugs with an appropriate stabilising polymer reduces 

crystallinity, increasing drug solubility.   Furthermore, in the presence of sufficient 

polymer content, fully amorphous products can be produced resulting in enhanced 

dissolution capabilities.   The intrinsic dissolution rate of fenofibrate was found to 

increase by 10-fold on printing with PVP K30.   A lesser increase was typically seen 

on printing the materials as separate layers, but a slight loss of crystallinity does 

suggest that there are some interactions happening at the interface.   Printing with PVP 

K30 was also found to increase the intrinsic dissolution rate of ibuprofen, with 3-fold 

increase on formation of amorphous material.    

 

Aerosol jet printing also allows a high degree of precision, enabling control of drug 

location to the micrometre, production of scalable dosage forms and control of drug 

distribution within solid dispersions.   This high degree of precision has also enabled 

design of more complex dosage forms with a view to generating a pulsatile release 

profile in an entirely novel manner.   Scale up of printing was attempted to allow 

demonstration of high precision printing of a full-size tablet.   Unfortunately, 

dissolution testing of the full-size tablet failed but it is hoped this technology could be 

developed further in the future.  

 

Overall this thesis demonstrates the ability of the aerosol jet technology to be applied 

to pharmaceutical manufacturing in a precise manner to increase dissolution of poorly 

soluble compounds.   Future work could include development of the technique for use 

in production of more complex customisable dosage forms.   
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Chapter 1: Introduction 

 

1.1 Background 

1.1.1 Dosage Forms 

In the broadest sense, dosage forms can be considered the means by which an active 

pharmaceutical ingredient is administered.   These systems aim to ensure the drug 

reaches its site of action at the required dose, within the appropriate therapeutic index 

and produces a therapeutic response (Panakanti and Narang 2015).   Drug delivery 

systems can take a number of forms such as parenteral, topical, ocular, transdermal 

and oral.   The latter is of particular interest to the current study 

 

1.1.2 Oral Solid Dosage Forms 

1.1.2.1 Basics of Oral Drug Delivery 

Currently oral drug delivery is the preferred method of administration of medication 

for many conditions as it allows patients to self-administer and when administered 

correctly allows highly accurate dosing.   From an economic point of view this is more 

beneficial than any other dosage form as it does not necessarily require any additional 

personnel to be present, as is often the case with some parenteral routes such as 

intravenous, subcutaneous, intramuscular or intraperitoneal administration.    In terms 

of patient compliance, it is also much less invasive than other administration methods 

which does make it more favourable to some.   This is particularly significant for 

paediatric patients, to whom the pain associated with parenteral administration can 

prove greater than most adult patients, and for elderly patients for whom finding a vein 

may prove more difficult resulting in higher risk of pain.   It is said that approximately 

90% of all drugs in existence can be used in an oral form and over 50% of dosage 

forms sold are oral drug formulations (Pavurala & Achenie 2013).    There are a range 

of oral drug delivery systems available such as tablets, liquid formulations, hard and 

soft capsules, and particle systems.   For oral drug delivery to be effective, it is 

necessary that the active pharmaceutical ingredient (API) reaches its site of action, and 
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that its formulation succeeds in generating the required pharmacokinetic profile and 

therefore gives rise to the anticipated pharmacodynamic effect (Mrsny, 2012).   This 

means the drug, which may be aided by its manner of delivery, must interact 

effectively with the body on both a tissue and cellular level to achieve the required 

effect.   Additionally, in order to achieve this the solid oral dosage form must facilitate 

dissolution in the gastrointestinal fluid to allow the drug to be in a state which is 

amenable to absorption. 

 

Generally oral solid dosage forms consist of a mixture of API and excipients such as 

diluents, binders, disintegrants, glidants and lubricants.   This blend should ideally 

result in an optimum flowability and distribution of all components to ensure 

successful compression, disintegration, wettability and dissolution.   Conventionally a 

tablet consists of a powder blend.   The powder blend defines these properties by 

governing hardness, porosity and friability.   Production is highly controlled and 

monitored to ensure the quality of the dosage forms generated from these powders.   

Tablet manufacture conventionally takes the form of direct compression or granulation 

followed by compression.   The former method is often favoured for large scale 

manufacturing as it remains the cheapest method of tablet manufacturing, however it 

is not suitable for all powder blends.   The latter method is generally employed when 

the powders utilised produce poor flowability and/or fail to maintain a good 

distribution of components.   The latter issue often results from differing particle sizes 

and densities resulting in some powders segregating within the blend.   Granulation 

enables generation of particles featuring a mixture of the components achieving a more 

uniform particle size.   Granulation can take multiple forms, most notably wet and dry 

granulation.   Wet granulation involves the addition of liquid, generally water but 

ethanol or propanol may also be used, and the binding of particles by this means, before 

sieving.   Wet granulation is sometimes unsuitable however as certain APIs are prone 

to aqueous hydrolysis or polymorphic changes through this process.   Dry granulation 

by slugging or roller compaction is often employed as an alternative.   Slugging and 

roller compaction can both be considered means of compaction, with the former 

resulting in a powder compact and the latter resulting in a sheet of agglomerated 

material, both of which can then be milled to give granules.   However there is still a 
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risk of polymorph transformation associated with this as the powder is still exposed to 

mechanical stress, but the risk hydrolysis is removed (Andrews 2007, Leane et al. 

2015).   However not all drugs are perfectly suited to oral drug delivery and a number 

of issues can arise.    

 

1.1.2.2 The Importance of the Biopharmaceutical Classification System 

Drugs delivered orally can be categorised within the Biopharmaceutical Classification 

System by solubility and permeability.   This is a method of characterising drugs which 

was originally suggested by Amidon et al. over twenty years ago to understand the 

relationship between dissolution, absorption and bioavailability of an orally 

administered drug (Amidon et al. 1995).   It aims to classify drugs in terms of the rate 

limiting steps of dissolution in the body, including the initial drug release, preservation 

of the solubilised state of the drug while it is in the alimentary canal and finally the 

stage during which the drug is absorbed from the gastrointestinal tract (GIT) through 

the surrounding tissues into the blood (Vikaas and Arun 2012). 

 

Solubility within the Biopharmaceutical Classification System is defined by the 

highest dose strength of a drug.   As a broad rule, solubility can be considered as the 

mass of a material which dissolves in a particular volume of solvent at a particular 

temperature.   An agent is categorised as having high solubility when the highest dose 

can dissolve in up to 250ml of a water-based solution.   This volume is based on the 

recommended water intake with an oral dose.   Studies should be carried out across a 

pH range of 1-7.5 at 37°C (body temperature) to allow examination of the drug’s fate 

at all regions of the gastrointestinal tract, moving from the approximately neutral 

region of the mouth to the acidic region of the stomach to the increasingly less acidic 

region of the intestine.   Solubility can be tested using a shake-flask or titration method.   

More recently it has been suggested the guidelines should be modified to testing 

solubility within a 500ml aqueous solution as this is more indicative of the fluid 

volume in a fasted gastrointestinal tract (Kawabata et al. 2011, Puranik et al. 2011).    
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Permeability within the Biopharmaceutical Classification System is defined by the rate 

of mass transfer of drug through the tissues lining the gastrointestinal tract into the 

blood and the amount of drug absorbed in vivo.   Agents are said to have a high 

absorption capacity when 90% of the substance is absorbed based on pharmacokinetic 

analysis of blood samples (Puranik et al. 2011).   In vitro studies can also be carried 

out on Caco-2 or MDCK cells or simulated tissues for prognosis of agent permeability 

from the gastrointestinal tract into the systemic circulation (Kawabata et al. 2011).    

 

The Biopharmaceutical Classification System allows drug bioavailability prediction.   

When new drug moieties are introduced, solubility testing and in vitro transport studies 

are initially used to estimate the oral absorption of a drug in vivo (Buckley et al. 2013).   

Drugs must exhibit a good in vivo/in vitro correlation.   This is defined as the formation 

of an effective association between a biological property or response induced by a drug 

in a living organism, and a physicochemical property, such as dissolution rate and 

extent, of the same drug outwith a living organism (Emami 2006).   In order to 

accurately simulate in vivo conditions in vitro, the make-up, volume and 

hydrodynamics of the GIT fluid must be accurately mimicked.   In the fasted state this 

can take the form of pH 1-3 simulated gastric fluid, pH 6.8 simulated intestinal fluid 

without enzymes and pH 5.4-6.5 FaSSIF within the USP method dissolution apparatus 

(Bou-Chacra et al. 2017).   The fed state can be mimicked by carrying out dissolution 

testing in milk or pH 5-6.5 FeSSIF (Dressman and Reppas 2000, Bou-Chacra et al. 

2017).   However, in vitro testing cannot simulate all the parameters exhibited in vivo.   

For example, first pass metabolism via the hepatic portal vein leading to degradation 

of the drug cannot yet be simulated effectively (Tiwari et al. 2011).   As a result, in 

vivo dissolution testing must be carried out in animal models with pharmacokinetic 

analysis of blood samples to interpret the drug concentrations present (Buckley et al. 

2013).   This process of testing can be highly useful as if carried out early it allows 

drugs with problems too severe or too costly to fix to be removed from study before 

too many resources are wasted (Puranik et al. 2011).   The drugs are placed in one of 

four categories based on their solubility and permeability. 
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1.1.2.3 Oral Drug Classes of the Biopharmaceutical Classification System 

Class I drugs are categorized as those with good solubility and permeability 

(Lindenberg et al. 2004).   Class II drugs have poor solubility but good permeability 

(Kawabata et al. 2011).   Class III drugs have good solubility but poor permeability.   

Class IV drugs fall in to the category of those with both poor permeability and poor 

solubility (Lindenberg et al. 2004, Puranik et al. 2011).   Examples of each of the four 

categories can be observed in Table 1.   Drugs with low solubility struggle or fail to 

dissolve in the gastrointestinal fluid and thus are poorly absorbed, as the undissolved 

drug is not in a suitable state for absorption to occur properly.   Drugs with low 

permeability cannot be properly absorbed into the systemic circulation as, often due to 

low lipophilicity, they cannot transverse the gastrointestinal wall.   This can result in 

poor bioavailability and reduced therapeutic effect possibility signified by 

breakthrough symptoms (Blagden et al. 2007).   At present 40% of all drugs on the 

market fall into the category of either Class II or IV drugs (Roberts and Zhang 2013).   

Class II agents are a major area of interest in oral drug development in the current 

study as alone their activity is suppressed by their incapacity to dissolve in the 

gastrointestinal fluid but, unlike Class IV agents, their permeability allows them to be 

absorbed effectively if they are effectively solubilised by formulation (Sant et al. 

2004). 

 

Table 1: Classification of a number of drugs via the Biopharmaceutical classification 

System (Lindenberg et al. 2004, Golovenko and Borisyuk 2008, Puranik et al. 2011, 

Lennernäs 2014)  

 Highly Soluble  Poorly Soluble 

Highly 

Permeable 

Class I Class II 

Drug Use/ 

Pharmacology 

Drug Use/ 

Pharmacology 

Chloroquine 

 

 

Digoxin 

Antimalarial 

agent 

 

Carbamazepine 

 

 

Griseofulvin 

Antiepileptic 

agent 
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Paracetamol 

 

 

Salbutamol 

 

 

Cardiac 

glycoside  

 

Analgesic 

agent 

 

β-blocker, 

bronchodilator 

 

 

Hydrocortisone 

 

 

Nifedipine 

 

Antifungal 

agent 

 

Cortisol 

Replacement 

Therapy 

 

Calcium 

channel blocker 

 

Poorly 

Permeable 

Class III Class IV 

Drug Use/ 

Pharmacology 

Drug Use/ 

Pharmacology 

Abacavir 

 

 

Atenolol 

 

Metformin 

 

 

Ranitidine  

Antiretroviral 

agent 

 

β-blocker 

 

Hypoglycaemic 

agent 

 

H2-antagonist 

 

Hydrochlorothi

-azide 

 

Ritonavir 

 

 

Talinolol 

 

Paclitaxel  

 

Thiazide 

diuretic 

 

Antiretroviral 

agent 

 

β-blocker 

 

Anticancer 

agent 

  

1.2 Class II drugs 

Class II drugs have been estimated to make up 17% of the official WHO list of 

essential medicines (Lindenberg et al. 2004).   These active pharmaceutical ingredients 

include well used substances such as griseofulvin, digoxin, phenytoin, carbamazepine, 

trimethoprim, dapsone, ibuprofen, nifedipine, nitrofurantoin, sulfamethoxazole and 

hydrocortisone (Leuner and Dressman 2000, Lindenberg et al. 2004).   Unfortunately, 

the problem is also on the rise as it is estimated in recent years 70% of APIs in 
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development have exhibited poor aqueous dissolution (Ku and Dulin 2012).    This is 

believed by some to be partly due to the growing number of complex synthetic 

compounds being manufactured, however as many synthetic compounds have been 

produced without this problem the source of the issue is debatable (Kawakami 2012).    

 

Class II drugs have a rate limiting dissolution step which means absorption does not 

occur as fully or sometimes as rapidly as Class I drugs (Vikaas and Arun 2012).   Class 

II drugs can result in a range of issues in drug delivery due to their failure to dissolve 

properly.   If the drug cannot dissolve efficiently or fully, the mass entering the 

systemic circulation is reduced and the rate at which it is absorbed can fluctuate leading 

to poor bioavailability (Blagden et al. 2007).   However, once their dissolution has 

been improved, Class II drugs do generally have an in vitro/in vivo correlation which 

is comparable to Class I drugs, which as a whole generally have the best correlations 

and overall performance of all the drug types (Vikaas and Arun 2012).   This suggests 

that solubility and absorption exhibited in vitro is more likely to be comparable to that 

observed in vivo.   Thus there is a great deal of interest in increasing the bioavailability 

of these drugs as if the solubility is increased without compromising the 

pharmacodynamics of the agent, they can exhibit a level of permeability comparable 

to that of Class I drugs (Puranik et al. 2011, Buckley et al. 2013). 

 

1.3 Methods of Improving Solubility of Class II Drugs 

Even a small increase in solubility of an API can make an impact on increasing 

bioavailability by increasing the overall dissolution rate.   A number of physiochemical 

factors influence the dissolution rate such as the agitation applied, the surface area, the 

diffusion coefficient, the saturation solubility, the mass of agent to be dissolved and 

the volume of liquid available for dissolution (Kawabata et al. 2011).   The overall 

solubility of a drug can be increased via changes to the crystal structure, molecular 

modification and formulation.   As the current study focuses on the work of CMAC, 

batch methods will be detailed briefly but latterly the methods given will be primarily 

continuous. 



8 

 

 

1.3.1 Conventional Methods to Improve the Solubility of Class II Drugs 

1.3.1.1 Solid State Modification 

1.3.1.1.1 Salt Formation 

Salt formation can be used to increase dissolution as the ionised form of the drug is 

often more soluble.   Salts can be formed by the movement of protons from an acid to 

a base and a stable ionic bond can be established if the variation between the pKa 

values of an acid and a base is over 3.   The salt counter ions alter the pH at the surface 

of the salt particle, leading to a greater solubility than the original molecule (Kawabata 

et al. 2011).   For example, celecoxib, an acidic agent with poor aqueous solubility, 

exhibited an increased dissolution rate and oral bioavailability when formulated as a 

sodium salt, in comparison to the unionised molecule (Guzman et al. 2007).   In another 

example, Skořepová et al. demonstrated the ability of salt formation to increase the 

solubility of agomelatine.   On formation of salts with hydrogen sulphate, mesylate 

and besylate, 3.2-fold, 51.43-fold and 200-fold increases in intrinsic dissolution rate 

respectively were observed relative to the drug alone (Skořepová et al. 2017).  

 

1.3.1.1.2 Polymorphism 

Polymorphism can also be utilised to increase dissolution.   Polymorphism is defined 

as the ability of a substance to exist in a number of forms (Fabbiani and Pulham 2006).   

This generally refers to substances with identical chemical composition but dissimilar 

lattice structures and/or molecular shapes.   This ability is found very prominently in 

the field of pharmaceuticals.   Each polymorphic form of a substance exhibits different 

physiochemical properties, including melting point, density, solubility and stability.   

As a general rule, the metastable polymorphic form has a kinetically higher solubility 

than the polymorphic form with greater thermodynamic stability.   However, 

polymorphism is limited as the metastable form often reverts back into the more 

thermodynamically stable form (Kawabata et al. 2011).   An example of increasing the 

dissolution of a poorly soluble drug in this manner is oxytetracycline as the metastable 

form of the drug exhibited 95% dissolution compared to only 55% dissolution 
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exhibited by the thermodynamically more stable form in a previous study (Savjani et 

al. 2012).   Another more prominent example is the polymorphism of paracetamol as 

the metastable form II of this drug was established to have a greater dissolution 

capacity and to be more compactable than the thermodynamically more stable form I.   

This is as a result of form II’s more layered structure (Thomas et al. 2011). 

 

1.3.1.1.3 Amorphous Material Formation: Solid dispersions 

Polymorphism can also exist as the transition of crystalline drugs into the amorphous 

state.   Amorphous forms of drugs also possess higher solubility than their crystalline 

forms.   The solubility can increase on generating the amorphous form by 1.1 to 1000 

times.   Solid dispersion techniques can be used to generate a stable amorphous form 

of the drug within a formulation by encapsulating the drug particles within a polymer 

matrix to stabilise this disordered state.   The formation of amorphous material is 

highly desirable to increase solubility as breaking down the lattice energy of the 

crystalline form results in a higher entropy, enthalpy and free energy, and thus a higher 

dissolution capability (Baghel et al. 2016).   This typically occurs when the drug 

loading is considered to be lower than the equilibrium solubility of the drug in the 

stabilising material, creating a thermodynamically stable homogenous solution (Huang 

and Dai 2014).    

 

Solid dispersions can be considered to be a collection of formulation methods which 

are made up of two or more materials, which normally include a water soluble matrix 

and a poorly soluble drug (Figure 1).   Solid dispersions can be formulated by spray 

drying, melt extrusion, lyophilisation and by utilising supercritical fluids with 

polymeric transporters and/or surfactant (Kawabata et al. 2011).   An example of 

amorphous material formation was shown in a study investigating a poorly soluble 

VR1 antagonist in solid dispersions of hydroxypropyl methylcellulose acetate 

succinate (Kennedy et al. 2008).   Largely these systems utilise polymers such as 

polyvinylpyrrolidone (PVP) and polyethylene glycols (PEG), however surfactants 

such as Tween-80, docusate sodium and sodium lauryl sulphate or other excipients 
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such as cyclodextrin may also be included (Moribe et al. 2012, Savjani et al. 2012).   

These have the advantage of smaller particle size, better wettability and higher porosity 

which all provide a greater surface area for dissolution to occur (Vasconcelos et al. 

2007)   There are a number of methods for generating solid dispersions including hot-

melt methods, solvent evaporation, nanosuspension, media milling, high pressure 

homogenization, supercritical fluid process, inclusion complex formulation based 

techniques, kneading, micellar solubilisation, hydrotrophy, crystal engineering and 

cryogenic techniques (Savjani et al. 2012).    

 

Examples of improving dissolution in this manner include a previous study involving 

spray drying of probucol and PVP K30 increased the dissolution relative to the drug 

alone by more than 6-fold (Thybo et al. 2008).   Another study demonstrated the effect 

of thin film freezing of fenofibrate with HPMC E5 resulting in an increase from 40% 

release on physical mixing to 100% release on formation of amorphous FNF-HPMC 

E5.   Additionally, film freezing with HPMCAS resulted in an increase from 60% 

release on physical mixing to 100% release on formation of amorphous FNF-

HPMCAS (Zhang et al. 2012).   A further study demonstrated solvent evaporation of 

ethanol, carbamazepine, Neusilin UFL2 and Kollidon VA64 resulting in an increase 

from 30% drug release from the drug alone to up to 70% release from the solid 

dispersions (Vojinović et al. 2018).   Additionally, a previous study demonstrated co-

milling of ibuprofen and microcrystalline cellulose resulting in an increase from about 

60-70% release to about 100% release after 20 minutes of milling (Varghese and 

Ghoroi 2017).   Hot-melt techniques will be discussed later in this chapter.    
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1.3.1.1.4 Co-crystallisation 

Co-crystal formation is another method of increasing dissolution capability.   Co-

crystals can be defined as substances consisting of two or more different constituents 

within the same crystal lattice tied to each other by non-covalent interactions (Blagden 

et al. 2007, Kawabata et al. 2011).   In the case of drug-based co-crystals they tend to 

consist of the drug plus another molecule, for example an inert excipient (Kawabata et 

al. 2011).   Co-crystallisation is particularly useful as it can improve the 

physicochemical properties of a drug without altering its chemical characteristics or 

pharmacological activity (Yadav and Yadav 2009, Aakeröy et al. 2011).   Previous 

evidence of using co-crystals to improve solubility was exemplified using glutamic 

acid to improve dissolution of a poorly soluble API by 8-fold (McNamara et al. 2006), 

and using saccharin to improve dissolution of indomethacin with the time to reach 

100% dissolution rate decreasing by 9-fold on co-crystallisation (Jung et al. 2010).   

More recently, Pan et al. employed oxalic acid to improve dissolution of azelnidipine 

by a third (Pan et al. 2017). 

 

1.3.1.2 Prodrug Formation 

Prodrugs have also been used to great effect in previous research into improving 

solubility.   A prodrug is defined as a virtually or entirely pharmacologically inactive 

Figure 1: Structure of an ideal solid dispersion with the drug (green) evenly distributed 

throughout the polymer (blue chains) (Huang and Dai, 2014). 
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precursor which releases the active drug on hydrolysis, oxidation, reduction or 

enzymatic degradation (Testa 2004).   One major way of achieving greater solubility 

is to create prodrugs with higher polarity than the drug alone.   Water and water-soluble 

drugs can be considered to be polar due to their ability to form dipoles and the latter 

can dissolve in the former due to their shared character.   The solubility of class II 

drugs is low due to the fact they possess a higher number of non-polar groups, as is 

often exhibited by organic molecules as the electronegativity of the carbons and 

hydrogens is very alike.   This causes the overall character of the molecule to be non-

polar and thus more hydrophobic than hydrophilic.   They are therefore less likely to 

dissolve in water due to the fact the polar and non-polar groups cannot interact.   Thus, 

the addition of polar groups to the structure can be used to increase the overall polarity 

of the molecule and therefore its solubility (Rasenack and Müller 2005).   An example 

of this is the agent sulindac which can be solubilised to sulfoxide and then converted 

back to sulindac to achieve effective anti-inflammatory activity (Stella and Nti-Addae 

2007).    

 

Prodrugs can also take the form of carrier-linked prodrugs, where the drug is released 

from a carrier molecule, bioprecursors, which behave similarly to carrier-linked 

prodrugs but lack a promoiety, and macromolecular prodrugs, which consist of a 

macromolecule like PEG bound to the drug.   Amino acid derivatives of dapsone, such 

as glycyl, alanyl, leucyl and lysyl dapsone, were effectively used to as prodrugs with 

a higher solubility than the drug alone, however the most useful precursor was found 

to be lysyl dapsone with a solubility value of over 460-fold higher than the drug alone 

in pH7.4 phosphate buffer (Testa 2004).   Phosphate esters can be used as prodrugs to 

improve the solubility of poorly soluble agents via their dianionic phosphate group and 

can be transformed into the active drug via enzymatically cleavage of the phosphate 

group by alkaline phosphatases.   This has been used to great effect on the drugs 

fosamprenavir, prednisolone and fludarabine (Rautio et al. 2008). 
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1.3.1.3 Cyclodextrin Complexes 

The complexation of a drug with cyclodextrins can also increase the overall solubility 

of the formulation.   Cyclodextrins are cyclic oligomers of glucose which in their pure 

and derivative forms can alter the physicochemical characteristics of the drug thus 

increasing dissolution capacity.   Unlike some excipients cyclodextrins also have no 

interactions with the GIT tissue and thus allow the drug to be effectively taken up into 

the systemic circulation but are not taken up with it, reducing the change of toxicity 

development (Balint 2001) 

 

1.3.1.4 Drug Delivery Methods 

1.3.1.4.1 Lipid Systems 

Lipid drug delivery systems, although generally used to increase permeability, can also 

be used for oral administration of poorly soluble drugs.   Phospholipids have 

amphiphilic properties which lead to them forming micelles or lipid bilayers with the 

hydrophobic regions surrounded by the hydrophilic regions of the molecule.   The 

hydrophobic regions can be used to encase poorly soluble drugs, while the system 

evokes an overall solubility higher than the drug itself.   Lipid drug delivery systems 

can affect the uptake of the drug by altering processes and issues such as the release 

of the drug by controlling its dissolution rate, increasing bioavailability, inducing the 

lymphatic transport of drugs and reducing toxicity.   Phospholipids can also safeguard 

drugs from breaking down before reaching their target.   Phospholipids applied to oral 

drug delivery include soybean phosphatidylcholine, egg phosphatidylcholine, 

synthetic lecithin/ phosphatidylcholine and hydrogenated phosphatidylcholine.   

Phospholipids can form emulsions, in which one liquid is present in another liquid but 

not miscible and thus forms droplets.   They can consist of either an oil in water or 

water in oil model.   A previous study exemplified the use of phospholipids by studying 

the effect of using phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine 

with PEG to solubilise piroxicam (Prabhu et al. 2005).    
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Lipids can also be applied as part of micro and nanoemulsions.   They generally are 

created by high-pressure homogenization resulting in droplets of the non-miscible 

substance or between 50 and 500 nm.   Poorly soluble drugs which can be delivered 

within nanoemulsions or microemulsions include griseofulvin and cyclosporin A.   

The latter can also form self-emulsifying drug delivery systems (SEDDS).   SEDDS 

consist of blends of oil and surfactants, which emulsify in the presence of moderate 

agitation in the form of the muscle contractions of the gastrointestinal tract.   Solid 

lipid nanoparticles are also an option for drug delivery using phospholipids.   They 

consist of melt-emulsified lipids which are solid at 25°C.   Poorly soluble drugs which 

can be carried by these include nifedipine, celecoxib and camptothecin (Fricker et al. 

2010, Song et al. 2014).   It is also possible to generate self nano-emulsifying drug 

delivery systems (SNEDDS), which are made up of lipids, surfactants and co-solvents.   

For example, SNEDDS were created using amiodarone and talinolol with Tween 20, 

Span 80, Cremophor RH40 and lecithin and showed enhanced solubility for both 

drugs, while reducing the effects of metabolism (Elgart et al. 2013).   Likewise, it is 

also possible to produce self micro-emulsifying drug delivery systems (SMEDDS) as 

exemplified by a formulation of cyclosporine A in a soft gelatine capsule created by 

Novartis and a hard gelatine capsule generated by Abbott Laboratories (Prachi et al. 

2012). 

 

1.3.1.4.2 Polymer Systems 

Poorly soluble drugs can also be solubilised for use orally through arrangement of 

polymers and agents within formulations with a range of conformations including 

reservoir, microparticulate, nanoparticulate, micellular and polymer-drug conjugate 

forms.   
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1.3.4.2.1 Polymer Drug Conjugates  

Polymer-drug conjugates can be used to deliver poorly soluble drugs efficiently.   In 

general, the conjugated form is a prodrug which can be converted to the active form 

of the drug when subjected to acid/base hydrolysis or enzyme cleavage (Kim et al. 

2009).   The drug can be attached to the polymeric backbone with or without a linker 

(Figure 2).   The polymeric mainchain is vital in determining the pharmacokinetics and 

pharmacodynamics of the drug and therefore is involved in solubilising the poorly 

soluble drug utilising its own hydrophilic properties (Markovsky et al. 2012).   An 

example of this is the formation of conjugates of atorvastatin, ketoconazole or 

Itraconazole with chitosan via hydrogen bonding (Al-Hilal et al. 2013) 

 

1.3.4.2.2 Polymeric Nano and Microparticles 

Polymeric nanoparticles and microparticles (Figure 3) can also be utilised to greatly 

improve solubility of drugs.   This ability can be particularly associated with the larger 

surface area generated by their smaller particle size (Lee et al. 2010, Kumar et al. 

2011).   The drug can either be distributed throughout the polymer during manufacture 

of the particles themselves by mixing or used to coat the outside of the particle using 

a concentrated solution of API latterly (Agnihotri et al. 2004).   Nanoparticles are 

largely described as systems between 200-300 nm in size, and this can be changed to 

affect the overall drug release rate and thus the time period for drug delivery (Cho et 

al. 2008).   Nanoparticles can be categorised as nanocapsules and nanospheres.   The 

former are conformationally similar to vesicles and are made up of a polymer 

membrane which surrounds a central cavity where the drug is held.   In the latter the 

Figure 2: Basic structure of a polymer-drug conjugate made up of a polymer 

backbone (purple), a linker group (blue) and a drug molecule (green). 
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drug is dispersed throughout a polymer matrix.   As such the release pattern from these 

two system types can be quite different (Soppimath et al. 2001).   In the case of poorly 

soluble drugs, the nanoparticle must have an overall hydrophilic character which can 

be used to impart solubility on the drug and enable the drug to be carried effectively.   

This can be accomplished using a water-soluble coating, with a polymer such as 

polyethylene glycol or dextran, or by utilising block copolymers with a mixture of 

poorly soluble and highly soluble characteristics, with the latter imparting the overall 

effect.   There are a number of examples of nanoparticle dosage forms such as 

polyglycolic acid (PGA) nanoparticles with camptothecin, and Celecoxib 

nanoparticles with ethyl cellulose, sodium caseinate and bile salts (Cho et al. 2008, 

Morgen et al. 2012).    

Figure 3: Micro and nanoparticle structures: 1) capsule, 2) solid particle, 3) solid 

particle with polymeric extensions, 4) solid particle with the drug dispersed, 5) solid 

particle entrapping a drug, 6) solid particle with the drug adsorbed to the surface, 7) 

capsule with the drug adsorbed to the surface and 8) capsule with a drug containing 

core  
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Microparticles generally are slightly larger than nanoparticles with a particle size 

typically ranging between 0.1 and 200µm (Satheesh Madhav and Kala 2011).   

Microcapsules have a conformation which is comparable to nanocapsules.   However, 

unlike nanoparticles they can exhibit either one central hollow (monocored 

microcapsules) or multiple hollows within their structure (polycored microcapsules).   

The polymeric layer also has the capacity for drug loading, giving rise to matrix type 

polymeric microcapsules.   Microspheres are very conformationally similar to 

nanospheres in that the drug is dispersed throughout a polymer matrix.   Like the 

nanoparticles, microcapsules and microspheres can exhibit different release patterns 

due to their different structures and the way the drug is held within the system (Kumar 

et al. 2011).      Microparticles have effectively been applied to the delivery of poorly 

soluble drugs such as paclitaxel, aclacinomycin, Carvedilol and camptothecin (Takale 

et al. 2012, Zhang et al. 2013).  

 

1.3.4.2.3 Polymeric Micelles 

Polymeric micelles are another system suitable for delivery of poorly soluble drugs.   

A typical micelle consists of an external hydrophilic layer, encapsulating a drug and 

excipient containing hydrophobic core, which is particularly useful for carrying class 

II drugs (Figure 4) (Kim et al. 2009, 2011).   Micelles are generally made up of many 

amphiphilic molecules grouped together to form aggregates at what is known as the 

critical micelle concentration.   They have a nearly entirely spherical configuration in 

which the hydrophobic regions of the amphiphilic molecules are found to form a 

central cavity, which is capable of increasing the aqueous solubility of hydrophobic 

drugs (Torchilin 2011).   Polymers with good aqueous solubility, such as polyethylene 

glycol, are utilised within the external membrane of the micelle, while more lipophilic 

polymers, including those made up of propylene oxide, aspartic acid and spermine 

monomers, are used within the hydrophobic core of the micelle (Torchilin 2004).   A 

number of polymers have been used to generate self-assembled micelles.   Most of 

these are linear block copolymers and have main chains made up of hydrophilic 

polymers such as polyethylene glycol, poly(N-vinyl-2-pyrrolidone) and poly(vinyl 
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alcohol), with hydrophobic regions made up of polymers such as polyester and 

poly(amino acid)s (Guo et al. 2012).   An example of micellation of poorly soluble 

drugs was given in a previous study where the solubility of chemotherapeutic agent 

paclitaxel was increased by combining the drug with poly(2-(4-(vinylbenzyloxyl)-N,N 

diethylnicotinamide)and polyethylene glycol block copolymers in micelles (Huh et al. 

2005).    

 

1.3.4.2.4 Reservoir-based systems 

Reservoir based systems are a commonly utilised polymeric dosage form.   Within this 

type of system, the drug is entrapped by a polymer film which acts as a barrier layer 

(Yang and Pierstorff 2012).   Although generally used within injectables or implants, 

there is recent research for the use of this system orally.   Alza Corporation developed 

an osmotic reservoir system suitable for oral use called OROS®, consisting of a soft 

gelatine capsule, surrounded by a barrier layer, an osmotic push layer and finally a 

rigid semi-permeable membrane with a 0.5-1.4mm laser-drilled hole.   After the 

capsule has been swallowed by the patient, the gastrointestinal fluid permeates through 

the membrane into a central reservoir containing the drug and this forces this agent out 

of the laser-drilled hole as the osmotically active polymer push layer swells (Stevenson 

et al. 2012).    

 

 

Figure 4: Basic structure of micelles: The drug (green) is entrapped by hydrophobic 

blocks (purple), which is in turn entrapped by hydrophilic blocks (blue). 
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1.3.4.2.5 Solvent-activated systems 

Solvent-activated systems can be categorised into osmotically controlled systems and 

swelling controlled systems (Figure 5).   Osmotically controlled systems are 

characterised by the fact release is induced by the movement of the gastrointestinal 

fluid from an area of low drug concentration outside the drug carrier to a high drug 

concentration inside the carrier.   The pressure of the fluid accumulation within the 

system forces the drug out of a hole in the tablet or capsule surface (Khandare and 

Haag, 2010).   Recently a carvedilol nanosuspension was packaged into an osmotic 

pump capsule to increase its solubility and was observed to be a favourable new 

method of delivery of hydrophobic drugs (Liu et al. 2014).   Swelling-controlled 

systems are characterised by the fact the polymer draws in gastrointestinal fluid from 

the surrounding environment, causing the whole system to become turgid.   The 

swollen layer becomes more permeable which allows the drug to be gradually released 

into the surrounding fluid (Lao et al. 2008).    

 

 

 

1) 

 

 

 

 

2) 

 

 

 

 

 

Figure 5: Solvent Activated Systems: 1) Osmotically-controlled and 2) Swelling-

controlled models (Adapted from Khandare and Haag, 2010; Lao et al., 2008). 

GIT Fluid 
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GIT Fluid 
absorption 



20 

 

1.3.4.2.6 Chemically Controlled systems 

Chemically controlled systems can be divided into “pendant-chain” and biodegradable 

systems (Figure 6).   In “pendant-chain” systems the agent is chemically connected to 

the polymer mainchain and the API is released by chemical hydrolysis or enzyme 

degradation of the system.   In biodegradable systems, the agent is evenly dispersed 

throughout the polymer mass and as this mass degrades via erosion the drug is released 

at a constant rate in a controlled manner.   This particular type of system is highly 

efficient as it degrades in the gastrointestinal fluid, does not need to be eradicated from 

the body due to a risk of toxicity and has been observed to be effective in delivering 

poorly soluble drugs (Ranade and Hollinger, 2004).    

 

Although many of the techniques discussed in the current section are batch processes, 

formulations with enhanced dissolution capabilities can also be generated in a 

continuous manner with a view to increasing efficiency of production. 

 

 

Figure 6: Chemically Controlled Systems: 1) Pendant chain systems and 2) 

Biodegradable systems (Ranade and Hollinger, 2004). 
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1.3.5 Continuous Manufacture of Oral Drug Delivery Systems to Improve the 

Solubility of Class II Drugs: Basic Concepts of and Reasons for 

Continuous Manufacture 

It is believed by many scientists that continuous manufacture is the future of 

pharmaceutical production as it is believed to have great potential for reducing the 

expense of these processes as well as enhancing the quality and yield of the 

pharmaceuticals produced (Schaber et al. 2011).    

 

Batch processing has long been used in the field of pharmaceuticals.   It has the 

advantage of allowing small scale production and ease of variation in the presence of 

problems.   However, there are a number of issues which exist with standard batch 

processing in pharmaceutical manufacture.   Batch processing can potentially take 

much longer than continuous methods to produce usable dosage forms as the materials 

have to be transported.   Additionally, intermediate and end product analysis can take 

a long time.   All of this leads to sizeable and costly inventories, as well as loss of 

product should the end product testing identify any issues necessitating disposal of the 

batch.   Continuous processes on the other hand enables a more rapid reaction to any 

issues, allowing inventories which are less sizeable, leading to reduced need for 

personnel and lower overall costs (Mascia et al. 2013).   Batch manufacturing also is 

not as suitable for scale up as continuous manufacturing processes as many batch 

methods utilise agitated containers such as stir tank vessels.   These are difficult to 

scale up because there is less guarantee of consistency throughout the batch as the 

velocity within a single vessel can vary considerably resulting in different heat, 

momentum and mass transfer levels, and thus inconsistent temperature and distribution 

of substances throughout the batch.   This leads to a poorer quality end product.   It is 

also challenging to generate a consistent product over several batches, leading to 

poorer quality overall than can be achieved with a continuous set up.   By-products 

generated can also result in adverse events in vivo if undetected and extracted from the 

formulation.   However the conditions and consistency of continuous manufacture are 

much easier to control, and thus a better quality product can be produced (Plumb 

2005). 
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Previously manufacture has relied on batch processes as regulations demanded that all 

procedures were carried out in an identical manner for the period of the particular 

formulation’s use.   It was also previously favoured because quality control can be 

carried out on each batch or manufacturing stage before beginning another one.   

However, it is now growing more challenging for industry to achieve the required 

profit margin as a result of greater research and development expenditure and 

opposition in the market from companies producing generics.   For large scale 

manufacture, continuous manufacture proves more profitable as overall manufacturing 

expenses are less, enhanced by less wastage of valuable substances, any reusable 

excess is recycled, and lower labour costs as less cleaning, quality control checks and 

movement of materials is required for continuous manufacture than standard batch 

procedures (Schaber et al. 2011, Giridhar et al. 2014).    

 

Continuous processes are not an entirely new concept in the scientific world, as 

continuous flow stirred reactors have been in existence for a number of years with 

large scale chemical production of simple synthetic organic compounds such as 

ethylene dichloride and methanol being carried out previously.   However, it is still a 

relatively small field compared with manufacture as a whole (Calabrese and Pissavini 

2011).   However, companies are becoming interested in continuous manufacture with 

a view to increasing efficacy, safety, reliability and sustainability of manufacturing 

procedures (Cervera-Padrell et al. 2012), and over the last fifteen years it has slowly 

began to replace some standard batch processes for pharmaceutical product 

manufacture (Giridhar et al. 2014).   The introduction of process analytical technology 

(PAT) was a major step forward in the use of continuous manufacture in the 

pharmaceutical industry as it allowed processes such as crystallisation, blending, 

drying, distillation and granulation to be monitored, allowing contamination detection, 

feedback control, end point establishment and quality assurance (Giridhar et al. 2014). 
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Continuous manufacturing can occur throughout the pharmaceutical pipeline, but the 

stages of production are generally divided into primary and secondary manufacture 

(Figure 7).   The former is a collection of processes by which the drug is produced 

either by chemical synthesis or extraction from biological sources, and then undergoes 

a number of stages of physical treatments including drying, purification and 

micronisation.   The drug is then transferred to secondary manufacture in which the 

drug is made into its end product dosage form by combining it with various excipient 

molecules, such as glidants, disintegrants, diluents, binders and lubricants, within a 

formulation to improve delivery to the active site in vivo.   The formulation might be 

subjected to further treatments during this process including drying, micronisation, 

size amplification and filtration.   The drug mixture is then packaged as its final 

administration form suitable for human consumption (Plumb 2005).   The current study 

is focused on the latter stage of manufacturing which may be carried out by a number 

of continuous manufacturing processes. 

 

Figure 7: The Continuous Pharmaceutical Pipeline with primary steps shown in blue 

and secondary steps shown in purple.   Dashed lines denote optional steps to indicate 

the possibility of the use of direct compression, or tablet production without 

compression or coating (for example by 3D-printing).  
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1.3.6 Methods for Continuous Manufacture of Oral Drug Delivery Systems for 

Class II Drugs 

There are a number of possible methods to increase the solubility of class II drugs via 

innovative manufacturing processes.    

 

1.3.6.2 Hot Melt Extrusion  

Hot melt extrusion (Figure 8) is a possible method of secondary manufacture which 

may be utilised to increase the solubility of class II drugs.   It was originally introduced 

by the plastics industry, although it was not used in the pharmaceutical industry until 

polymers such as PVP and PEG came into use.   Hot melt extrusion utilises 

thermoplastic polymers to produce a range of different drug delivery systems, such as 

granules, pellets and tablets, while circumventing issues of drug instability, flammable 

solvents and lengthy drying processes, thus decreasing the overall time taken to 

manufacture a dosage form.   On a simple level it generates a product with a consistent 

density and conformation by compressing, mixing and transforming a powder blend.   

An extruder can contain a single or twin screw system within a barrel, with the latter 

having co-rotating screws (Figure 8).   The barrel has three sections known as the feed 

region, the compression region and the metering region, which all apply their own 

level of pressure on the mixture as it is heated, due to the fact they have varying depths 

which decreases in order of region to increase the pressure.   The feed region allows 

moderate blending, the compression region allows greater blending and compression 

to melt and bring together the components of the blend, and the meter region controls 

the viscosity of the blend using high pressure to make it constant throughout the 

product.   Hot melt extrusion offers a number of benefits over other methods to produce 

oral formulations.   It is more stable than typical wet granulation techniques as it does 

not require any additional fluid to be added to the blend.   The product extracted from 

the extruder can often be cut into tablets or pellets without further processing reducing 

the risk of degrading the drug with over handling (Andrews 2007).    It was 

demonstrated in a previous study that melt extrusion can effectively be used to 

continuously produce a formulation to increase the solubility of indomethacin using 

the polymer polyvinylpyrrolidone (PVP) (Forster, Hempenstall, Tucker, et al. 2001).   
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In another study the class II drug 3-methoxy-1,5-bis(4-methoxypheyl)-1H-1,2,4-

triazole was melt extruded within a polymer mixture of hydroxypropyl 

methylcellulose ether with PVP to increase its solubility due to hydrogen bonding 

between the agent and the carboxylic acid groups of the PVP (Shah et al. 2013).   

Another technique which may be utilised to increase solubility is injection moulding.    

 

Figure 8: Twin-screw extrusion: Regions 1 to 7 above illustrate the feeding region (1), 

the transition zone (2), the mixing region (3), a transport region (4), a second mixing 

region (5),  another transport region (6) and finally a die feeding region (7).   In route 

(A) the product is squeezed through a die to form a rod or cable-like structure which 

can be cut to form tablets.   In route (B) the product is spheronised to form pellets. 

(Leuner and Dressman 2000, Keleb et al. 2004). 

 

1.3.6.3 Injection Moulding  

Injection moulding is not an entirely new process as it has been used for many years 

within the plastics industry, but its use for formulation of drug delivery systems is a 

relatively recent notion.   Within the field of formulation, it generally involves the 

application of high pressures and temperatures to polymers to cause them to melt.   

These molten polymers can then be injected into cold metal moulds and set hard in the 

required conformation.   In continuous manufacture the resultant product can then be 

forced out of the mould in an automated fashion before the mould realigns with the 

injection portion of the device ready for the next sample.   Various polymers, such as 

PVP and PEG, have been previously shown to form effective products using this 

method of production (Zema et al. 2012). 
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This method of dosage form production has a number of advantages.   For example, it 

can be completely solvent free and thus should produce drug delivery systems safe for 

patient consumption.   The high pressures and temperatures exerted on the dosage form 

decrease the chance of microbial growth, improving the quality of the overall product, 

reducing product rejection and reducing the risk of harm to the patient.   It also 

promotes interactions between the drug and the excipients which help improve 

solubility (Quinten, Gonnissen, et al. 2009, Zema et al. 2012). 

 

There is also evidence for integration of injection moulding into the continuous 

manufacturing pipeline.   Extrusion followed by injection moulding to achieve a more 

uniform matrix dosage form has been demonstrated previously in a number of studies.   

For example, Quinten et al. effectively produced solid dispersion tablets in this manner 

using HPMC and sustained release tablets in this manner using Eudragit® (Quinten, 

Beer, et al. 2009, Quinten, Gonnissen, et al. 2009, Quinten et al. 2012).   Bouman et 

al. also demonstrated this continuous process to produce caplets using zein protein by 

directly linking the outflow pipe of the extruder to the inflow point of the injection 

moulder (Bouman et al. 2015).    

 

1.3.6.4 Additive Manufacturing  

Additive manufacturing can be thought of as building a 3-dimensional construct from 

the bottom up and, unlike conventional manufacturing processes, has the flexibility to 

create almost any object which can be designed on a computer (Gao et al. 2015).   It 

aims to achieve highly accurate customised production, and reduce wastage of 

materials by depositing material in a highly precise manner (Huang et al. 2013).   One 

important application of this is personalised medicine. 

 

1.3.6.4.1 Personalised Medicine 

Personalised medicine can be thought of as different dosing frequency, drug release or 

overall dose required by different patients based on their individual physiology.   The 
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aim of this is to increase the likelihood of the drug reaching its site of action and 

produce a response in a safe and effective manner (Alomari et al. 2015).   Patient 

response to the same drug can vary hugely with some patients responding in the 

intended manner, some responding to a lesser degree, some exhibiting greater adverse 

effects and some failing to respond.   This may come down to a number of factors such 

as physiology, genetics, gender, race and body mass (Hampton 2005, Xie and Frueh 

2005, Hartman and Helft 2007, Lauschke and Ingelman-Sundberg 2016, Legato et al. 

2016, Pickard 2017).   Patient groups which are particularly suited to personalised 

medicine include paediatrics and the elderly (Alomari et al. 2015).   Paediatric dosing 

can be challenging as individuals grow and change at varying rates.   As such currently 

dosing is based on patient weight in kilograms and is perhaps not as flexible as 

required.   Elderly patients may exhibit reduced metabolic activity and reduced patient 

compliance.   As such personalised medicine is vital to ensure medications are taken 

in the necessary manner.   Personalised medicine may be particularly important for 

drugs with narrow therapeutic indices as the margin for error with dosing is 

significantly less than drugs with wide therapeutic indices.   Personalised medicine can 

be applied to poorly soluble drugs through a number of additive manufacturing 

techniques.  

 

1.3.6.4.2 Fused-filament Fabrication  

Fused-filament fabrication is a well utilised additive manufacturing technique which 

may be employed to increase the dissolution capability of poorly soluble drugs 

(Goyanes, Robles Martinez, et al. 2015).   It builds on the standard extrusion process 

by re-melting the extruded cord and feeding it through a print head to allow assembly 

of the required dosage form design.    This technique is still in its infancy but Goyanes 

et al., effectively showed its ability to solubilise fluorescein and also to form a range 

of conformations (Goyanes et al. 2014, Goyanes, Robles Martinez, et al. 2015).    
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1.3.6.4.3 Inkjet Printing 

Inkjet printing is a highly innovative formulation technique which may be used to 

solubilise poorly soluble drugs (Scoutaris et al. 2011, Raijada et al. 2013).   Inkjet 

printing is generally employed for home and office use but in recent years it has been 

developed for use in dosage form production to allow rapid manufacturing.   Inkjet 

printing may be considered to be a broad term for a number of methods for the 

digitally-controlled formation and placement of small liquid drops onto a surface (Daly 

et al. 2015).   A liquid binder may be applied to a drug and excipient powder substrate 

in a liquid droplet form in a similar way to how ink is applied to paper.   This droplet 

then allows the powder particles to adhere.   Equally so the drug and excipient may be 

made into a suspension or another liquid formulation to use as “ink” (Yun, Kim, Lee, 

Cho, et al. 2009a, Daly et al. 2015).   Polymers and other excipients can be inkjet 

printed to create dosage forms by either solid free form fabrication or layered 

manufacturing.   This consists of manufacturing structures from the bottom up in a 

mould-less fashion by layering slices of material (Yun, Kim, Lee, Cho, et al. 2009a).   

This can be performed as layers of drug alone and excipient alone or layers of pre-

prepared formulation (Wickström et al. 2015).   It has also been previously 

demonstrated that inkjet printing can be used to generate polymer-based films.   This 

can be achieved by printing on to acetate, from which they may be peeled off, or starch, 

which is integrated into the delivery system (Wang, 2013). 

 

Inkjet printing allows a level of precision which many conventional formulation 

techniques cannot achieve.   It may enable design of structures which can take the form 

of anything created using computer aided drawing software.   As the droplets produced 

can be as tiny as nano or even pico-litres, very complex dosage forms may be created 

in this manner (Scoutaris et al. 2011).   Precise control of the deposition pattern, size 

and distribution can enable highly effective control of the drug content and quality of 

a dosage form (Ursan et al. 2013, Vakili et al. 2015).   By extension this may allow 

better control over drug release and overall performance.   This type of technique may 

even allow us to predetermine the exact position of a drug within a final dosage form 

(Vakili et al. 2015).   The choice of instrument can have a major effect on the degree 
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of precision achieved as the nozzle tip size, tubing diameter, pressure exerted on the 

system and maximum viscosity allowed by the particular system can all influence the 

amount of deposition achieved.   Ink formulations are required to have a viscosity and 

surface tension which enables the ink to pass through the deposition head in a 

continuous fashion, flowing and adhering to the substrate in a reproducible, controlled 

manner (Genina et al. 2012, Ursan et al. 2013).   The precise nature of this type of 

technique may allow highly accurate, scalable dosing with reduced wastage of material 

resulting in lower costs (Singh et al. 2010, Vakili et al. 2015).   It can also be considered 

to be a contactless process and thus may result in less damage to the final product and 

perhaps a lower risk of contamination (Werner et al. 2013). 

 

The final dose in the dosage form produced can be defined by the drug concentration 

in the ink, the computer aided design utilised and, the number of droplets and layers 

deposited on the substrate (Vakili et al. 2015).   The latter of these factors is particularly 

significant.   To generate a comparable dosage form to existing methods, using inkjet 

printing, layering is required as deposition cannot achieve as high a dose as 

compression can in one step (Genina et al. 2013).   Layering inkjet depositions can 

also allow 3D printing via additive manufacturing.   Inkjet printing has been suggested 

to hold advantages over moulding such as reduced wastage and, greater precision and 

intricacy (Lu, Zheng, et al. 2014).   As such the drug content of a dosage form should 

be able to be controlled more easily, simply by changing patterns or the number of 

layers deposited (Wickström et al. 2015).   As a result, inkjet printing holds a lot of 

potential for use in personalised medicine as the dose and rate of release should be able 

to be easily tailored to the individual requirements of the patient.   In theory, due to the 

on-demand nature of these systems, prescriptions could be prepared from “ink” 

formulations in pharmacies in the future (Cheow et al. 2015). 

 

From a solid state perspective, it has been suggested previously that inkjet printing 

may result in formation of amorphous material.   Wickström et al. suggested that the 

amorphous form of indomethacin could be generated by inkjet printing, even in the 

absence of polymer, leading to greater overall solubility (Wickström et al. 2015).   
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Likewise greater solubility was generated by forming an amorphous form of felodipine 

in another study by Scoutaris et al. (Scoutaris et al. 2011).   However, both studies 

concede a need for greater solid state investigation.    

 

Inkjet printing can take the form of either continuous inkjet printing or drop on demand 

printing.   The former consists of application of a continuous stream of fluid from a 

nozzle on to a surface.   The surface tension causes the stream to form drops.   Any 

excess is caught in a gutter and recirculated.   The latter method of inkjet printing 

consists of injection of fluid on to the surface in a drop-wise fashion when required, as 

such the capacity of this technique is considerably less than that of the continuous 

method (Daly et al. 2015).   Much of previous work investigating dosage form 

production in this manner has used standard inkjet printers but the current study utilises 

the innovative technique of aerosol jet printing.    

 

1.3.2.3.3. Aerosol Jet Printing 

Aerosol jet technology functions by passing pressurised nitrogen through ink to cause 

atomisation, forming small droplets which are then propelled though a virtual 

impactor, extracting any excess nitrogen to condense the stream before transversing 

the instrument tubing and then condensing further to form a usable stream at the print 

head.   Aerosol jet printing can be thought of as a miniaturised version of spray drying 

as the use of volatile solvent in combination with atomisation results in formation of 

microdroplets followed by rapid drying of particles (King and Renn 2008, King 2014, 

Hyun et al. 2015). 

 

Aerosol jet printing is a technique which has never been applied in pharmaceutical 

manufacturing previously.   Much of the initial work with this particular type of printer 

has involved conductive silver ink in printed electronics (Shankar et al. 2011, Mahajan 

et al. 2013, Seifert, Baum, et al. 2015, Agarwala et al. 2017, 2018, Abt et al. 2018, 

Clifford et al. 2018, Elmogi et al. 2018).   Previous use has also included production 

of ceramic aqueous suspensions for micropatterning (Holthaus et al. 2011).   
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Additionally, it has been used for metal inks for use in 3D chip interconnects (Seifert, 

Baum, et al. 2015, Lan et al. 2017), sensors on non-planar surfaces, antennae, solar 

cells and solder-free electronics (King and Renn 2008, Pavec et al. 2018), anode 

interlayers (Sukeshini A. et al. 2013), batteries, fuel cells, and supercapacitors (Deiner 

and Reitz 2017), metal grids for organic solar cells and light emitting diodes (Eckstein 

et al. 2014) and electrolyte-gated transistors (Hong, Kim, Kim, et al. 2014, Hong, Kim, 

Mahajan, et al. 2014).   Furthermore, it has been used for printing polymer lines for 

organic light emitting diodes (Tait et al. 2015), polyimide (PI)/carbon nanotube (CNT) 

(Wang et al. 2016), graphene channels (Kim and Frisbie 2014, Pandhi et al. 2018), 

interconnects for photovoltaic modules (Fields et al. 2017), tin films (Fortier et al. 

2017), carbon nanotube pH sensors (Goh et al. 2018) and polymer solar cells (Yang et 

al. 2011).   This previous work has demonstrated a number of advantages of the 

technology. 

 

This method holds significant benefits over standard inkjet printing techniques as it is 

contactless and thus eliminates the sweeping and tugging actions normal printers 

exhibit.   It is hoped this will reduce the chance of accidental removal of the previous 

surface on the application of a new surface (Buanz et al. 2011).   Unlike conventional 

inkjet printing it also dries more quickly allowing a fresh layer to be added more 

efficiently (Werner et al. 2013).   It may also allow significantly narrower deposition 

lines to be achieved compared with conventional inkjet printing as the more focused 

nozzle stream allows greater control (Werner et al. 2013, Seifert, Sowade, et al. 2015).   

Additionally, aerosol jet printing has previously shown greater freedom with regards 

to ink particle materials, loading and size, as well as the ink viscosity and surface 

tension.   It has also been shown to be more applicable to thin layer production as the 

overall droplet size generated is often smaller.   As such it may be possible to achieve 

a higher level of precision in this manner (Seifert, Sowade, et al. 2015). 
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1.4 The Current Study 

1.4.4 Basic Concepts 

Although a number of formulation methods already exist to increase the solubility of 

poorly soluble drugs and improve their bioavailability, there is a need for formulations 

which reduce the risk of damage to the drug and have greater flexibility and precision 

to allow tailoring to the needs of the patient.   Thus, the current study attempts to 

increase solubility and improve control over the dosage form design and drug 

distribution using the innovative technique of aerosol jet printing (Figure 9) (King 

2014). 

 

 As can be observed in Figure 10, the conventional manufacturing process will be 

significantly altered with a view to removing steps, such as compression and wet 

granulation, which have a risk of causing damage to the drug via over handling or 

exposure.   This is highly important as drugs can be very vulnerable to degradation, 

for example due to water exposure, or polymorphism, due to over handling.   

Granulation, drying and compression will be replaced by inkjet printing as shown in 

Figure 10.    

Figure 9: Optomec AJ200 3D Inkjet Printer 
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The precision allowed by aerosol jet printing in the current study has the potential to 

allow personalised medicine.   The dose and release could be altered by changing the 

deposition pattern drawn on CAD software, the nozzle size used, the ink formulation 

content and/or the number of layers deposited.   From a macro issue point of view this 

could hold potential in reducing wasted medicines and increasing patient compliance, 

as dosing could be specifically tailored to the patient reducing side effects, and thus 

reducing costs to the health service.   Likewise, dosage forms produced could hold 

potential for controlled release as control over deposition could ensure the drug is 

evenly dispersed throughout the matrix for a sustained release effect or even could 

allow a delayed or pulsatile release effect with regions of the dosage form consisting 

of only excipient to form a buffer to release (Figure 11).   As the dosage forms 

produced would be scalable, they could increase the compliance of paediatric and 

elderly patients, as these may prove easier to swallow than some conventional 

formulations.    

Figure 10: Changes to the conventional tablet manufacturing process 

Mixing Aerosol Jet 
Printing

Mixing Granulation Drying Compression Coating
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1.4.5 Theory 

The fluid flow associated with inkjet printing is often governed by what are known as 

Reynold’s number (Re) and Weber number (We).   The former is defined as a 

dimensionless parameter which is based on the ratio of the inertial forces of the moving 

solution to the viscosity of the solution which reduces the flow (Newbury and Bates 

2017).   This can be defined by the equation:  𝑅𝑒 = 𝜌𝜗𝑑/Ƞ, where ρ is fluid density, 

ϑ is drop velocity, d is orifice diameter and Ƞ is viscosity (Eckstein 2016).   Weber is 

defined by as the ratio between surface energy and kinetic energy, given by the 

equation 𝑊𝑒 = 𝜗2𝜌𝑑/𝜎, where ρ is fluid density, ϑ is drop velocity, d is orifice 

diameter and σ is the surface tension of the fluid (Eckstein 2016, Barui et al. 2017).   

By taking the square root of Webber and dividing it by Reynolds it is possible to 

determine what’s known as the inverse of Ohnesorge number (Z).   Ohnesorge number 

can be defined as a variable which determines the relative importance of viscosity and 

surface forces.   By taking the inverse it is possible to obtain a value which indicates 

if an ink is printable.   If the ink has a Z-value of less than 1 it is considered too viscous 

but if the value is over 10 it is liable to produce droplets that are too small to control 

(Eckstein 2016, Barui et al. 2017).    

 

In the case of aerosol jet printing, the Reynolds equation is more complicated to define 

than in a standard inkjet printer and thus may be inapplicable to the current study.   

This is because the ink is atomised and thus is a function of the pressure exerted by 

Figure 11: Schematic of theoretical dosage forms built by inkjet printing with layers 

or regions of drug and excipient for immediate or sustained release (left), or 

pulsatile or delayed release (right). 
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nitrogen application in combination with the viscosity.   The flow rate through the 

aerosol jet printer in standard cubic centimetres per minute (Q) must be taken into 

account.   Additionally, there is a constant mass flow rate coupled with a variable 

volumetric nitrogen flow, which changes with temperature and pressure giving what 

is known as the jet mass flux.   This can be defined by the equation: 𝜌𝑈 =

4𝜌𝑠𝑄/(𝜋𝐷2), which is a constant for a given flow rate (Q) and nozzle diameter (D), 

where p is actual gas density and ps is gas density under standard conditions at 0°C 

and 105 Pa.   So for aerosol jet, Reynolds can be considered to be 𝑅𝑒 = 𝜌𝑈𝐷/Ƞ, where 

Ƞ is considered to be a measure of gas viscosity rather than ink viscosity (Feng 2018).   

The only issue is there is no prior evidence of Reynolds with regards to ink viscosity 

and thus determination of printability in this manner may not be possible in the current 

study.  

 

1.4.6 The Model Drugs 

The model drug initially utilised in the current study is the class II drug fenofibrate 

(Figure 12).   Fenofibrate is a hypolipidemic agent utilised to reduce low density 

lipoprotein cholesterol, the total cholesterol concentration and triglycerides in patients 

with a risk of cardiovascular disease (Tran et al. 2014).   It is a neutral substance, with 

a Log P value of 5.24, and exhibits an expected solubility value of less than 500 µg/L, 

which makes it highly favourable for the current study (Hu et al. 2011).     

 

Figure 12: Structure of fenofibrate 
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This drug is particularly interesting from a personalised medicine perspective as the 

patients who take this drug can vary considerably as they may suffer from type II 

diabetes or metabolic syndrome, be renal impaired, overweight, young or elderly 

(Steiner 2008).   The British National Formulary lists fenofibrate daily doses of 200-

267 mg capsules or 160 mg tablets for non-renally impaired adults.   However, this 

drops to 134 mg or even 67 mg per tablet in the presence of renal impairment due to 

reduced glomerular filtration rates (British National Joint Formulary Committee, 

2018).   Likewise, paediatric doses are considerably lower with capsules based on 

67mg/20kg/day being given as standard (British National Paediatric Formulary 

Committee, 2018).   The use of continuous manufacture with this drug in the current 

study is highly advantageous as in recent years there has been increasing demand 

within the pharma industry for cheaper more effective formulations of this drug as 

generic formulations emerge on the market (Chachad et al. 2014). 

 

The drug latterly used in the current study is ibuprofen (Figure 13).   Ibuprofen was 

selected as, although it too is a BCS class II drug, it has the advantage of being slightly 

acidic in nature and thus dissolves more efficiently in less acidic buffers (Al Masum 

et al. 2015).   Ibuprofen is one of the most common anti-inflammatory drugs in 

existence currently and thus it is primarily used for mild to moderate analgesic 

purposes but it may also be used to treat rheumatoid arthritis, osteoarthritis and 

psoriatic arthritis, and other musculoskeletal conditions (Deng et al. 2016).   Ibuprofen 

is another ideal candidate for personalised medicine as for paediatric use doses can 

range between 50mg 3 times daily to 400mg 3-4 times daily, and for adult use the dose 

can increase as high as 600mg 4 times a day for severe pain (British National Joint 

Formulary Committee, 2018).    
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1.4.7 Excipient Selection 

The excipient selection for fenofibrate was highly significant in the current study as 

they had to be able to withstand printing, help form a stable dosage form and 

effectively solubilise the drug.   One study showed PVP K30 to have the greatest effect 

in solubilising fenofibrate when compared to HPMC, Carbopol and ethyl cellulose 

(Choi, Lee, et al. 2013).   Nanoparticles were shown to increase drug release on 

dissolution testing from only 20% to 80% (Choi, Lee, et al. 2013).   As such PVP was 

selected.   Ethanol was selected as an ink medium as it is biocompatible, fenofibrate 

dissolves well in it and it has been shown before to generate effective formulations 

with fenofibrate (Vialpando et al. 2012, Hossen et al. 2014).   Interestingly fenofibrate 

has not previously been paired with PVP in a printed formulation but felodipine, 

another class II drug has been.   PVP was combined with a 95% ethanol solution to 

generate a formulation in this case (Scoutaris et al. 2011).   As such it will be interesting 

to see if an effective dosage form can be produced by printing PVP and fenofibrate in 

ethanol.   There is also previous evidence for the use of ibuprofen in ethanol (Li, Oh, 

et al. 2008, Shen 2011, Melzig et al. 2018).   There is also previous evidence for the 

use of ibuprofen with PVP to create amorphous particles but only in complexes with 

PEG or using ibuprofen sodium rather than ibuprofen itself (Labuschagne et al. 2011, 

Rossmann et al. 2014).   However, there is one study by Kazarian and Martirosyan 

where PVP was impregnated with ibuprofen using supercritical CO2, showing a loss of 

crystalline material (Kazarian and Martirosyan 2002).   However, there is little 

Figure 13: Structure of Ibuprofen 
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evidence for the use of ethanol and PVP together with ibuprofen, so the current work 

is quite novel in that regard.  

 

1.5 Research Questions 

1.5.4 How effective is aerosol inkjet printing as a method for producing an oral 

dosage form? 

1.5.4.2 Could this method of manufacture potentially replace or at least supplement 

standard methods of tablet manufacture? 

1.5.4.3 Could this system be used to increase control over drug and excipient 

location within a dosage form? 

1.5.4.4 As a result of this, could this system be used for personalised medicine 

and/or controlled release? 

1.5.5 Can a class II drug be effectively solubilised by this new method? 

1.5.5.2 How does dissolution compare to conventional powder-based systems?  

1.5.5.3 Does the crystalline form play a part or are the excipients causing the most 

significant effect? 

 

1.6 Aims and Objectives 

Overall, the current study aims to generate an innovative oral dosage form capable of 

solubilising class II drugs.   This dosage form design will replace conventional steps 

in the tablet production process in the hope of reducing damage to the drug.   It is 

hoped by using aerosol jet printing a more flexible dosage form will be generated. 
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Chapter 2: The Effect of Ink Formulation and Aerosol Jet Printing 

on Physical Form 

 

2.1 Introduction 

The current chapter details the effects of aerosol jet printing on the solid state of 

fenofibrate and ibuprofen alone and in the presence of PVP K30.   Inks were developed 

in a range of concentrations with a view to understanding the printability of the 

compounds and the implications of changing the ratio of drug to polymer on the overall 

formulation.   Samples were produced by printing mixtures of drug and polymer in 

different ratios and printing the drug and polymer alone in layers, with a view to testing 

the effect of configuration on solid state.   Utilising physical mixtures as a control, 

samples were initially tested by x-ray diffraction (XRD), Raman microscopy, scanning 

electron microscopy (SEM) and differential scanning calorimetry (DSC).   As 

fenofibrate was the initial model drug, the work on this compound is more extensive.   

Samples using this compound were also analysed in their ink form by rheology to test 

the effect of polymer content on viscosity, and thus droplet size and particle size.   

Additionally, the effect of printing on the polymer was tested both by SEM and by size 

exclusion chromatography.  

 

2.2 Materials and Methods 

2.2.1 Materials 

Fenofibrate, PVP 10,000, PVP K30, PVP K90, HPMC and phosphoric acid were 

obtained from Sigma-Aldrich (Dorset, U.K.).   Sodium hydroxide and potassium 

dihydrogen phosphate were obtained from Merck Millipore (Burlington, MA, USA).   

Ibuprofen was obtained from Alfa Aesar (Haverhill, Massachusetts, USA).   Ethanol 

(ABS), acetonitrile and propanol-2 were obtained from VWR International 

(Lutterworth, U.K.) and Honeywell International (Bucharest, Romania).    
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2.2.2 Methods 

2.2.2.1 Dosage Form Manufacture by Inkjet Printing 

2.2.2.1.1 Basic Concepts and Formulation Manufacture 

Ink was prepared by mixing ethanol with either the API or PVP alone, or a combination 

of the two, to achieve a viscosity of less than 1000 cP as required by the instrument.   

Fenofibrate-based inks were prepared with a drug concentration of 30 mg/ml as 

standard and the concentration of polymer present was altered as follows: 0 mg/ml, 15 

mg/ml, 30 mg/ml, 45 mg/ml, 60 mg/ml, 90 mg/ml and 120 mg/ml.   Ibuprofen-based 

inks were prepared with a drug concentration of 30 mg/ml as standard and the 

concentration of polymer present was altered as follows: 0 mg/ml, 30 mg/ml, 60 

mg/ml, 90 mg/ml and 120 mg/ml.    

 

Aerosol jet printing was carried out using an Optomec AJ200 3D Inkjet Printer 

(Optomec Ltd., Albuquerque, U.S.A).   The chosen ink solution was added to the 

pneumatic atomiser and atomised to an aerosol capable of transversing the tubing and 

the deposition head.   Pneumatic atomisation was achieved by applying nitrogen to the 

printer at 90 psi, lowering this to 45 psi within the printer and using this pressurised 

nitrogen to vaporise the ink (Figure 14).   The Optomec program KEWA Process 

Control 2.5.6 was used to control the pressure entering the atomiser, tubing and 

deposition head by setting the sheath flow rate to 60 cm³/min, the exhaust flow rate to 

550 cm³/min and the atomiser flow rate to 600 cm³/min.    
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Figure 14: The pneumatic atomisation process – Pressurised nitrogen (green) is forced 

through formulation ink (blue), drawing it up into the jet stem and propelling it out 

into the atomisation chamber, enabling droplet mist formation.   This is drawn up into 

the virtual impactor and excess nitrogen is extracted by the exhaust, forming a more 

condensed mist.   This mist transverses the tubing, reaching the print head where a 

sheath flow condenses and directs the mist forming a precise jet stream which then 

dries forming particles on the substrate surface. 
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2.2.2.1.2 Printing Formulations 

Ink was deposited on to different substrates depending on the needs of the study.   Glass 

slides were used for microscopy and Raman spectroscopy studies, rice paper was used 

for powder x-ray diffraction (PXRD) and the ink was printed directly into metal pans 

for differential scanning calorimetry (DSC) and onto metal plates for scanning electron 

microscopy (SEM).   Care was taken to ensure substrates were completely free of dust 

or contamination.    

 

The ink deposition was programmed by creating a shape on AutoCAD 2015 with 

precise measurements and then running the file using KEWA Motion 2.5.0.   To build 

up layers, generating a 3D structure, the file was rerun multiple times until the desired 

height was reached.   Dosage forms were produced with layers of drug alone and 

polymer alone, as well as with pre-mixed formulations to allow analysis of the 

instrument’s role in solubility vs. drug and excipient interactions (Table 2).   Samples 

were then analysed and compared using the analytical techniques described in the 

following section.  
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Table 2: Formulations generated on inkjet printing 

Formulation Concept Components and Ink  Variations 

I Drug alone  30mg/ml Fenofibrate or 

ibuprofen in ethanol  

 

II Fenofibrate layer 

and polymer layer  
30mg/ml Fenofibrate 

and PVP K30 in ethanol 

Fenofibrate printed 

first (FNFPVP) vs.   

polymer printed first 

(PVPFNF) 

 

III Fenofibrate 

sandwiched 

between polymer 

layers  

30mg/ml Fenofibrate and 

PVP K30 in ethanol  

Layers of 

fenofibrate:PVP in 

ratios of 1:1, 1:2, 1:3, 

1:4 w/w 

IV Fenofibrate or 

ibuprofen and 

polymer premixed 

30mg/ml Fenofibrate or 

ibuprofen premixed with 

different concentrations of 

Polymer in ethanol (see 

right)  

Fenofibrate:PVP 1:1, 

1:2, 1:3, 1:4, 2:1, 2:3 

w/w 

Ibuprofen:PVP 1:1, 

1:2, 1:3, 1:4 w/w 

 

2.2.2.2 Rheology of Ink Formulations 

Initially, 2 different sets of samples were prepared to test the effect of ethanol use on 

viscosity using PVP alone.   Following this, an additional set of samples using 

fenofibrate was prepared to test the impact of adding the drug into the mix and mimic 

the printing inks.   For the PVP in water and PVP in ethanol solutions, 150mg, 300mg, 

450mg, 600mg, 900mg and 1.2g of drug were dissolved in each of the solvents to result 

in 15mg/ml, 30mg/ml, 45mg/ml, 60mg/ml, 90-mg/ml and 120mg/ml solutions 

respectively.   Samples were prepared by leaving the polymer to dissolve in less than 

10ml and then topping up and inverting.   For the fenofibrate and PVP ethanol 

solutions, 300mg fenofibrate was used as a standard base with 0mg, 150mg, 300mg, 

450mg, 600mg, 900mg, 1.2g dissolved in 10ml ethanol.   The fenofibrate containing 
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samples proved more difficult to dissolve due to fenofibrate's inherent poor solubility 

and thus once the PVP had fully dissolved a stirring bar was added to dissolve any 

remaining API particles.    

 

Samples were run using a Thermoscientific Haake Mars Liquid Rheometer with a 

double cone DC60/1°TiL and a TMP60DC lower plate using Haake Rheowin Job 

Manager.   Samples were measured over a range of 0-1000 shear taking incremental 

measurements at 25°C.   Data was analysed using Haake Rheowin Data Manager.   The 

results were plotted and statistical analysis was carried out using Origin Pro 2017. 

 

2.2.2.3 Powder X-ray Diffraction 

Initial Powder x-ray diffraction (PXRD) studies were carried out using a Brucker AXS 

D8 Advance II (Plate Priscilla) x-ray diffractometer (Bruker Corporation, 

Massachusetts, USA).   Samples were tested over a range of 5-35 degrees 2θ at 0.01s.   

The only samples run on this were very early tests on fenofibrate and PVP printed.   

Initial runs comparing Kapton and standard printer paper were run on this ruling out 

printer paper as a valid substrate.   However, experimental work was not continued on 

this instrument as it was found the detection level was not high enough for printed 

samples.  

 

PXRD was latterly carried out using a Bruker D8 Discover x-ray diffractometer 

(Bruker Corporation, Massachusetts, USA).   Following on from initial studies on the 

D8 Advance II, fenofibrate samples were printed onto Kapton film and rice paper 

initially.   For the latter, the signal generated by the rice paper was subtracted using 

the analysis software Diffrac. EVA. V4.1.   As the Kapton film was seen to hold little 

advantage over rice paper after subtraction, all other samples (Table 2) were only 

tested on rice paper.   Samples were tested over a range of 5-35 degrees 2θ at 0.01s.  

Additionally, a stability study was carried out on samples over a period of 6 months, 

taking readings at 1, 2, 3, 4, 5, 8, 15, 22, 29, 60 and 180 days   Samples were analysed 

using Diffrac. EVA.V4.1 and Origin Pro 2017.   Crystallinity was measured using the 
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software algorithm for percentage crystallinity which divides the peak area by the 

overall area of the diffraction pattern.  

 

2.2.2.4 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) was carried out using a Netzsch STA449 F1 

Jupiter (NETZSCH-Gerätebau GmbH, Wolverhampton, West Midlands, UK).   

Powder samples were prepared in the standard manner, weighing the pans before and 

after loading.   Dosage form samples were prepared by printing directly into the pans 

for a period of 20 minutes to produce samples of 1-5mg.   Analysis was carried out 

over a range of room temperature to 150˚C, at 10 degrees a minute, cooling with liquid 

nitrogen between samples.   Samples were analysed using the Netzsch program Proteus 

Analyser and Origin Pro 2017.    

 

2.2.2.5 Raman Spectroscopy 

Raman spectroscopy was carried out using a Horiba Xplora Raman Microscope using 

LabSpec 6 (Horiba Ltd., Stanmore, U.K.) to conclude where changes to the chemical 

structure of the drug occur on formation of solid dispersions.   Studies were carried out 

using a 532 nm laser at x10 objective.   The optimal parameters used to capture data 

on Labspec 6 were 6 minute acquisition, 2 minutes retention and 2 minutes delay with 

a 50 µm slit, 300 µm hole and 1200 filter.   The results were plotted and statistical 

analysis was carried out using Origin Pro 2017. 

 

2.2.2.6 Scanning Electron Microscopy 

SEM was carried out using a Hitachi SU660 Field Emission SEM (FE-SEM) (Hitachi 

Ltd., Chiyoda, Tokyo, Japan) and a U9320B Field Emission Scanning Electron 

Microscope (Keysight, USA) using back scattering mode.   Ink was deposited directly 

on to SEM stubs, using a circular deposition pattern, before the samples were subjected 

to a 20nm gold coat and then measured at x1,500 and x10,000 magnifications.    
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2.2.2.7 Size Exclusion Chromatography 

Samples were prepared by printing PVP K30 in the manner detailed in section 2.1.2 

as 1 cm diameter circles on glass slides, layering and weighing until 30mg was 

achieved.   The PVP printed samples were dissolved in a solution of 50:50 methanol: 

0.1M lithium nitrate in water overnight.   A raw powder control was produced by 

dissolving 30mg in the solvent.   The following day the solutions were diluted to 10ml 

and inverted 12 times to give 3mg/ml solutions.    

 

Size exclusion chromatography was carried out using a Malvern Obnisec Resolve 

coupled with a Malvern Obnisec Reveal using a 2xTSKgel GMPWXL 300x7.8mm 

column and a mobile phase of 50:50 methanol:0.1M lithium nitrate in water at 1ml/min 

for 40 minutes.   A standard of polyethylene oxide (1.5mg/ml) was run through the 

instrument to calibrate.   3 x 100 μl injections were run of the raw and printed solutions 

and the results compared using OmniSEC.    
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2.3 Results & Discussion  

2.3.1 Ink Rheology 

2.3.1.1 Analysis of the Use of Volatile Solvents 

PVP was run in both ethanol and water and compared.   Figure 15 shows viscosity 

increases with polymer content in both solutions but this effect is augmented in 

ethanol, which may be due to evaporation.   This is supported by an ANOVA with 

significant differences exhibited by the 60mg/ml, 90mg/ml and 120mg/ml PVP K30 

samples at 1000 1/s.   Figure 16 supports this showing very similar patterns of results 

but ever so slightly higher for ethanol.   This effect seems to become more pronounced 

with concentration.    

 

On comparison to the literature, a previous paper showed higher viscosity of PVP in 

water than ethanol which contradicts the current study (Vialpando et al. 2012).   

However, another paper supports the current study as the viscosity of ethanol is 1.2 

mPa.s, compared to water at 0.88 mPa.s (Chuangchote, Surawut Sagawa and 

Yoshikawa 2009).   Additionally, previous papers have shown the effect of increasing 

polymer concentrations in solution on the viscosity.   For example Krull demonstrates 

an increase in viscosity with HPMC concentration in water (Krull et al. 2017).   

Additionally there are studies with PVP showing the relationship between viscosity 

and concentration such as one by Pawar et al. and Swei and Talbot in water, and by 

Mehrdad et al. in 1-hexyl- 3-methylimidazolum bromide (Swei and Talbot 2002, 

Mehrdad et al. 2013, Pawar et al. 2014).    
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Figure 15: Comparison of the effect of increasing polymer content on the viscosity 

water (black) and ethanol (red) based solutions taken at 1000 1/s where n=3± standard 

error.   The 95% confidence intervals in water are 0.92 cP and 1.06 cP, 1.10 cP and 

1.38 cP, 1.22cP and 1.90 cP, 1.74 cP and 2.60 cP, 2.09 cP and 3.47 cP, 3.34 cP and 

5.55 cP, and 6.59 cP and 7.79 cP for 0, 15, 30, 45, 60, 90, 120mg/ml PVP K30.   The 

95% confidence intervals in ethanol are 0.89 cP and 1.41 cP, 0.75 cP and 2.05 cP, 1.93 

cP and 2.65 cP, 1.90 cP and 4.18 cP, 4.17 cP and 4.91 cP, 5.97 cP and 9.06 cP, and 

11.36 cP and 13.36 cP for 0, 15, 30, 45, 60, 90 and 120mg/ml PVP K30.   P= 0.99999 

for 0mg/ml, 0.99999 for 15mg/ml, P=0.23615 for 30mg/ml, P=0.07983 for 45mg/ml, 

P=1.59535x10-5 for 60mg/ml, P=1.40369x10-6 for 90mg/ml and P=0 for 120mg/ml for 

comparisons of ethanol and water solutions of PVP K30 at 1000 1/s respectively. 
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Figure 16: Comparison of shear rate sweeps of 15mg/ml (purple), 30mg/ml (orange), 

45mg/ml (green), 60mg/ml (magenta), 90mg/ml (blue) and 120mg/ml (red) PVP in 

water (top) and ethanol (bottom).    
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2.3.1.2 Analysis of Viscosity of Ink Formulations 

The ink formulations show an increase in viscosity with polymer concentration as 

demonstrated both by a comparison of the viscosity taken at the shear rate value of 

1000 1/s (Figure 17) and by comparison of example shear rate sweeps (Figure 18).   

The relationship is linear with the exception of the latter two concentrations which 

start to raise the curve in a more exponential fashion (Figure 17), resulting in the r-

squared value of 0.96871.   Statistical analysis in Origin Pro 2017 gave a P-value of 

5.94805x10-5 demonstrating the relationship between polymer concentration and 

viscosity is significant.   Considering Figure 17, an ANOVA was performed using 

Origin Pro 2017 on the samples demonstrating no significant difference between the 

lower viscosity samples up to 45mg/ml PVP K30.   However, the P-values are 

decreasing suggesting the difference is increasing.   On increasing the polymer 

concentration there is a statistically significant increase in viscosity from 60 to 

120mg/ml.   Unfortunately, due to timings and availability of appropriate equipment 

this set of experiments was carried out on placement at AstraZeneca, prior to 

introduction of ibuprofen but based on the relationship between the ink viscosity and 

PVP it is believed that the ibuprofen ink may behave in a similar manner.  
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Figure 17: The effect of PVP K30 content on viscosity of formulation inks prepared in 

ethanol taken at 1000 1/s, where the polymer is 0mg/ml, 15mg/ml, 30mg/ml, 45mg/ml, 

60mg/ml, 90mg/ml and 120mg/ml with a drug concentration of 30mg/ml throughout 

where n=3± standard error with 95% confidence intervals of 1.03 cP and 1.34 cP, 1.30 

cP and 2.46 cP, 1.27 cP and 3.49 cP, 2.87 cP and 3.83 cP, 4.24 cP and 4.99 cP, 7.23 

cP and 8.30 cP, and 7.12 cP and 14.96 cP for 0, 15, 30, 45, 60, 90 and 120mg/ml PVP 

K30.   P= 0.8075 for 0 to 15mg/ml, P=0.94814 for 15mg/ml to 30mg/ml, P=0.51494 

for 30mg/ml to 45mg/ml and P=0.24477 for 45mg/ml to 60mg/ml, P=6.76051x10-4  

for 60mg/ml to 90mg/ml and P= 4.75277x10-4 for 90mg/ml to 120mg/ml PVP K30 in 

ethanol.    
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Figure 18: Comparison of example shear rate sweeps formulation inks - FNF 30mg/ml 

(black) and premixed FNF:PVP 2:1 (30mg/ml:15mg/ml) (purple), 1:1 

(30mg/ml:30mg/ml) (orange), 2:3 (30mg/ml:45mg/ml) (green), 1:2 

(30mg/ml:60mg/ml) (magenta), 1:3 (30mg/ml:90mg/ml) (blue) and 1:4 

(30mg/ml:120mg/ml)  (red) 

 

On comparison to the literature, PVP and fenofibrate viscosity has been analysed 

previously but only in a 50:50 ethanol and dichloromethane.   A 20% solution resulted 

in a viscosity measurement of 20 mPa.s, however no other concentrations were 

analysed in this study (Ng et al. 2013).   As such the current study is fairly novel.  
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2.3.2 Powder X-Ray Diffraction 

2.3.2.1 Substrate Selection 

Samples were printed on Kapton film, standard printer paper and rice paper to establish 

if these substrates had any effect on crystallinity observed in the x-ray diffraction 

pattern.   Initial samples were run on a Bruker D8 Advance II and it was established 

this instrument was not particularly suitable for use with printed samples.   However, 

the effect of printing on standard printer paper was established using this instrument 

as can be observed in Figure 19.   Additional peaks were observed in the diffraction 

pattern on comparison to the raw sample.   On consulting the literature, it was 

established these are likely to be representative of cellulose in the printer paper (Foner 

and Adan 1983).   Kapton film was also compared in this study but this, in combination 

with printing various samples on this surface, (Figure 20) suggested that this particular 

instrument was not suitable for analysing printed samples.    

 

Therefore, all the other samples in this study were analysed using a Brucker D8 

Discover.   Analysis of the effect of printing on Kapton film was repeated and 

compared to printing on rice paper, which was selected due to its biocompatibility 

(Figure 21).   As the rice paper gave a signal this was subtracted using Diffrac EVA 

V.4.1 (Figure 22).   Printing on Kapton film was found to give a rougher baseline 

overall, whereas printing on rice paper was found to give more defined crystalline 

peaks despite the subtraction.   As a result, rice paper was carried forward for use 

throughout the study with the exception of DSC, TOF-SIMS and SEM. 
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Figure 19: Comparison of printing on Kapton film vs. printing on standard printer 

paper - XRD on the Bruker D8 Advance II of (A) raw powder fenofibrate, (B) 

fenofibrate printed on printer paper and (C) fenofibrate printed on Kapton film.  
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Figure 20: Limitation of the Bruker D8 Advance - (A) PVP and FNF single layers, (B) 

sandwiched fenofibrate between PVP (1:1) and (C) 1:1 premixed fenofibrate:PVP 
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Figure 21: Comparison of printing on Kapton film vs. printing on rice paper with the 

rice paper signal subtracted - XRD on the Bruker D8 Discover of (A) raw powder 

fenofibrate, (B) fenofibrate printed on rice paper with the subtraction and (C) 

fenofibrate printed on Kapton film.  
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Figure 22: Subtraction of the rice paper signal - XRD on the Bruker D8 Discover of 

(A) fenofibrate raw powder, (B) rice paper, (C) printed fenofibrate on rice paper 

without subtraction and (D) printed fenofibrate on rice paper with the subtraction 
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2.3.2.2 Fenofibrate 

2.3.2.2.1 Powder 

XRD shows significant effects on the physical form of the drug on printing alone and 

with polymer.   Figure 23 and Table 3 compare the raw drug powder alone to physical 

mixtures with polymer.   The crystalline peaks are observed to reduce with polymer 

content but do not fully disappear.   This is supported by a 44.4% crystallinity value 

for 1:4 fenofibrate:PVP suggesting the crystallinity is retained within the physical 

mixture.   It should be noted that the calculation by Diffrac. EVA V.4.1  may be limited 

slightly by noise as the PVP control shows 0.6% crystallinity.     

 

Table 3: Crystalline content of fenofibrate containing physical mixtures measured by 

powder X-ray diffraction 

FNF:PVP ratio Crystalline content (%, n=1) 

1:0 94.2 

2:1 86.6 

1:1 77.9 

2:3 67.1 

1:2 55.8 

1:3 47.4 

1:4 44.4 

0:1 (control) 0.6% 
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Figure 23: X-ray diffraction of (A) fenofibrate powder and (B-G) physical mixtures of 

fenofibrate:PVP 2:1, 1:1, 2:3, 1:2, 1:3 and 1:4. 
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2.3.2.2.2 Premix 

Figure 24 and Table 4 compare printed drug alone to printed drug and polymer 

mixtures.   In this case, the addition of polymer reduces the crystallinity of the overall 

formulation gradually until a fully amorphous product is achieved on printing 

formulations with a 75% polymer content or higher.    

 

Table 4 demonstrates the gradual loss of crystallinity.   Fenofibrate printed shows less 

crystallinity overall compared to the raw sample which is believed to be due to the 

lower mass present rather than reduced crystallinity.   The gradual loss of peaks 

observed in Figure 24 is reflected in a decrease in percentage crystallinity.   Ultimately, 

the difference between the printed drug alone and the printed drug-polymer mixtures 

becomes statistically significant on addition of 75% polymer or more, as the 

amorphous material reduces the crystalline signal.   Again, it should be noted that 

printing polymer alone, as well as the 1:3 and 1:4 samples, shows a slight percentage 

crystallinity which is believed to be noisiness in the diffraction pattern.   The 

comparison between these samples and the control allows us to conclude that they are 

amorphous due to this being consistent.  
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Figure 24: X-ray diffraction of printed (A) fenofibrate and (B-G) printed mixtures 

fenofibrate:PVP 2:1, 1:1, 2:3, 1:2, 1:3 and 1:4.   P=0.12674 for FNF to 2:1, P=0.99999 

for 2:1 to 1:1, P=0.98249 for 1:1 to 2:3, P=1 for 2:3 to 1:2, P=0.03558 for 1:2 to 1:3 

and P=1 for 1:3 to 1:4.  
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Table 4: Crystalline content of printed premixed fenofibrate containing samples 

measured by powder X-ray diffraction 

FNF:PVP ratio Crystalline content (%, n=3) SE ANOVA 

Crystalline 

Content Relative 

to printed drug 

alone P-value 

1:0 19.1 5.23864  

2:1 15 5.67186 0.99959 

1:1 13.83 1.91862 0.99465 

2:3 8.1 1.65025 0.45267 

1:2 8.03 2.71437 0.44333 

1:3 1.07 0.1453 0.01779 

1:4 1.73 0.38442 0.02571 

0:1 (control) 1.23 0.31798 0.01952 

 

Comparisons can be made to spray drying in the literature as aerosol jet can be thought 

of as a miniaturised version of this.   Spray drying has been observed to result in 

amorphous material formation in a number of papers and there are two previous papers 

using fenofibrate in particular.   Vogt et al. investigated nanosizing coupled with spray 

drying of fenofibrate, resulting in complete loss of crystallinity measured by XRD 

(Vogt et al. 2008).   Varshosaz and Ghassami demonstrated amorphous material 

formation by XRD and SEM on spray drying fenofibrate with Eudragit E100, Solutol 

HS15 and HPMC (Varshosaz and Ghassami 2015).   Additionally, Yousaf et al. 

demonstrates the effect of spray drying with insufficient PVP K30.   This fails to result 

in fully amorphous products as the samples generated contained only 1:1.8 

fenofibrate:PVP which exhibited peaks very similar to 1:2 fenofibrate:PVP in Figure 

24 (Yousaf et al. 2015).   Comparisons can also be made to solvent evaporation as the 
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initial particle formation is the result of the ethanol evaporation.   In a study by Choi 

et al., fenofibrate and PVP nanoparticles were prepared in ethanol in a 1:1 ratio.   This 

resulted in fully amorphous particles with a loss of the crystalline peaks (Choi, Lee, et 

al. 2013).    

 

Samples were analysed over 6 months as can be seen in Table 5.   Fenofibrate remains 

relatively constant throughout the 6 months only increasing in detected crystallinity at 

the 2 month point.   2:1 fenofibrate:PVP also seems to maintain a similar level of 

crystallinity and is very similar to the drug alone in the initial readings but it then 

doubles between 2 and 6 months.   The greatest changes can be observed in the 1:1, 

2:3 and 1:2 fenofibrate:PVP with the greatest evidence of crystal growth being again 

observed between 2 and 6 months.   1:1 shows a gradual increase in crystalline content, 

while 2:3 and 1:2 only seem to increase substantially over the last 4 months.   1:3 

fenofibrate:PVP shows a small amount of crystal growth but only between months 2 

and 6 and substantially less than the lower polymer content samples.   1:4 

fenofibrate:PVP is the most stable overall with no additional crystal growth being 

observed over the 6 month period.    
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Table 5: Percentage crystallinity obtained from a stability study on fenofibrate-based 

printed samples over a 6 month period 

 Percentage Crystallinity Detected (%) 

Days (n) FNF 

Powder  

FNF 

Printed 

2:1 

FNF:

PVP 

1:1 

FNF:

PVP 

2:3 

FNF:

PVP 

1:2 

FNF:

PVP 

1:3 

FNF:

PVP 

1:4 

FNF:

PVP 

1 94.3 29.5 28 6.9 5.1 2.1 2.1 2.7 

2 95.3 29.1 20.1 6.5 2.1 2.7 1.6 2.6 

3 95.6 27.7 19.4 13.3 2 6 2.1 3.1 

4 95.7 19.1 17.9 17 3.8 6 1.4 1 

5 94.8 19.5 19.4 11.7 4.3 7 1.4 1.7 

8 95 20 18 8.7 5.9 5.7 1.4 2 

15 94.8 27.6 26.9 15 8.2 13.2 1.9 3.4 

22 93.4 20 21.2 12.4 3.7 5 1.2 1.7 

29 94 28.9 26.4 13.7 5.8 4.4 1.8 2 

60 94.2 35 22.3 13.6 5.3 3.2 1 1.5 

180 94 31 56.8 27 21.4 15.6 2.6 2.5 

Percentage 

Increase 

(%) 

N/A 5.08 

 

 

102.86 

 

 

291.31 

 

 

319.61 

 

 

642.86 

 

 

23.81 

 

 

N/A 

 

 

 

2.3.2.2.3 Layered 

Layered samples with fenofibrate between 2 layers of PVP and as 2 separate layers 

were compared with drug alone (Figure 25 and Table 6).   The diffraction patterns of 

1:1 fenofibrate:PVP K30 with fenofibrate printed first, 1:1 fenofibrate:PVP K30 with 

PVP printed first and 1:1 fenofibrate:PVP K30 with fenofibrate sandwiched between 
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2 layers of PVP are fairly similar.   Table 6 interestingly demonstrates a slight 

reduction in crystallinity between fenofibrate and the single layer 1:1 samples but 1:1 

in the sandwich style shows lower crystallinity overall.   This is potentially due to the 

overall higher PVP content and the configuration.   As the PVP content is increased 

with the outer sandwiching layers increasing the ratio to 1:2 the crystallinity increases 

slightly.   Then on increasing the polymer content to 1:3 fenofibrate:PVP, the 

crystallinity falls slightly before increasing slightly on increasing the polymer content 

to 1:4 fenofibrate:PVP.   Although the crystallinity is not reduced as dramatically as 

premixing, the percentage crystallinity is still less than that of the physical mixtures 

suggesting there is some kind of interaction occurring.   However, on performing an 

ANOVA none of the samples are considered statistically different from the drug alone.  

 

On comparison to the literature, there is little previous evidence for the effect of 

layering.   However, there is a paper comparing the crystallinity using IR-ATR on spin 

coating PVP and fenofibrate films separately.   On comparison of 1:1 premixed to 

layered, premixing and putting down PVP seemed to result in more crystallinity than 

layering PVP on top of a fenofibrate layer, which is a little different than detected in 

the current study which may be attributed to the slightly different techniques.   

However, all of the samples retain their crystallinity to a degree which is consistent 

with the current study (Ng et al. 2013).  
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Table 6: Crystalline content of printed fenofibrate containing layered samples 

measured by powder X-ray diffraction 

FNF:PVP ratio Crystalline 

content (%, n=3) 

SE ANOVA relative to 

printed drug P-value 

1:0 19.1 5.23864  

1:1  

(PVP-FNF) 

16.17 2.18658 0.99999 

1:1  

(FNF-PVP) 

17.10 2.96142 1 

1:1  

(PVP-FNF-PVP) 

10.23 5.57654 0.76051 

1:2 14.10 3.15013 0.99676 

1:3 11.93 3.3982 0.93198 

1:4 12.93 0.76884 0.9783 
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Figure 25: X-ray diffraction of printed fenofibrate and layered printed samples as 

follows: (A) fenofibrate, fenofibrate:PVP (B) 1:1 FNF printed first  (FNFPVP), (C) 

1:1 PVP printed first (PVPFNF) and (D-G) sandwiched 1:1, 1:2, 1:3 and 1:4.   

P=0.14649 FNF for FNFPVP , P=0.4875 for FNF to PVPFNF, P=6.32509x10-4 for 

FNF to 1:1 sandwiched, P=0.99999 for FNF to 1:2 sandwiched, P=1 for FNF to 1:3 

sandwiched, P=1 for FNF to 1:4 sandwiched, 
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2.3.2.3 Ibuprofen 

As can be observed in Figure 26, X-ray diffraction of printed ibuprofen alone exhibits 

a similar pattern to the powdered API.   However, on printing with polymer present 

the crystallinity is diminished entirely and a fully amorphous product is achieved with 

even 50% polymer present in the ink.   This is considerably less than was required for 

fenofibrate suggesting ibuprofen is more amenable to this change.   Table 7 

demonstrates a reduction in crystallinity relative to the raw sample on printing the drug 

alone, which is again believed to be a result of the reduced mass present.   On addition 

of polymer the crystallinity is significantly reduced.   Again, the crystallinity value is 

not zero but, as the PVP measurement in Table 6 demonstrated, there is a chance the 

inherent noisiness of the diffraction pattern may be resulting in the software measuring 

crystallinity.   As such, on comparison to PVP, it can be concluded that the samples 

are amorphous.  

 

On comparison to the literature, the XRD of aerosol jet printed ibuprofen reflects 

similar results using spray drying.   Shen et al. demonstrated fully amorphous product 

formation from ibuprofen and SBA-15 with a 50:50 ratio in ethanol and a complete 

loss of crystalline peaks in two papers (Shen et al. 2010, 2011).   Additionally, a very 

similar effect was achieved using ibuprofen and gelatine in ethanol in a paper by Li et 

al. again featuring a complete loss of the crystalline peak on co-spray drying (Li, Oh, 

et al. 2008).    
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Table 7: Crystalline content of printed ibuprofen containing samples measured by 

powder X-ray diffraction 

IBU:PVP ratio Crystalline content (%, n=1) 

1:0 powder 96.2 

1:0 66.9 

1:1 2.2 

1:2 1.3 

1:3 1 

1:4 1.6 
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Figure 26: X-ray diffraction of (A) ibuprofen powder, (B) ibuprofen printed and (C-F) 

printed mixtures of ibuprofen:PVP 1:1,  1:2, 1:3 and 1:4.    
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2.3.3 Differential Scanning Calorimetry 

2.3.3.1 Fenofibrate 

The differential scanning calorimetry (DSC) results support the XRD results (Figures 

23 and 24).   Although the crystallinity decreases slightly with polymer content in the 

physical mixtures (Figure 27 and Table 8), a much more defined loss of crystallinity 

is observed in the comparable printed samples (Figure 28 and Table 9).   Printing the 

drug alone seems to result in less crystallinity relative to the powdered sample, shown 

by the significantly reduced peak.   Premixing the drug and polymer in a 2:1 or 1:1 

ratio seems to reduce the peak further suggesting a reduction in crystalline character.   

There is a slight shift in the trough for these samples which suggests an interaction 

may be occurring between the PVP and fenofibrate even if the crystalline state is 

maintained.   This effect has been seen previously with fenofibrate and has been 

associated with increased solubility (Grimling et al. 2012, 2013).   The crystalline 

trough gradually decreases in size until it is undetectable at 1:2 fenofibrate:PVP 

content.   This suggests the PVP is having a stabilising effect on the amorphous state 

of fenofibrate.   The decrease in peak enthalpy from 1:1 to 2:3 is considerably less than 

the previous samples which may be due to 2:3 continuing to exhibit larger more 

agglomerated crystals as well as amorphous particles.  

 

Interestingly, all of the powder samples and the printed drug alone exhibit Form I of 

fenofibrate with exothermal peaks of approximately 80°C, whereas printed 2:1 and 2:3 

fenofibrate:PVP exhibit evidence of Form II with exothermal peaks of approximately 

74°C.   Form II has previously been associated with formation and recrystallisation of 

amorphous fenofibrate (Tipduangta et al. 2015).   This suggests that printing does 

convert fenofibrate to the amorphous form in these samples but they lack sufficient 

PVP to stabilise the drug in this form.  

 

There is very little previous literature on DSC of fenofibrate and PVP, however Choi 

et al. demonstrates a loss of the crystalline trough using nanoparticles produced by 

solvent evaporation with a 1:1 ratio of fenofibrate:PVP (Choi, Lee, et al. 2013).  
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Table 8: DSC peak and peak enthalpy Fenofibrate powder alone and as physical 

mixtures with PVP K30  

Drug:Polymer Ratio Peak (°C) Peak Enthalpy (J/g) 

1:0 82.9 -807.333 

2:1 81.3 -78.61 

1:1 80.6 -66.15 

2:3 80.8 -36.79 

1:2 80.7 -68.98 

1:3 79.9 -20.55 

1:4 80.3 -18.17 
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Figure 27: Differential scanning calorimetry of (A) fenofibrate powder and (B-G) 

physical mixtures of fenofibrate:PVP 2:1, 1:1, 2:3, 1:2, 1:3 and 1:4. 
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Table 9: DSC peak and peak enthalpy Fenofibrate printed alone and with PVP K30  

Drug:Polymer Ratio Peak (°C) Peak Enthalpy (J/g) 

1:0 79.4 -92.11 

2:1 74.8 -67.31 

1:1 78.9 -23.97 

2:3 74.1 -20.40 

1:2 N/A N/A 

1:3 N/A N/A 

1:4 N/A N/A 
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Figure 28: Differential scanning calorimetry of printed (A) fenofibrate and (B-G) 

mixtures of fenofibrate:PVP 2:1, 1:1, 2:3, 1:2, 1:3 and 1:4. 
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As can be observed in Figure 29 and Table 10, much like the XRD results (Figure 25), 

the layered 1:1 samples behave fairly similarly with the trough being considerably 

reduced relative to the drug alone.   However, the single layer style samples (A and B) 

exhibit a slight secondary hump which is thought to be due to movement in the pan 

rather than a secondary event.   The trough then reduces with polymer content in the 

sandwiched style samples.   Similar to the XRD results (Figure 25), some crystallinity 

is retained, as shown by the reduced but not completely lost trough, as the inks are not 

exposed to the supersaturated atomisation state together.   On comparison to the 

literature, there is very little previous evidence as, since as previously stated in the 

XRD section of this thesis, the only study existing investigating layering PVP and 

fenofibrate seems to be Ng et al., which unfortunately does not include a DSC 

measurement (Ng et al. 2013).   As such this is a novel study and set of results.  

 

Table 10: DSC peak and peak enthalpy Fenofibrate printed alone and layered with 

PVP K30  

Drug:Polymer Ratio Peak (°C) Peak Enthalpy (J/g) 

1:0 79.4 -92.11 

1:1 (PVPFNF) 78.7 -26.91 

1:1 (FNFPVP) 79.5 -37.32 

1:1 (sandwiched FNF) 79.4 -26.11 

1:2 79.2 -25.91 

1:3 78.9 -32.56 

1:4 79 -34.99 
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Figure 29: Differential scanning calorimetry of printed fenofibrate and layered printed 

samples as follows: (A) fenofibrate alone and fenofibrate:PVP (B) 1:1 PVP printed 

first, (C) 1:1 FNF printed first and (D-G) sandwiched 1:1, 1:2, 1:3 and 1:4.    
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2.3.3.2 Ibuprofen 

Initially powdered ibuprofen was compared to physical mixtures of the API with PVP 

(Figure 30 and Table 11).   The crystalline trough is observed to decrease in size with 

increasing polymer content but even at ibuprofen:PVP 1:4 the trough is not fully lost, 

suggesting the crystallinity is retained as a solid dispersion is not formed.  

 

Table 11: DSC peak and peak enthalpy ibuprofen powder alone and physical mixtures 

with PVP K30  

Drug:Polymer Ratio Peak (°C) Peak Enthalpy (J/g) 

1:0 77.3 -171.76 

1:1  74.6 -113.22 

1:2 74.3 -46.37 

1:3 74.6 -45.77 

1:4 74.3 -7.45 
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Figure 30: Differential scanning calorimetry of (A) ibuprofen powder and (B-E) 

physical mixtures of ibuprofen:PVP 1:1,  1:2, 1:3 and 1:4.    
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Similar to the XRD results (Figure 26), on printing ibuprofen alone the drug is 

observed to be fully crystalline (Figure 31 and Table 12).   As the polymer is introduced 

the crystalline trough disappears and a fully amorphous product is produced and any 

variation in the line is caused by trace solvent evaporation. 

 

Table 12: DSC peak and peak enthalpy ibuprofen printed alone and with PVP K30  

Drug:Polymer Ratio Peak (°C) Peak Enthalpy (mJ) 

1:0 75.5 -117.44 

1:1  N/A N/A 

1:2 N/A N/A 

1:3 N/A N/A 

1:4 N/A N/A 

 



81 

 

 

Figure 31: Differential scanning calorimetry of printed (A) ibuprofen and (B-E) 

mixtures of ibuprofen:PVP 1:1,  1:2, 1:3 and 1:4.    
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On comparison to the literature, papers on spray drying of ibuprofen and a co-former 

result in very similar DSC results.   Like the XRD results, Li et al. produced a complete 

loss of the crystalline trough using gelatine and Shen et al. achieved a similar effect 

using SBA-15 (Li, Oh, et al. 2008, Shen et al. 2010, 2011).   Melzig et al. achieved a 

similar effect using polysorbate 80 but only in the aqueous nanosuspension phase as 

the final product was not analysed in this manner (Melzig et al. 2018).  

 

2.3.4 Raman Spectroscopy 

Raman spectroscopy (Figures 32 and 33) demonstrates the major signals responsible 

for the loss of fenofibrate crystallinity observed in the XRD and DSC samples.   

Initially comparing the drug alone to the polymer and the drug-polymer printed 

mixtures (Figure 32) it can be observed that the distinct fenofibrate peaks decrease in 

size relative to the PVP peaks as the polymer content increases, reflecting the 

increasing polymer concentration, similar to the crystalline peaks observed in the XRD 

and DSC samples.   Looking more closely (Figure 33), changes in the terahertz, 1130-

1160 cm-1, 1500-1650 cm-1 and 3050-3100 cm-1 regions can be observed.   This 

suggests changes are occurring in the crystal lattice vibrations, the carbonyl stretching 

region, the C16-O3 stretching region, and the CH stretching region respectively.   In 

particular the 1150cm-1 peak is associated with methyl group bending within the C16-

O3 stretch at C12 and C17, and the 1656cm-1 peak is associated with C1=O4 stretch.   

In Figure 32 it can be observed that the latter fenofibrate terahertz peak and the 

definition in the 3050-3100cm-1 region is lost as the peak broadens after addition of 

60% PVP.   The latter effect may be due to bond rotations in the aliphatic region of the 

molecule (Heinz et al. 2009).   The 1500-1650 cm-1 region smooths, broadens and 

decreases in size on addition of 75% PVP.   Additionally, the 1650cm-1 peak shifts to 

1656cm-1 and the 1147cm-1 peak shifts to 1150cm-1.   These regions have been shown 

to change on formation of amorphous material previously with the 1130-1160 cm-1, 

1500-1650 cm-1 and the 3050-3100 cm-1 regions smoothing as the bonds stretch (Heinz 

et al. 2009).    
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Previously the change from crystalline to amorphous fenofibrate has been established 

to be due to a mixture of hydrogen bonding and non-hydrogen bonding interactions.   

The former is associated with the carbonyl bonds represented by the 1650cm-1 region 

(Sailaja et al. 2016).   Van der Waals forces may also govern the interaction between 

the carbonyl group and the acidic CH group (Tipduangta and Pharm 2016).    

 

Inkjet printing has demonstrated the formation of amorphous material in Raman 

studies previously.   For example piezoelectric printing has been used previously to 

generate amorphous products detectable by Raman spectroscopy from w/w 0.50% 

Irgacure 2959 photoinitator, 30%, 2.00 % ropinirole HCl and polyethylene glycol 

diacrylate (Clark et al. 2017).     
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Figure 32: Raman spectra of fenofibrate and PVP K30 based printed samples: (A) 

fenofibrate, (B) PVP K30, (C-H) 2:1, 1:1, 2:3, 1:2, 1:3 and1:4 fenofibrate:PVP K30.  
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Figure 33: Raman spectra of fenofibrate alone in raw powder form (black) and as part 

of an inkjet printed 1:3 fenofibrate:PVP solid dispersion (red) showing the terahertz 

(top left), 1130-1160 cm-1 (top right), 1550-1700cm-1 (bottom left) and 2700-3200cm-

1 regions (bottom right).  
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2.3.5 Scanning Electron Microscopy 

2.3.5.1 Polymers 

PVP 1000, K30 and K90 were printed as 1, 2, 3 and 4 layer samples initially to 

compare the effect of printing different molecular weights on the structures formed.   

In Figure 34, it can be observed that printing PVP 1000 results in a very scant 

distribution of particles until 4 layers are printed.   This is believed to be due to its low 

viscosity resulting in small particles of less than 5µm.   Additionally, it can be observed 

that PVP K90 also resulted in a very scant distribution of particles, suggesting the 

viscosity of this ink has been too high for the printer resulting in less deposition overall.   

In Figure 35, the effect of printing PVP K30 can be observed.   Consistent spherical 

particles, which were smaller overall than that of K90, were achieved, reflected in the 

fact that the printer very seldom blocked with this ink.   It can be observed how layering 

PVP K30 alters the structure of the deposition.   Starting from a very porous single 

layer, the spherical particles become more and more tightly packed with each 

additional layer.   As this ink proved the most reliable, this form of the polymer was 

taken forward.   In Figure 36, the effect of changing the concentration of the starting 

ink was analysed.   As can be observed the structure changes from very scant, spread 

out small particles which are less than 5 µm in size on application of 15mg/ml PVP in 

ethanol, gradually increasing in size until nearly 10 µm particles were produced on 

application of 120mg/ml PVP in ethanol was applied.   On comparison with the 

rheology work (Figures 15 and 16), it is thought the overall density and particle size 

increases with viscosity. 
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Figure 34: SEM of 2mm samples of PVP K90 4 layers at (A) x35 magnification and 

(B) x1.5K magnification and 2mm samples of PVP 10,000 (C) 4 layers at x35 

magnification, (D) 1 layer at x1.3K magnification, (E) 2 layers at x1.5K magnification, 

(F) 3 layers at x1.5K magnification and (G) 4 layers at x1.5K magnification. 

A) B) 

C) D) 

E) F) 

G) 
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Figure 35: SEM of 2mm samples of PVP K30 (A) 1 layer x35 magnification, (B) 1 

layer x1.5K magnification, (C) 2 layers x35 magnification, (D) 2 layers x1.5K 

magnification, (E) 3 layers x35 magnification, (F) 3 layers x1.5K magnification, (G) 

4 layers x35 magnification and (H) 4 layers x1.5K magnification 

A) B) 

C) D) 

E) F) 

G) H) 
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Figure 36: SEM of PVP K30 with different starting ink concentrations taken at x1.5K 

magnification – (A)15mg/ml, (B) 30mg/ml, (C) 45mg/ml, (D) 60mg/ml, (E) 90mg/ml 

and (F) 120mg/ml  

 

A) B) 

C) D) 

E) F) 
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2.3.5.2 Fenofibrate 

2.3.5.2.1 Fenofibrate vs. Premixes 

Observing the formulations at x1.5K magnification (Figure 37), it can be observed the 

formulations with lower concentrations of PVP as stated previously continue to exhibit 

a degree of crystallinity, with the addition of 33% polymer resulting in a change from 

driftwood-like crystalline particles to more plate-like and elongated crystals.   On 

addition of 50% polymer the drug starts to form cuboidal crystalline particles of more 

than 10µm and squamous crystalline particles of approximately 5µm with a light 

covering of polymer.   On addition of 60% polymer the drug starts to agglomerate 

more with large crystalline particles and some more amorphous looking particles.   The 

individual amorphous particles are typically 5µm or less but on agglomeration with 

each other they form masses of more than 10µm.   The crystalline particles are cuboidal 

and as large as 20 or 30µm in length.   However, on increasing the concentration of 

the formulation to 67% polymer the formulation starts to look more amorphous with a 

slight crystallinity present.   The amorphous particles are largely less than 5µm.   

Ultimately on addition of 75% and 80% polymer the formulation is fully amorphous 

as characterised by spherical particles throughout.    On addition of 75% polymer, the 

particle size is typically about 5µm or less but on addition of 80% polymer the particles 

are mostly about 5µm or larger.   Higher magnification images can be observed 

Appendix 1.  

 

Higher viscosity has been shown previously to result in larger droplets.   Furthermore, 

it has been demonstrated previously in spray drying that particle size distribution is a 

function of the droplet size.   Sander demonstrated parallel curves for droplet size and 

particle size with the curve moving to the left as the solvent dries (Sander 2014).   This 

appears to be the case here, with 1:3 fenofibrate:PVP exhibiting larger particles than 

1:1 and 1:2 fenofibrate:PVP, and 1:4 fenofibrate:PVP exhibiting larger agglomerates.   

The agglomeration of the latter may explain why less material is deposited overall for 

1:4 fenofibrate:PVP, as it may be reasonable to assume that the agglomerated particles 

will not flow as easily through the nozzle cavity as smaller individual particles.    



91 

 

 

There are a number of papers showing this formation of amorphous spherical particles.   

Fenofibrate and PVP has demonstrated this effect previously on solvent evaporation 

with the generation of amorphous particles using a 1:1 ratio of drug: polymer in ethanol 

(Choi, Lee, et al. 2013).   The formation of mixed crystalline and spherical amorphous 

particles has also been demonstrated previously with spray drying of a solution with 

too low a PVP concentration to result in full amorphous material formation in a paper 

by Yousaf et al (Yousaf et al. 2015).   However, inkjet printing has not demonstrated 

formation of spherical amorphous particles with fenofibrate previously.   For example 

inkjet printing has been used in combination with amorphous nanoparticle formation 

of ciprofloxacin with dextran sulphate suspended and mixed with polyethylene glycol 

resulting in spherical particles as demonstrated by SEM (Cheow et al. 2015).   The 

closest inkjet printing paper to the current work is a study by Scoutaris et al. featuring 

piezoelectric inkjet printing of felodipine and PVP in an ethanol:DSMO 95:5 solution 

resulting in amorphous material as demonstrated by TOF-SIMS.   However, unlike the 

current study it was found extended spray times resulted in the amorphous state being 

lost (Scoutaris et al. 2011).   Interestingly, there is no prior literature with the degree 

of control over the particles formed with different concentrations as in the current 

study.   As such the current study is relatively novel.  
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Figure 37: SEM of printed fenofibrate and PVP mixtures taken at x1.5K magnification 

– (A) FNF, (B) 2:1, (C) 1:1, (D) 2:3, (E) 1:2, (F) 1:3 and (G) 1:4 FNF:PVP. 

A) B) 

C) D) 

E) F) 

G) 
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2.3.5.2.2 Layered 

On layering (Figure 38), the SEM images exhibit a mixture of crystalline and 

amorphous particles with the distinct areas of PVP and fenofibrate quite apparent.   

Additionally, there is evidence of agglomeration on the crystalline particle surface.   

There is evidence of interactions with the particles transitioning at the interface.   This 

supports the reduced crystallinity observed in the XRD and DSC data (Figures 25 and 

29). 

 

On comparison to the literature, there is only one previous paper investigating the 

effect of layering films of PVP and fenofibrate.   Although it is based around spin 

coating, there are similar particle morphologies observed with striated crystals.   

However, there is less evidence of amorphous material which may be attributed to the 

absence of the atomisation step (Ng et al. 2013).  
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Figure 38: SEM of fenofibrate:PVP layered samples – (A) 1:1 PVP printed first, (B) 

1:1 fenofibrate printed first, (C) 1:1 sandwiched, (D) 1:2 sandwiched, (E) 1:3 

sandwiched and (F) 1:4 sandwiched taken at x1.5K.magnification. 

 

 

A) B) 

C) D) 

E) F) 
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2.3.5.2.3 Torus 

On printing tori (Figure 39), interfaces between the drug and polymer can be observed, 

with the polymer coating the crystalline particles and forming adjacent amorphous 

particles.   There is a fusing appearance to the particles at the interface with a mixture 

of agglomerates.    

Figure 39: SEM of tori style printed samples with fenofibrate and PVP printed 

separately taken at (A and B) x1.5K and (C and D) x10K.    

 

 

A) B) 

C) D) 
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2.3.5.3 Ibuprofen 

As can be observed in Figure 40, printing drug alone once again results in a fully 

crystalline product with mountain range like features being observed.   On addition of 

polymer, supporting the XRD and DSC results (Figures 26 and 31), fully amorphous 

spherical particles are observed.   1:1 ibuprofen:PVP initially shows quite sparse, flat 

particles between 2 and 10µm, 1:2 ibuprofen:PVP shows more closely distributed 

particles about 5 µm overall mixed with a few small agglomerates, 1:3 ibuprofen:PVP 

shows more closely distributed flat larger particles between 5 and 10µm and 1:4 

ibuprofen:PVP ultimately shows densely packed spherical particles about 1 to 5µm 

and some agglomeration.   The particles generated are smaller than that of 

fenofibrate:PVP 1:4 which may suggest the overall droplet size is smaller and thus 

explain why this type of ink was easier to print. 

 

On comparison to the literature, the most similar data is that achieved by spray drying.   

Shen et al. demonstrated the effect of co-spray drying ibuprofen and mesoporous SBA-

15 with ethanol.   Interestingly, due to the more squamous nature of the co-former their 

amorphous particles were more squamous than spherical but the effect is still 

comparable (Shen et al. 2010, 2011).   Interestingly on utilising a loose pore version 

of the SBA-15 the particles formed agglomerates similar to the particles achieved in 

the current study (Shen et al. 2011).   Li et al. achieved very similar spherical particles 

to the current study by co-spray drying with gelatine and ethanol, as did Melzig et al. 

with polysorbate 80 and ethanol (Li, Oh, et al. 2008, Melzig et al. 2018).    
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Figure 40: SEM of printed (A) ibuprofen, and ibuprofen:PVP (B) 1:1, (C) 1:2, (D) 1:3 

and (E) 1:4 taken at x1.5K magnification.    

 

 

A) B) 

C) D) 

E) 
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2.3.6 Size Exclusion Chromatography 

Figure 41 demonstrates the effect of printing on the molecular weight distribution of 

PVP K30.   The chromatographs for both printed and raw PVP K30 are nearly identical 

in nature suggesting there is little effect on the polymer.   On analysis of the data, it 

can be observed in Table 13 that the Mn, Mw, Mz and Mn/Mw are very similar 

confirming printing has little effect on the polymer.   On performing a T-test without 

the Welch correction only the Mn and molecular weight distribution values are found 

to be statistically non-significant.   On performing a Welch correction all but the Mz 

were found to be statistically non-significant.   This implies processing does not affect 

the tensile or impact strength and the brittleness of the material.   

 

Figure 41: Size exclusion chromatograph of raw and printed PVP where n=3.   The 

colours representing each sample are shown in the legend.    

 



99 

 

Table 13: Size exclusion chromatography results 

Parameter Raw 

Powder 

(n=3) 

Standard 

Error 

Printed 

Sample 

(n=3) 

Standard 

Error 

T-test  T-test 

(Welch 

Correction) 

Mn (g/mol) 26,670 1,657.84 25,420 525.39 Non-

significant 

Non-

significant 

Mw 

(g/mol) 

61,833 839.77 64,613 366.71 Significant Non-

significant 

Mz (g/mol) 150,667 733.33 160,800 503.32 Significant Significant 

Mw/Mn 2.332 0.11 2.544 0.04 Non-

significant 

Non-

significant 

 

On comparison with the literature, it can be said that aerosol jet is potentially less 

damaging than other polymer processing techniques.   Previous studies have 

demonstrated polymer degradation during processing.   For example Wheeler et al. 

showed continuous inkjet printing of polymethyl methacrylate using a Dimatix DMP-

2800 resulted in a reduction in molecular weight as a result of mechanochemical 

degradation (Wheeler et al. 2014, 2016).   Additionally, Alexy et al. demonstrated 

degradation of polyvinyl alcohol on thermal exposure by extrusion, which is relevant 

as many solid dispersive techniques such as hot melt extrusion and injection moulding 

are subjected to similar conditions.   In this case the molecular weight increased with 

each pass through the extruder (Alexy et al. 2004). 
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2.4 Conclusions 

Ink solutions were found to increase in viscosity with polymer content.   Printing either 

fenofibrate or ibuprofen alone seemed to result in a fully crystalline product.   For 

fenofibrate, on addition of polymer the crystallinity was observed to reduce with a 

fully amorphous product generated when the drug was premixed with 75% PVP or 

more as demonstrated by Raman spectroscopy, DSC and XRD.   Additionally, this was 

observed to have considerable effects on the morphology as demonstrated by SEM 

with the amorphous material exhibiting spherical particles.   The particle size seemed 

to increase with viscosity which may be explained by the effect of viscosity on 

atomisation.   On layering without premixing, the crystallinity is reduced but not to the 

same degree as premixing.   Interestingly, for ibuprofen, on addition of as little as 50% 

polymer within a premixed ink, an amorphous product is formed as demonstrated by 

SEM, DSC and XRD.   Interestingly, there is no prior literature with the degree of 

control over the particles formed with different concentrations as in the current study.   

This suggests the aerosol jet printer presents greater control over solid state than seen 

previously.   Additionally, the effect of printing on the polymer was analysed and 

fortunately the act of printing seemed to have minimal effects on the physical state of 

the polymer and thus any other effects should be comparable to physical mixtures.   

This may also suggest that aerosol jet printing is less damaging than some other solid 

dispersive techniques.   The capabilities of the printer will be explored in Chapter 3. 
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Chapter 3: Aerosol Jet Printer Capabilities 

 

3.1 Introduction 

The current chapter is concerned with the capabilities of the aerosol jet printer as this 

technique has never been used in pharmaceutical manufacturing previously.   Utilising 

the inks developed in Chapter 2, a number of parameters can be tested.   As the printer 

has the flexibility of a free moving stage and a range of nozzle sizes, in addition to its 

ability to be programmed, the current chapter investigates the ability of the printer to 

achieve scalable and precise deposition patterns.   Scalability was investigated by 

changing the area of deposition designed on AutoCAD, the nozzle size utilised, the 

speed of deposition selected and the number of layers deposited.   Precision was 

investigated using TOF-SIMS and Raman mapping.    

 

3.2 Materials and Methods 

3.2.1 Materials 

As in Chapter 2 

 

3.2.2 Methods 

3.2.2.1 Dosage Form Construction 

3.2.2.1.1 Scalability 

Scalability was tested by programming different shapes and sizes precisely using 

AutoCAD 2015 and running them using KEWA Motion 2.5.0.   The effect of speed 

was tested by varying the speed settings on KEWA Motion 2.5.0.   Different nozzle 

sizes ranging between 150 and 300 µm were utilised to generate different sized lines 

from the same ink using the same AutoCAD file.   Samples were tested for content 

using UHPLC to test for a linear relationship between nozzle size, and the size and/or 

speed of deposition and dose. 
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3.2.2.1.2 Ultra High Pressure Liquid Chromatography 

3.2.2.1.2.1 Method Selection 

Initially the British Pharmacopoeia method at 286nm (British Pharmacopoeia 

Commission, 2018) was used but due to issues with curve uniformity and degradation 

of the samples a method selection study was performed running samples as shown in 

Table 14 (calibration curve in Appendix 2).   The detection wavelength was changed 

to 280nm to reflect the SDI studies (Chapter 4).   Additionally, the average retention 

time was found to have a standard deviation of 0.25 minutes amounting to only 3.7% 

variation. 

 

Table 14: UHPLC method selection parameters and effects 

Method  Mobile 

Phase 

(ACN: 

Acidified 

Water)  

Diluent Temperature Flow 

(ml/min) 

Observations 

1 (BP) 70:30 Mobile 

phase 

25°C  1 ml/min Noisy and 

sloping 

baseline with 

additional 

peaks, 

average 

retention time 

1.983 
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2 70:30 Acetonitrile 25°C  1 ml/min Some noise 

and sloping 

baseline, 

average 

retention time 

2.082 

3 70:30 Mobile 

phase 

25°C 0.5 

ml/min 

Noisy 

baseline with 

additional 

peaks, 

average 

retention time 

11.581 

4 70:30 Acetonitrile 25°C 0.5 

ml/min 

Noisy 

baseline, 

average 

retention time 

11.884 

5 70:30 Mobile 

phase 

30°C 1 ml/min Noisy 

baseline with 

additional 

peaks, 

average 

retention time 

1.191 

6 70:30 Acetonitrile 30°C 1 ml/min Noisy 

baseline, 

average 

retention time 

1.467 

7 80:20 Mobile 

phase 

25°C 1 ml/min Additional 

peaks, 
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average 

retention time 

6.672 

8 80:20 Acetonitrile 25°C 1 ml/min Flat baseline, 

similar to 

literature 

(Sahoo et al. 

2014), 

average 

retention time 

6.589 

9 Gradient 

(30:70, 

50:50, 

70:30, 100:0 

ACN:Water) 

 

Mobile 

phase 

25°C 1 ml/min Very noisy 

baseline with 

extra peaks, 

average 

retention time 

15.708 

10 Gradient 

(30:70, 

50:50, 

70:30, 100:0 

ACN:Water) 

 

Acetonitrile 25°C 1 ml/min Very noisy 

baseline with 

extra peaks, 

average 

retention time 

15.8 

 

3.2.2.1.2.2 Sample Analysis  

Ultra High Performance Liquid Chromatography (UHPLC) was carried out using an 

Agilent 1290 UHPLC, 6530 Q-TOF (Agilent Technologies, Santa Clara, California, 

USA) at 280 nm with a mobile phase consisting of acetonitrile: acidified water 80:20 

running at 1 ml per minute on a C-18(2) 100Å silica reversed phase column.   Samples 

were prepared by printing on rice paper for ease of dissolution and dissolved in 5 or 

10ml acetonitrile.   Calibration curves covering a range of 5-1000 µg/ml were 
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produced for each UHPLC session using the area under the curve and concentrations 

of samples were calculated using the resultant equation of the line (see Appendix 2).   

UHPLC was used to measure the drug content of the fenofibrate alone and fenofibrate 

with PVP samples and test for uniformity between samples, as well as for the effects 

of deposition size, speed, layering and nozzle size.   The chromatographs were 

collected using MassHunter Workstation Software Data Collection and Qualitative 

Analysis B.07.00.   The results were plotted, and statistical analysis was carried out 

using Origin Pro 2017. 

 

3.2.2.1.3 Laser triangulation for Depth Analysis 

Printed samples were analysed by laser triangulation using an LK-H057 (Keyence 

Corporation of America, Illinois, USA).   Samples of each formulation were prepared 

by printing 5mm circles consisting of 5 layers each on rice paper.   Samples were 

analysed by initially taking a background measurement of the rice paper and then 

moving the sample so the centre was in line with the laser.   Sample height was then 

collected on the LK-navigator software and compared.   The results were plotted and 

statistical analysis was carried out using Origin Pro 2017. 

 

3.2.2.2 Drug Distribution  

3.2.2.2.1 Raman Mapping 

Raman mapping was carried out using an H2Optx mPAT 3D Raman spectrometer 

(H2Optx, San Jose, California, USA).   This system holds a significant advantage as it 

enabled samples to be taken in slices from the same dosage form and stacked to a 3D 

image and also covers a larger area.   The mPAT was run at 754 nm, with a Class 3B 

laser (Innovative Photonics Solutions, New Jersey, USA) with a 160mA current, 

90mW power and 10s exposure time.   The instrument was driven using the H2Optx 

program MetaScan.   Samples were measured over a 4mmx4mm area taking readings 

at 10µm intervals along the x and y-axes in a 6x6 grid.   Normally the mPAT would 

shave the surface of tablets in an automated process but due to the fragile nature of 

inkjet printed samples compared to standard tablets, samples were sheared using a 
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diamond blade.   Due to the lack of control of manual cutting the exact thickness of 

slices is unknown but the slices were approximately about half way and three quarters 

of the original tablet thickness.   The 3 layers were measured per sample and the data 

was fed into the H2Optx program MetaAnalyser and using raw powder reference 

spectra a base map was generated.   This base map was then fed into a company 

provided Python script to generate the required maps and a pixel value for each 

substance.    

 

3.2.2.2.2 TOF-SIMS 

25 layer, 6mm diameter samples were prepared on silicon wafers using the standard 

3mm/s, 300μm nozzle printing method.   Laying down the polymer first, 3 samples 

were prepared consisting of 4 quintuplicate rings, 18 single rings and 9 double rings 

respectively.   Samples were run on an IONTOF TOF.SIMS V (ION-TOF GmbH, 

Münster, Germany), based at the Wolfson Foundation Pharmaceutical Surfaces 

Laboratory in the Technology and Innovation Centre, University of Strathclyde.   The 

instrument is equipped with a Bismuth Liquid Metal Ion Gun (LMIG) and a gridless 

reflection time-of-flight mass analyser.   To overcome charge build-up on the isolative 

samples, a low-energy electron beam (21 eV) flood gun was employed and the sample 

surface potential was optimised for each analysis.   The surface analysis conditions 

were selected and adjusted to keep the primary ion dose density (PIDD) below the 

static limit of 1013 primary ions/cm2 to minimise surface damages during the analysis.   

All the mass spectral information was recorded in the m/z range of 0–900.    

 

Samples were analysed to collect reference spectra.   These were acquired in the 

positive secondary ion polarities, in three replicates, from 100 μm × 100 μm areas in 

various points of the sample.   The total PIDD for each analysis was approximately 5 

× 1012 (primary ions/cm2).   The spectra were used to visually select characteristic 

mass peaks for each compound.  
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A 30 kV Bi3+ primary ion beam was employed to generate macro images rotating the 

stage and the ion beam across the whole area of interest.   The total area analysed was 

6.51 mm × 6.51 mm and the mass spectral information was collected in the positive 

secondary ion polarity, applying a delayed extraction of 0.050µs to improve mass 

resolution and decrease topographic artefacts potentially generated by the rough 

surface.   The total PIDD delivered during the acquisition of each raster was 

approximately 9 × 1010 (primary ions/cm2).  

 

A 30 kV Bi3+ primary ion beam was operated in an un-bunched mode to collect high 

lateral resolution secondary ion images of specific spots on the sample’s surface.   

These were acquired over an area of 500 μm × 500 μm, with a pixel size of 0.488 µm, 

in the positive secondary ion polarity, selecting an extraction delay of 0.050µs, with a 

final PIDD of approximately 5 × 1012 (primary ions/cm2).   The images were then 

processed using SurfaceLab 6.7 software (ION-TOF, Münster, Germany) to generate 

colour overlays of the selected peaks for FNF and PVP.  

 

3.3 Results & Discussion 

3.3.1 Dosage Form Construction 

3.3.1.1 Speed of Deposition 

On speed testing using the KEWA settings, an increase in mass with decreasing speed 

is observed, with a P-value of 0.0671 suggesting a significant relationship (Figure 42).   

However, this is not particularly linear in nature with an r-squared value of 0.79657, 

and the ANOVA does not show a significant difference between the samples resulting 

from the lack of linearity.   The linear curve fitting therefore may be entirely due to 

the 1mm/s point rather than a reflection of the results as a whole.   At lower speeds, 

the printer seems to block much more easily, resulting in large error bars, and at higher 

speeds, the print head is simply moving too fast to deposit much at all.   Additionally, 

the standard error exhibited increases with decreasing speed.   This is supported by the 

95% confidence intervals given in Figure 42.   Thus, this is inadvisable as a method of 

scaling. 
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Figure 42: The effect of speed on mass of drug printed using a 1:1 fenofibrate:PVP 

K30 premixed ink with a 250 µm nozzle, where r²=0.77446 and n=6± standard error 

with 95% confidence intervals of 103.23 µm and 675.75 µm, -4.10 µm and 264.77 

µm, 153.77 µm and 222.57 µm, 23.97 µm and 117.65 µm, 84.14 µm and 97.74 µm, 

and 3.00 µm and 58.54 µm for 1, 2, 3, 4, 5 and 6 mm/s respectively.   P=0.0079 for 1 

to 2mm/s, P=0.97396 for 2 to 3mm/s, P=0.57643 for 3 to 4mm/s, P=0.99992 for 4 to 

5mm/s and P=0.9684 for 5 to 6mm/s.   P of the slope=0.01671.  

 

There is no prior literature changing the dose using speed however, in other studies the 

effect of speed on thickness and line width is compared.   In Mahajan et al., the effect 

of the stage speed on line width and thickness was tested by printing silver 

nanoparticles using an Optomec Aerosol Jet M3D Printer, which behaves similarly to 

the AJ200 but uses an ultrasonic atomiser rather than a pneumatic one.   Using a 200 

µm nozzle, printing at 1 and 2mm/s a similar effect of larger error bars is observed, as 

in the current study.   The line width and thickness decrease in a similar manner to the 
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mass.   This is relatable as it would follow that the area covered by the printer should 

increase with line width and the thickness is a function of the number of layers.   From 

1mm/s to 3mm/s the thickness and line width are observed to decrease with speed quite 

rapidly before levelling off slightly towards the faster speed settings.   As with the 

current study the results are not perfectly linear and as such the authors have opted for 

a dot-to-dot curve rather than a linear fit (Mahajan et al. 2013). 

 

 Additionally, Goh et al. demonstrates a similar effect on printing carbon nanotubes 

using aerosol jet printing with ultrasonic atomisation.   There is a drop in the line width 

after 4mm/s and considerably bigger error bars exhibited on printing at 6mm/s, 

followed by a levelling off affect.   Again the dot-to-dot approach is utilised as the line 

is not linear (Goh et al. 2018). 

 

In another paper by Wang et al., polyimide/carbon nanotube nanocomposite was 

printed using an Optomec AJP 300® Aerosol Jet Printer using both pneumatic and 

ultrasonic atomisation steps to generate the final ink from polyamide and carbon 

nanotube inks, combining them in a static mixer before printing.   The speed was 

analysed by comparison to thickness similar to Mahajan et al. but only 3 points were 

utilised reducing the curve appearance (Wang et al. 2016).    

 

In a study by Elmogi et al., silver nanoparticles were printed using the aerosol jet 

technology but the printer utilised is not specified.   Stage speed is once again 

compared to thickness and line width and a similar curvature to the line is observed 

with 1mm/s and 2mm/s being considerably higher than 3mm/s before the line levels 

off.   This is once again not fully linear and it appears to be based on a single set of 

data, or if not, the standard deviation and/or error are not displayed.   The only 

difference between the line width and thickness curves are the 9mm/s and 10mm/s 

points, which drop for the line thickness.   The shape of the curve is quite similar to 

Mahajan et al. (Elmogi et al. 2018) 
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3.3.1.2 Nozzle Size 

Nozzle size shows a linear relationship with mass of drug deposited with a r-squared 

value of 0.91999 (Figure 43).   On statistical analysis a P-value of 0.04084 was 

obtained suggesting there is a significant relationship between nozzle size and drug 

mass deposited.   Changing the nozzle size from the minimum to the maximum allows 

a 3-fold increase in mass deposited.   The error is slightly higher for the smaller nozzle 

sizes which reduces the overall linearity.   A significant change was recorded on 

performing an ANOVA for 150 to 200µm but the latter samples show insignificant 

differences.    

Figure 43: The effect of nozzle size on mass of drug printed using a 1:1 

fenofibrate:PVP K30 premixed ink at 3 mm/s to print a 5mm diameter circle, where 

r²=0.91999 and n=6± standard error with 95% confidence intervals of 6.53 µm and 

106.74 µm, 77.79 µm and 171.46 µm, 154.78 µm and 177.96 µm, and 165.78 µm and 

218.82 µm for 150µm, 200µm, 250µm and 300µm respectively.   P=0.00229 for 150 

to 200µm, P=0.06496 for 200 to 250µm and P=0.35644 for 250 to 300µm.   P of the 

slope=0.04084 



111 

 

 

Although, nozzle size has a relatively linear relationship with mass, it has the 

disadvantage of being dependent on the manufacturer’s stated nozzle diameters and, 

as it is such a small scale, any slight variation is magnified.   Thus, there is a chance 

of variation between nozzles of the same size and also a chance that nozzles are not 

exactly the size specified.   Nozzles of 150 and 200 µm also suffer from bigger 

variations between samples as they are less forgiving of viscosity and thus droplet size 

than 250 and 300 µm as exhibited by bigger error bars than the latter two nozzle sizes.    

 

Although there is little evidence of study of the relationship between nozzle size and 

mass previously, nozzle size has been studied as a means of changing droplet size 

previously in a DOD PIJ (EPSON C45) piezoelectric printer (Liou et al. 2010).   

Linearity is observed between the droplet size and nozzle size which may explain the 

linearity between nozzle size and mass observed in the current study.   The effect of 

line width has also been previously tested using an aerosol jet printer using silver ink.   

Different pressures were applied using an Optomec Aerosol Jet M3D Printer with 100, 

150 and 200 µm nozzles.   Line width increases with nozzle dimeter but again this 

does not reflect a drug mass directly (Mahajan et al. 2013).   As such this is relatively 

novel.  

 

3.3.1.3 Single Layer Deposition Size 

Area was determined using AutoCAD 2017.   Good linearity was observed between 

different deposition areas with an r-squared value of 0.99869 (Figure 44).   This was 

also found to be also highly reproducible as the error bars are often too small to be 

observed.   On statistical analysis a P-value of 6.57601x10-4 was obtained suggesting 

a significant relationship between size and mass of drug deposited.   Increasing the 

area deposited up to a 40-fold increase in the mass deposited is achieved.   On 

performing an ANOVA all the samples show a P-value of 0.00 suggesting changing 

the size has significant effects.   This P-value is a little unusual but it is thought to be 

due to limitations of the statistical software.  
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Figure 44: The effect of deposition size on mass of drug printed using a 1:1 

fenofibrate:PVP K30 premixed ink with a 250 µm nozzle at 3 mm/s to print a 5mm 

diameter circle, where r²=0.99869 and n=6± standard error with 95% confidence 

intervals of 7.42 µm and 23.14 µm, 168.25 µm and 220.87 µm, 341.14 µm and 384.66 

µm, and 752.81 µm and 846.53 µm for 8.13, 49.94, 97.44 and 198.13mm2 respectively.   

N.B. Some error bars are so small they cannot be distinguished from the points.   P=0 

for all the relationships between samples.   P of the slope=6.57601x10-4. 

 

Deposition size was found to be more linear overall which may be due to the fact that 

depositions can be designed to the micrometre in AutoCAD.   Changing the size of 

deposition to alter the dose has been employed previously by thermal inkjet printing 

warfarin using a Hewlett-Packard (HP) 5940 Deskjet.   Printing 0.5cmx1-7cm 

rectangles was shown to result in a linear relationship between the length and drug 

mass with an r-squared value of 0.9999. (Vuddanda et al. 2018).   Another paper using 

the same type of printer with levothyroxine sodium and liothyronine sodium, was 

utilised to print 1cmx6-12cm rectangles.   This demonstrates a linear relationship 

between mass and length of rectangle printed, although not as linear as Vuddanda et 
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al. with a r-squared value of 0.9817 (Alomari et al. 2018).   Lysozyme and 

ribonuclease-A were printed with sodium deoxycholate using a Hewlett Packard 

Deskjet 1000.   Areas of 4, 9, 16, and 49 cm2 were printed yielding r-squared values 

of 0.978 to 1, suggesting some samples were more linear than others which may be 

due to the nature of the material printed (Montenegro-Nicolini et al. 2017). 

 

3.3.1.4 Layering  

As can be seen in Figure 45, layering depositions to generate dosage forms results in 

good linearity being observed overall with an r-squared value of 0.99903.   The average 

mass of drug deposited per layer is approximately 200µg each time.   The results are 

also fairly reproducible in nature based on the size of the error bars.   From the 

statistical analysis a P-value of 1.28876x10-5 was obtained suggesting a significant 

relationship between the layer number and the mass deposited.   Additionally, on 

performing an ANOVA on the individual samples, a statistically significant 

relationship was shown between each of the layer changes. 
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Figure 45: The effect of layer number on mass of drug printed using a 1:1 

fenofibrate:PVP K30 premixed ink with a 250 µm nozzle at 3 mm/s to print 5mm 

diameter circles, where r²=0.99903 and n=6± standard error with 95% confidence 

intervals of 168.25 µm and 220.87 µm, 267.53 µm and 493.29 µm, 494.89 µm and 

683.19 µm, 727.04 µm and 848.86 µm, and 870.21 µm and 1019.08 µm for 1, 2, 3, 4 

and 5 layers respectively.   P=0.00243 for 1 to 2 layers, P=7.23072x10-4 for 2 to 3 

layers, P= 0.00121 for 3 to 4 layers and P= 0.01131 for 4 to 5 layers.   P of the 

slope=1.28876x10-5. 

 

Layering was observed to be very linear, as exhibited previously in inkjet printing 

(Akagi et al. 2014, Vakili et al. 2015, Wickström et al. 2017).   It is thought that this 

shows the best linearity overall as using the same AutoCAD drawing and the same 

speed throughout eliminates any program dependent issues and using the same nozzle 

size eliminates any manufacturer dependent variation.   Unlike other studies 

(Wickström et al. 2015), material is not lost by using this method as the dragging action 

is eliminated by the free moving stage.   Generally previous printing papers have 
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reported layering but have often failed to demonstrate linearity (Buanz et al. 2011, 

Akagi et al. 2014, Wickström et al. 2015).   One exception to this is a paper by Vakili 

et al. using a Canon Pixma M495.   This paper demonstrates a linear relationship 

between the number of layers of theophylline and glycerine printed by thermal inkjet 

printing and the resultant drug loading detected, with an r-squared value of 0.991 

(Vakili et al. 2015).   Another exception is a paper by Wickström et al, where the effect 

of printing paediatric doses of vitamins B1, B2, B3 and B6 on rice paper, sugar paper 

and standard home printer paper was compared using a Canon Pixma iP3600 thermal 

desktop inkjet printer, analysing samples by LC-MS.   Due to the smoother thinner 

surface of standard home printer paper it was found to exhibit the highest degree of 

linearity for all but vitamin B3 on comparing number of layers to mass detected.   Rice 

paper showed very similar values only differing by between 1 and 3 r-squared values.   

Sugar paper showed less linearity overall as the surface was rougher and thicker in 

nature (Wickström et al. 2017).   Standard printer paper was not used in the current 

study purely due to its higher cellulose content but this paper confirms that the effect 

of printing on rice paper results in little change to the relationship between mass and 

layers.  

 

Layering exhibiting linearity has also been demonstrated using an aerosol jet printer 

previously.   Examples of this include printing silver ink where thickness was 

compared between 1 and 4 layers (Kopola et al. 2012), printing silver ink and carbon 

nanotube inks comparing thickness on increasing layer number over a range of 10 to 

30 layers (Goh et al. 2018) and printing barium titanate BTO based multilayer ceramic 

capacitors where thickness was compared between 1 and 5 layers (Folgar et al. 2011).   

However, it has never been demonstrated with API and thus investigation using the 

printer in this study is fairly novel.  

 

3.3.1.5 Depth by Laser Triangulation 

Laser triangulation allows determination of the thickness of depositions (Figure 46).   

As single layer thickness is incredibly difficult to separate from the substrate thickness, 
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5 layer samples were utilised.   The thickness seems to increase with polymer content 

which the author theorises to be due to the changes in droplet size allowing better flow 

out of the instrument and changes in the packing of particles within the sample itself.   

An ANOVA demonstrates a significant difference between 33.33 and 50% drug but 

non-significant differences between other samples, supporting the exponential 

increase observed in Figure 46.  

 

Figure 46: Thickness of depositions based on polymer content as detected by laser 

triangulation of 5 layer (black) and theoretical 1 layer (red) samples, n=3± standard 

error with 95% confidence intervals of 15.16 µm and 64.84 µm, 18.99 µm and 47.68 

µm, 17.98 µm and 75.35 µm, 17.98 µm and 75.35 µm, 25.96 µm and 140.7 µm, 45.48 

µm and 194.52 µm, and 16.52 µm and 290.15 µm for 0, 33.3, 50, 60, 66.67, 75 and 

80% PVP ink content respectively.    P=0.22772 for 0 to 33.33% drug, P=0.01816 for 

33.33 to 50%, P=1 for 50 to 60%, P=0.61907 for 60 to 66.67%, P=0.61907 for 66.67 

to 75% and P=0.68062 for 75 to 80% for 5 the layer samples.  
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Only one paper on laser triangulation for dosage form thickness could be found.   This 

was limited in value as it  describes the development of the technique rather than its 

use (Yawei et al. 2013).  Therefore, the current study is fairly novel.   In terms of 

comparison of the effect of printing different polymer concentrations on the thickness 

of the dosage form generated, there seems to be little literature evidence for previous 

studies.     

 

3.3.2 Drug Distribution 

3.3.2.1 3D-Raman Mapping 

3D Raman mapping (Figures 47, 48 and 49) shows noticeable differences between 2:1, 

1:1, 2:3 and the higher polymer ratios.   The drug (red) goes from being the most 

prevalent component in the 2:1 sample to an even mixture with the polymer (blue) in 

the 1:1 and 2:3 samples.   On comparison to the SEM and AutoCAD images, it can be 

concluded that the distinct areas can be attributed to crystalline drug areas and 

amorphous polymer areas.   In the SEM of 2:1 it can be seen that the plate-like 

conformation shows some evidence of polymer particles but is largely crystalline 

(Figure 47).   Likewise, in the SEM of 1:1, it can be observed that there are defined 

crystals throughout the dosage form (Figure 47)   The 2:3 sample has more evidence 

of smaller amorphous particles coupled with larger crystalline ones (Figure 48).   There 

is also some evidence in this sample of the so called coffee-ring effect with a 

concentration of particles in the outer ring.   The 1:2 sample shows more polymer 

content with the drug only evidential in the spiral of the print head (Figure 48).   The 

polymer eventually overshadows the drug in the 1:3 and 1:4 samples (Figure 49).   This 

is believed to be due to the formation of amorphous material, as the instrument 

appeared to struggle to pick up the drug in this form.   However, this would require 

analysis of the amorphous form of the drug as a reference to confirm.   The mPAT has 

the ability to calculate pixel calculations and translate them into percentage content 

(Table 15).   The more crystalline samples show a content which is similar to the 

expected value but the accuracy of this seems to fall as the crystalline content is lost 

supporting the theory the mPAT fails to process amorphous material as accurately.   In 

the case of fenofibrate this may be due to the smoothing of peaks that occurs on 
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formation of amorphous material, potentially making them less defined.   Additionally, 

the peak height exhibited by fenofibrate relative to that of the PVP peaks decreases 

with polymer content.  

 

The limitation of this technique is that it needs to be able to pick up distinct peaks for 

each substance.   The risk of printing on rice paper was that the Raman spectrometer 

could pick up the signal from this in addition to the drug and polymer.   As can be 

observed in Figure 50, there is a chance that rice paper may be wrongly identified as 

PVP on the map and there is also a slight chance it may also be identified as fenofibrate 

as they share some functional groups.   This would explain the blue areas and red areas 

observed outwith the deposition area. 
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Figure 47: 3D Raman maps of dosage forms consisting of 2:1 and 1:1 

fenofibrate:PVP compared to their deposition design and SEM images.   Maps were 

taken using an H2Optx mPAT over an area of 4x4mm using a 754 nm laser.   Images 

as follows: 5mm AutoCAD drawing with 4x4mm imaging area (top left), Raman 

maps of fenofibrate (red) and PVP (blue) outer tablet surface (left middle), slice 1 

(right middle), slice 2 (right), and orthosubtracted image of fenofibrate (white) and 

PVP (black) (bottom left), 3D image combining maps (middle), and the associated 

SEM image (bottom right).    

2:1 fenofibrate:PVP 

4 mm 

1:1 fenofibrate:PVP 

4 mm 
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Figure 48: 3D Raman maps of dosage forms consisting of 2:3 and 1:2 

fenofibrate:PVP compared to their deposition design and SEM images.   Maps were 

taken using an H2Optx mPAT over an area of 4x4mm using a 754 nm laser.   Images 

as follows: 5mm AutoCAD drawing with 4x4mm imaging area (top left), Raman 

maps of fenofibrate (red) and PVP (blue) outer tablet surface (left middle), slice 1 

(right middle), slice 2 (right), and orthosubtracted image of fenofibrate (white) and 

PVP (black) (bottom left), 3D image combining maps (middle), and the associated 

SEM image (bottom right).    

4 mm 

2:3 fenofibrate:PVP 

1:2 fenofibrate:PVP 

4 mm 
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4 mm 

Figure 49: 3D Raman maps of dosage forms consisting of 1:3 and 1:4 

fenofibrate:PVP compared to their deposition design and SEM images.   Maps were 

taken using an H2Optx mPAT over an area of 4x4mm using a 754 nm laser.   Images 

as follows: 5mm AutoCAD drawing with 4x4mm imaging area (top left), Raman 

maps of fenofibrate (red) and PVP (blue) outer tablet surface (left middle), slice 1 

(right middle), slice 2 (right), and orthosubtracted image of fenofibrate (white) and 

PVP (black) (bottom left), 3D image combining maps (middle), and the associated 

SEM image (bottom right).    

1:3 fenofibrate:PVP 

 

1:4 fenofibrate:PVP 

 

4 mm 



122 

 

 

Figure 50: Raman spectra comparing the spectral regions of (A) rice paper, (B) PVP 

and (C) fenofibrate
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Table 15: Percentage content detected by the H2Optix mPAT Python script from 

premixed samples 

Formulation Percentage Drug Added to 

the Starting Ink 

Average Percentage Drug 

Content Detected (n=3, to 1 

d.p.) 

2:1 67% 67.3% 

1:1 50% 48.2% 

2:3 40% 38.0% 

1:2 33% 22.8% 

1:3 25% 23.74% 

1:4 20% 10.0% 

 

The effect of printing fenofibrate and PVP K30 separately on control over drug 

distribution was tested by printing as layers and as 3 tori with 0.5mm walls surrounding 

a 2mm core (Figure 51).   Similar to the premixed samples, evidence of the deposition 

can be observed.  On layering there is a suggestion of the separate layers but this is 

limited due to the crude nature of slicing with a diamond blade by hand.   As such the 

layers are not 100% clean and the percentage calculated by the Python script in Table 

16 reflects this.   There is also some evidence of the coffee-ring effect with the lower 

layer of drug being visible as a ring around the polymer in the first layer.   For the tori 

style system, both components can be clearly seen suggesting the printer is capable of 

controlling distribution to the micrometre scale.   The slightly more ragged areas are a 

result of cutting open a tablet using a diamond blade manually and the brittle, porous 

nature of the polymer.   Again, the layers (cut as shown in Figure 51) are not perfect 

as a result of the diamond blade and also the porous nature of the sample, which is 

reflected in Table 16.   As the surface was damaged in transit the overall reading was 

lower for the initial surface of the tablet.   The first slice into the centre of the tablet 

demonstrated a percentage very similar to the predicted content which suggests the 

torus gives a higher level of control over the content.   The bottom slice again exhibits 
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a lower content than expected which may be again due to damage in cutting the sample.   

Overall, it is possible to observe the distinct areas of drug and polymer in the central 

and bottom layers indicating there is a definite level of precision possible.   Again, it 

is possible there is some influence of the rice paper as there is evidence of ghosting in 

the initial sample layer but not there after which given the sample is cylindrical seems 

odd.  
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Figure 51: A 3D Raman mapping images of fenofibrate (red) and PVP K30 (blue) 

aerosol jet printed as separate layers (top) and tori-based regions (bottom) taken using 

an H2Optx mPAT over an area of 4x4mm using a 754 nm laser.   The images show 

the initial 5mm diameter AutoCAD design with the 4x4mm imaging area (top left), 

the outer face of the dosage form (top middle left), the initial slice into the middle of 

the tablet (top middle right), the second slice into the tablet (right) and the 3 images 

stacked to form a 3D image (bottom).   Additionally, the inner tori design (bottom left) 

and the overall design with approximate slice locations (bottom right) are shown for 

the tori based system. 

 

 

Layered 

Tori-based 
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Table 16: Percentage content detected by the H2Optix mPAT Python script 

Formulation Predicted Percentage 

Drug  Content 

Average Percentage Drug 

Content Detected  

Layers (top) 100.0% 27.5% 

Layers (middle) 0% 49.9% 

Layers (bottom) 100.0% 43.8% 

Torus (top) 100% 33.4% 

Torus (middle) 53.3% 49.7% 

Torus (bottom) 76.5% 49.6% 

 

Only one paper exists using the H2Optx mPAT currently.   Fauteux-lefebvre et al. 

analysed tablet surfaces in this manner to compare tablets of different particle sizes 

but the current work is believed to be the first to analyse solid dispersion-based dosage 

forms (Fauteux-lefebvre et al. 2018).   There is however a previous study 

demonstrating 2D Raman mapping of cross section of core and matrix style dosage 

forms at 754nm.   This demonstrates distinct areas of drug and polymer in the core 

style systems and more evenly mixed drug and polymer in the matrix style systems.   

However, this is not oral dosage forms but silicon vaginal rings using TMC120 for 

HIV treatment (Bell et al. 2007).   There are also two papers demonstrating distinct 

areas of a tablet.   For example Choi et al. demonstrated Raman images of a central 

active core of Tamsulosin HCl and hydrophilic excipients including polyethylene 

glycol and an outer barrier layer of polyox WSR (Choi, Kim, et al. 2013).   Goyanes 

et al. also demonstrated layers and central cores of 3D printed tablets consisting of 

PVA, paracetamol and caffeine (Goyanes, Wang, et al. 2015).   Additionally, there is 

extensive research into amorphous solid dispersions (Karavas et al. 2007, Furuyama 

et al. 2008, Luebbert et al. 2018).   There is some previous evidence of examination of 

inkjet printed samples in this manner but previous research has mostly just highlighted 

the content of single drops (Scoutaris et al. 2011) or the effect of layering on the 

intensity of functional groups (Edinger et al. 2017).   As the aerosol jet technology has 
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never been used for pharmaceutical products previously there is no prior evidence of 

Raman mapping of drugs and/or polymers in these systems.    

 

3.3.2.2 TOF-SIMS 

TOF-SIMS was utilised to establish if the effect of precision printing separate areas of 

drug and polymer observed in the 3D Raman images could be detected using a more 

established technique.   TOF-SIMS demonstrates a similar effect to the 3D Raman 

data.   A sample based on 3 tori designed in the same manner as the 3D Raman sample 

shows a similar pattern on the TOF-SIMS (Figure 52) with the crystalline fenofibrate 

being clearly separated from the distinct lines of PVP.   The PVP lines are much 

sharper in nature than the fenofibrate lines which is potentially due to the nature of the 

particles generated on printing with the growth of crystalline particles disrupting the 

integrity of the printed line on drying.   The drug areas seem to show some evidence 

of the lines but there are some areas where the crystals have fused resulting in more 

intensely red areas.   The associated analysis images (Figures 53, 55 and 57) 

demonstrate the presence of no crystalline topography in the PVP only region and an 

interface in the PVP and fenofibrate containing region.   2 lines per tori and 1 line per 

tori samples were compared to the 5 line samples.   It was found that 2 lines (Figure 

54) results in more scattering potentially down to the thickness of the spray jet and 

thus more bleeding of drug into the polymer tori.   Printing 6mm structures using single 

lines (Figure 56) results in more distinct areas of drug and polymer, thus proving that 

the drug distribution can be controlled to the micrometre.  

 

Previous papers have demonstrated the ability of TOF-SIMS to identify components 

of inkjet printed samples.   For example, Scoutaris et al tested inkjet samples of an 

HCT/PLGA drug formulation (Scoutaris et al. 2012), Filenkova et al. analysed inkjet 

samples of Igepal CA-720, glycerol, water, lithium chloride and crystal violet 

(Filenkova et al. 2011) and Vercammen and Luppen analysed inkjet printed samples 

of UV-curable ink based on dipropyleneglycol diacrylate (DPGDA) and vinyloxye- 

thoxyethyl acrylate (VEEA) monomers with magenta pigment dispersions 
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(Vercammen and Luppen 2013).    However, there is no previous evidence of 

examining formulations with separate areas printed.  

Figure 52: A TOF-SIMS image and its starting deposition design depicting a 6mm 

diameter deposition consisting of 2 distinct areas of fenofibrate (red) and 2 distinct 

areas of PVP K30 (green/black) of 5 printed lines each. 

Figure 53: TOF-SIMS images taken of the 2 areas highlighted in Figure 52 with 

measurements for fenofibrate (left) and PVP K30 (right) 
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Figure 54: A TOF-SIMS image and its starting deposition design depicting a 6mm 

diameter deposition consisting of 4 distinct areas of fenofibrate (red) and 5 distinct 

areas of PVP K30 (green/black) of 2 printed lines each. 

 

Figure 55: TOF-SIMS images taken of the area highlighted in Figure 54 with 

measurements for fenofibrate (left) and PVP K30 (right) 
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Figure 56: A TOF-SIMS image and its starting deposition design depicting a 6mm 

diameter deposition consisting of 9 distinct areas of fenofibrate (red) and 9 distinct 

areas of PVP K30 (green/black) of 1 printed line each. 

Figure 57: TOF-SIMS images taken of the 2 areas highlighted in Figure 56 with 

measurements for fenofibrate (left) and PVP K30 (right). 



131 

 

3.4 Conclusions 

The use of the aerosol jet printer was analysed to establish if this technique was capable 

of scaling and high precision.   Printing allows scaling by changing the number of 

layers, the area of deposition and the nozzle diameter.   The most effective means was 

found to be layering as the same deposition was used consistently and there was no 

reliance on company specifications.   The effect of changing the speed of deposition 

was also tested but it was found to be inadvisable as printing slowly resulted in more 

agglomeration and printing faster proved very unpredictable.   Aerosol jet has never 

been used with pharmaceuticals previously.   Ink materials including silver and carbon 

nanotubes have demonstrated the ability of the printer to generate focused lines with a 

range of different materials.   The printer produces similarly linear relationships 

between nozzle size and layering, and similarly not so linear relationships with speed.   

As a result of this similar effect with different materials, there is evidence that the 

printer could be applied to additional materials and different drugs.   Layering has 

previously shown a risk of material loss and nozzle size has previously been inflexible.   

The aerosol jet has eliminated this lack of movement and also the risk of tugging, 

which may damage the sample surface.   Depth was shown to increase with polymer 

content which is thought to be related to the droplet size generated as demonstrated in 

Chapter 2.   The level of control exhibited in the distribution testing is significantly 

higher than that of more conventional solid dosage form manufacturing processes.   

Drug distribution was also found to be controllable to the micrometre by printing drug 

and polymer separately with 3D Raman mapping and TOF-SIMS demonstrating 

distinct areas of drug and polymer.   This is thought to be due to the ability to design 

samples using AutoCAD and thus bring a degree of control to the manufacturing 

process which standard manufacturing processes do not allow.   The effect printing 

has on dissolution will be explored in Chapter 4. 
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Chapter 4: The Effect of Aerosol Jet Printing on Dissolution 

 

4.1 Introduction 

The current chapter is concerned with the effect of aerosol jet printing on dissolution.   

Drawing on the previous two chapters the effect of altering the solid state and 

producing precise dosage forms will be explored.   Samples were once again printed 

as mixtures and as layered dosage forms.   Samples were initially analysed by HPLC 

to determine their drug content.   Dissolution was carried out by surface dissolution 

imaging, comparing the printed samples to direct compression controls.   Samples were 

tested for drug release and intrinsic dissolution rate.   The latter parameter was able to 

be related to wettability by utilising contact angle.  

 

4.2 Materials and Methods 

4.2.1 Materials 

As detailed in Chapter 2 with the exception that the spin coated samples in this section 

were made at AstraZeneca, Macclesfield and as such the PVP K30 used was obtained 

from BASF (Ludwigshafen, Germany).   This was directly compared to the Sigma 

PVP K30 and there was minimal difference.  

 

4.2.2 Methods 

4.2.2.1 Drug Content Analysis 

Fenofibrate samples were analysed by UHPLC in manner detailed in Chapter 3.   

Based on the literature (Caviglioli et al. 2002, Farrar et al. 2002), mobile phases A 

(acidified water) and B (acetonitrile) used for fenofibrate were also applicable to 

ibuprofen but due to the nature of the UHPLC initial tests were required to confirm 

this.   A method was developed for ibuprofen at 214nm as shown in Table 17.   The 

validated calibration curve can be observed in Appendix 3.   As with fenofibrate, 
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ibuprofen samples were printed on rice paper and dissolved in 10ml acetonitrile by 

sonication for 45 minutes and analysed in the manner detailed in Chapter 3. 

Table 17: Method development for UHPLC of ibuprofen 

Method  Mobile Phase (ACN: Acidified 

Water)  

Observations 

1 80:20  The baseline was relatively flat 

apart from an initial solvent 

front at 0.96 minutes, ibuprofen 

shows a retention time of 3.02 

minutes 

2 70:30 The baseline was a little noisy, 

an initial solvent front was 

observed at 0.727 minutes, 

ibuprofen shows a retention 

time of 4.553 minutes 

3 60:40 The baseline was relatively flat 

apart from an initial solvent 

front at 0.707 minutes, 

ibuprofen shows a retention 

time of 7.7 minutes 

 

4.2.2.2 Printing for Dissolution 

Printing was carried out in the manner detailed in Chapter 2.   All samples were 

prepared at 3mm/s using a 300µm nozzle and an ethanol-based ink and the details of 

preparation of individual formulations is given in Table 18.   The samples were 

prepared by printing directly onto filled plastic sample cups obtained from Paraytec 

Ltd. (York, U.K.)    
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Initial printing work was very much focused on developing formulations to increase 

the overall release of fenofibrate relative to comparable physical mixtures.   These 

formulations took 2 broad forms which were premixed ink-based formulations, and  

layers of drug alone and polymer alone.   Latterly formulations took the form of 

ibuprofen-based premixed printed formulations as a comparison to the initial 

fenofibrate printed formulations.   The complexities of each of these 3 formulations 

are given in Table 18 and a diagram demonstrating their differences is given in Figure 

58. 

 

Table 18: Formulations to increase dissolution of Class II Drugs 

Dosage Form CAD Drawing(s) 

to achieve 

Components Number of 

Layers (n) 

Premix 2mm circle Fenofibrate alone 25/5 

2:1 FNF:PVP 

premixed 

1:1 FNF:PVP 

premixed 

2:3 FNF:PVP 

premixed 

1:2 FNF:PVP 

premixed 

1:3 FNF:PVP 

premixed 

1:4 FNF:PVP 

premixed 

Premix 2 2mm circle Ibuprofen alone 5  
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1:1 IBU:PVP 

premixed 

1:2 IBU:PVP 

premixed 

1:3 IBU:PVP 

premixed 

1:4 IBU:PVP 

premixed 

Layered  2mm circle FNF top layer, 

PVP bottom layer 

20 for each layer 

PVP top layer, 

FNF bottom layer 

FNF sandwiched 

between PVP in a 

1:1 ratio 

10 for each PVP 

layer, 20 for FNF 

layer 

As above in 1:2 

ratio 

20 for each PVP 

layer, 20 for FNF 

layer 

As above in 1:3 

ratio 

30 for each PVP 

layer, 20 for FNF 

layer 

As above in 1:4 

ratio 

40 for each PVP 

layer, 20 for FNF 

layer 
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Figure 58: Designs of premixed (top), PVP first (left), fenofibrate first (middle) and 

sandwiched dosage forms.    

 

4.2.2.3 In Vitro Dissolution Testing 

Drug release was assessed using a Sirius Surface Dissolution Imager (SDI) (Sirius 

Analytical Instruments Ltd., Forrest Row, East Sussex, U.K.) (Figure 59). 

Figure 59: SDI process: UV light is shone through a UV filter into the quartz flow cell, 

which contains a sample cup.   The UV absorbance is then fed into the Sirius Data 

Analyser.     

 

Samples were tested in pH 6.8 simulated intestinal fluid (SIF) without enzymes 

(phosphate buffer) prepared following the standard British Pharmacopoeia method.   

6.8g of potassium dihydrogen phosphate and 0.89g sodium hydroxide were dissolved 

in 1L deionised water, adjusting the pH with 0.1M sodium hydroxide as required 

(British Pharmacopoeia Commission, 2018).    

 

Prior to dissolution testing a molar extinction coefficient value (MEC) had to be 

F
i
l
t
e
r 

Light Source 
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obtained.   This was achieved by dissolving the drug in methanol to form an initial 

stock solution.   Then, for fenofibrate, this was diluted using methanol initially to make 

the total solvent content up to 10% and then filled up to the mark with SIF to give 

concentrations over a range of 1-10µg/ml.   For ibuprofen this process was repeated 

but methanol was only used in the stock and not in the diluent.   The resultant 

calibration standards were run in the SDI by initially adding an SIF:methanol blank 

for fenofibrate or SIF blank alone for ibuprofen to the syringe to generate a background 

reading.   Then each standard was added to the flow cell by direct syringe infusion, 

measuring the UV absorbance of each at 0 ml/min over a period of 30 seconds.   The 

SDI was run with a 280nm filter for fenofibrate samples and 214nm filter for ibuprofen 

samples.   The molar concentration of the standards was multiplied by the path length 

(0.4 cm) (d) and plotted against absorbance using Microsoft Excel 2013 and Origin 

Pro 2017 (Appendix 3).  

 

Compacts were prepared (using the standard Sirius Analytical Method) by adding 

physical mixtures to the sample cup within the micro compressor die and compressing 

to two clicks using a torque wrench at 60N for 10 minutes (using the standard Sirius 

Analytical Method, (Ward et al. 2017)).   Samples were then added to the SDI flow 

cell chamber and SIF was passed over the surface of the sample cup for 1 minute at 

1ml/min to remove any bubbles, 20 minutes at 0.2 ml/min and then flushed for 2 

minutes at 1ml/min and allowed to diffuse for a further 1 minutes before flushing 

again.    

 

Powdered controls were then compared to the formulations (Table 18) directly printed 

onto filled sample cups (obtained from Paraytec Ltd., York, U.K.).   Release was 

observed using the Sirius program as a video, recording the absorbance over time.   

Samples were then analysed using the data analysis software with the appropriate MEC 

and molecular mass values for fenofibrate (14831 M/cm-1 and 360.83 g/mol 

respectively) or ibuprofen (14806 M/cm-1 and 206.29 g/mol respectively).   Initial 

printed premixed drug and polymer tests took the form of 25 layer samples and 

comparisons were made to layered samples, however due to the need for development 
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as detailed in Chapters 5 and 6 and the constraints of the flow cell size, premixed 

samples were also tested with 5 layers and compared to ibuprofen.   The drug release 

and intrinsic dissolution rate were plotted against time using Microsoft Excel 2013 and 

Origin Pro 2017. 

 

4.2.2.4 Contact Angle 

Samples were prepared for contact angle in two different ways.   One set were printed 

using the Optomec as detailed in Chapter 2.   The printer was run at 3mm/s using a 

2cm diameter circle design to produce single layer samples.   Glass microscope slides 

were used as substrates as glass was the most comparable to spin coating and also more 

compatible with contact angle measurement than rice paper.   The other samples were 

prepared by spin coating using a Chemat Tech KW-4A Spin Coater (Chemat 

Scientific, Magnus, Tamworth, U.K.).   The spin coater was run at 3000 rpm for 1 

minute.   A 50 µl drop was added when the maximum speed was achieved, pipetting 

at a 90º angle to form an even coat.   A more detailed list of samples prepared can be 

seen in Table 19. 
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Table 19: Samples prepared for contact angle 

Sample Type Components “Ink” concentration in 

Ethanol 

Spin coated  PVP only 15mg/ml, 30mg/ml, 

45mg/ml, 60mg/ml, 

90mg/ml and 120mg/ml 

Spin coated PVP and Fenofibrate 30mg/ml fenofibrate 

alone and with 15mg/ml 

(2:1), 30mg/ml (1:1), 

45mg/ml (2:3), 60mg/ml 

(1:2), 90mg/ml (1:3) and 

120mg/ml (1:4) 

Inkjet Printed  PVP and Fenofibrate 30mg/ml fenofibrate 

alone and with 15mg/ml 

(2:1), 30mg/ml (1:1), 

45mg/ml (2:3), 60mg/ml 

(1:2), 90mg/ml (1:3) and 

120mg/ml (1:4) 

Inkjet Printed 2 PVP and Ibuprofen 30mg/ml ibuprofen alone 

and with 30mg/ml (1:1), 

60mg/ml (1:2), 90mg/ml 

(1:3) and 120mg/ml (1:4) 

 

Samples were tested using a Krüss DSA 100 Contact Angle at AstraZeneca, 

Macclesfield and latterly a Krüss DSA 30 within the CMAC Hub (Krüss GmbH, 

Hamburg, Germany).   20 µl droplets of water were applied to the surface using a 

needle, using an autosampler on the Krüss DSA 100 and manually on the Krüss DSA 

30.   The instruments were both driven using the Drop Shape Analyser software and 

samples were analysed using the same software.   The drop was initially created on the 
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needle surface and then the needle was lowered until it was just above the sample 

surface, as observed in the drop window.   A video recording was started and then the 

needle was lowered until the droplet detached onto the sample surface.   The changes 

in the sample were observed in real time on the video and once recorded the video was 

analysed using the video window.   The point of initial contact was established and 

this was designated point zero.   The baseline was then lined up with the point of 

surface contact and the contact angle was taken using the drop measurement tool.   

Care was taken to ensure the measurement reflected the shape of the actual droplet.   

The software was then allowed to run the remainder of the video to calculate the 

contact angle over time.   Unfortunately, due to the nature of the samples utilised in 

this study this measurement proved less useful and thus the results were based on the 

initial contact angle taken at point zero.   

 

4.3 Results & Discussion 

4.3.1 Drug Content  

4.3.1.1 Fenofibrate 

It can be observed that fenofibrate and its premix formulations with PVP exhibit 

different drug content (Tables 20-21).   Fenofibrate alone exhibits a high degree of 

error suggesting printing the drug alone is not very reproducible.   Taking the standard 

error as a percentage of the average mass gives a value of 24.0%, which is the highest 

for all of the samples.   The mass appears to increase with polymer content until 50% 

polymer content, following which the mass is observed to fall.   It should be noted that 

the error between samples is also particularly high for the 50% samples, demonstrated 

by a standard error which is 20.4% of the average mass.   This suggests printing this 

polymer to drug ratio is not very reproducible.   The mass detected then falls which 

may be due to a combination of the viscosity resulting in larger droplets reducing the 

amount leaving the printer and the overall ratio of drug to polymer.   On performing 

an ANOVA on the 25 layer samples, P-values of 0.73981 for fenofibrate and 2:1 

fenofibrate:PVP, 0.01602 for 2:1 and 1:1 fenofibrate:PVP, 0.48568 for 1:1 and 2:3 

fenofibrate:PVP, 0.98659 for 2:3 and 1:2 fenofibrate:PVP, 0.88768 for 1:2 and 1:3 
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fenofibrate:PVP, and 0.99969 for 1:3 and 1:4 fenofibrate:PVP.   This supports the rise 

and fall in mass.    

 

On comparison with the 5 layer samples (Table 21), a similar pattern in the results can 

be observed but with the highest content being observed at 2:3 fenofibrate:PVP.   The 

variation between the average mass of each of the different ratios is statistically 

insignificant with P-values of 0.99774 for 2:1 and 1:1 fenofibrate:PVP, 0.32824 for 

1:1 and 2:3 fenofibrate:PVP, 0.55606 for 2:3 and 1:2 fenofibrate:PVP, 0.99836 for 1:2 

and 1:3 fenofibrate:PVP, and 0.9131 for 1:3 and 1:4 fenofibrate:PVP.   It should be 

noted that the variation between 1:1 and 2:3 fenofibrate:PVP, and the variation 

between 2:3 and 1:2 is more significant, although statistically insignificant overall.   

This supports the difference in the drug: polymer exhibiting the highest mass. 

 

The nature of the droplet formation may explain differences in mass between the 

different formulations as the higher the viscosity the larger the droplet formed and thus 

the more material carried.   Fenofibrate is most prone to blockage as the drug readily 

crystallises on the metallic surfaces of the printer from its supersaturated atomisation 

state.   As such the mass is quite low compared with the premixed drug and polymer 

samples.   The mass increases until amorphous particles start to form and following 

this the mass starts to fall which may be due to a combination of viscosity and the 

resultant droplet morphology generated on atomisation.  
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Table 20: Drug content of printed fenofibrate alone and premixed with PVP as 25 layer 

x 0.9 mm² circle depositions, generated using a 300µm nozzle at 3 mm/s, measured at 

280 nm by UHPLC.  

Sample 

(FNF:PVP) 

Average Drug 

Content  

(µg, n=10) 

Standard 

Error  

(±µg, 2 d.p.) 

95% 

LCL 

95% 

UCL 

Samples within 

BP specs for 

uniformity of 

content (%) 

1:0 399.08  95.72 182.5

4 

615.6

2 

10 

2:1 582.50  66.72 431.5

8 

733.4

3 

30 

1:1  985.40 201.19 530.2

8 

1440.

52 

0 

2:3  757.43  47.51 649.9

5 

864.9

0 

30 

1:2  657.13  33.29 500.6

6 

813.6

0 

30 

1:3  507.14 71.71 344.9

2 

699.3

6 

30 

1:4  451.88  103.00 218.8

7 

684.8

9 

0 
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Table 21: Drug content of printed fenofibrate alone and premixed with PVP as 5 layer 

x 0.9 mm² circle depositions, generated using a 300µm nozzle at 3 mm/s, measured at 

280 nm by UHPLC.  

Sample 

(FNF:PVP) 

Average Drug 

Content  

(µg, n=3, 2 d.p.) 

Standard 

Error  

(±µg, 2 d.p.) 

95% 

LCL 

95% 

UCL 

Samples within 

BP specs for 

uniformity of 

content (%) 

2:1 91.96  20.55 3.55 180.38 33.33 

1:1  98.28 11.24 49.93 146.63 33.33 

2:3  130.75  15.32 76.92 184.58 66.67 

1:2  105.19 16.61 33.70 176.68 33.33 

1:3  111.089 28.18 -10.14 232.32 33.33 

1:4  96.37  3.70 83.38 109.35 100 

 

4.3.1.2 Ibuprofen 

As can be observed in Table 22, like fenofibrate, ibuprofen printed alone is lower in 

terms of content compared to the samples printed with PVP, as demonstrated by a 

statistically significant P-value of 0.01534.   However, once PVP is added the 

difference between the samples is considerably less than the fenofibrate samples with 

statistically insignificant P-values of 0.52595 on comparison of 1:1 and 1:2, 0.59093 

on comparison of 1:2 and 1:3 and 0.30897 on comparison of 1:3 and 1:4 

ibuprofen:PVP.   The error for each of the different sample types is also considerably 

lower suggesting the samples are more reproducible overall.   It should be noted that 

ibuprofen generally printed more efficiently than fenofibrate which may explain the 

more reproducible mass.   Additionally, the particles produced on printing ibuprofen 

and PVP together are more similar in nature overall suggesting the droplets produced 

during atomisation are more similar than their fenofibrate counterparts.   1:4 
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ibuprofen:PVP may be slightly lower overall as the SEM suggests the material is more 

agglomerated.  

 

Table 22: Drug content of printed ibuprofen alone and premixed with PVP as 5 layer 

x 0.9 mm² circle depositions, generated using a 300µm nozzle at 3 mm/s, measured at 

214 nm by UHPLC.  

Sample 

(IBU:PVP) 

Average Drug 

Content  

(µg, n=3, 2 

d.p.) 

Standard Error  

(±µg, 2 d.p.) 

95% 

LCL 

95% 

UCL 

Samples within 

BP specs for 

uniformity of 

content (%) 

1:0 50.81 6.67 17.67 83.96 33.33 

1:1 99.93 4.61 77.04 122.8

3 

100 

1:2 81.65 7.62 43.78 119.5

2 

66.67 

1:3 98.57 11.77 40.07 157.0

6 

33.33 

1:4 74.93 6.10 44.61 105.2

5 

100 

 

4.3.2 Dissolution 

4.3.2.1 Fenofibrate 

4.3.2.1.1 Molar Extinction Coefficient 

The molar extinction coefficient (MEC) for fenofibrate was obtained from the mean 

result of 3 samples over a range of 1-10µg/ml.   As can be observed in Appendix 3, 

the molar extinction coefficient obtained was 14831M/cm-1, based on an r2-value of 

0.9948.   The r2-value is not as close to 1 as hoped but the low concentration range 
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limits this slightly.   On statistical analysis the curve was found to be statistically non-

significant supporting this.   This curve is based on a 90:10 SIF:methanol solution as 

fenofibrate proved so poorly soluble that the use of a 10% methanol solution was 

necessary even at 1µg/ml to ensure the solution did not precipitate out in the syringe.   

This does limit the data slightly but unfortunately no other solution could be found to 

this issue.   Previous studies (Dhabale and Gharge 2010, Gupta et al. 2010, Kondawar 

et al. 2011, Sevda et al. 2011, Mandwal et al. 2012, Hirave et al. 2013) carried out their 

entire calibration curve in methanol but it was felt this would yield too big a difference 

from the buffer solution.  

 

4.3.2.1.2 Physical Mixtures vs. Printed Mixtures 

4.3.2.1.2.1 Drug Release 

Drug release achieved from control powder based compacts of fenofibrate and PVP 

K30 (Figure 60) results in an increase in drug release relative to drug alone, with the 

release increasing with polymer content.   Ultimately on addition of 80% polymer the 

release increases by 10-fold relative to the drug alone.   However, this increase is not 

very reproducible between the compacts and in fact does not increase in a linear 

fashion.   For example, on addition of 33.3% polymer the release is lower than that of 

the drug alone, and samples with 60% polymer content exhibit a higher average release 

than those with 66.7% polymer content.   On conducting an ANOVA, most of the 

samples do not exhibit a significant change from fenofibrate alone with the exception 

of those containing 80% polymer content which have a P-value of 0.04244.    
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Figure 60: Percentage Drug Release from compacts of fenofibrate (100% crystalline) 

(black) and, 2:1 (88.7% crystalline) (purple), 1:1 (87.7% crystalline) (orange), 2:3 

(85.9% crystalline) (green), 1:2 (85.9% crystalline) (magenta), 1:3 (87.3% crystalline) 
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(blue) and 1:4 (78.9% crystalline) (red) fenofibrate:PVP K30, n=3± standard error, 

with (top) and without (bottom) error bars.   P=1 for FNF to 2:1, P=0.99986 for 2:1 to 

1:1, P=0.94029 for 1:1 to 2:3, P=1 for 2:3 to 1:2, P=0.99012 for 1:2 to 1:3 and 

P=0.66756 for 1:3 to 1:4.  

 

The printed samples (Figure 61), however, show a 10 to 30-fold higher drug release 

relative to the comparable powder-based compact samples.   The greatest release is 

achieved by the samples exhibiting amorphous particles with 2:3 fenofibrate:PVP 

showing a substantial increase relative to 1:1 fenofibrate:PVP on initial amorphous 

particle formation, and 1:3 fenofibrate:PVP showing a substantial increase relative to 

1:2 fenofibrate:PVP on the complete loss of crystallinity with the latter showing a 

statistically significant P-value of 0.004.   1:4 fenofibrate:PVP shows the greatest 

increase overall with up to 4.3% release in 20 minutes.   This shows a 40-fold increase 

relative to printed drug alone.   On conducting an ANOVA, the significant change 

relative to the drug alone is demonstrated by P-values of 0.00757, 1.647x10-7 and 

3.62978x10-7 for 1:2 fenofibrate:PVP, 1:3 fenofibrate:PVP and 1:4 fenofibrate:PVP 

respectively.   On direct comparison with the powdered samples these three samples 

also showed the most significant change relative to their powder counterparts with P-

values of 0.00986, 2.09001x10-7 and 1.04387x10-7 for 1:2, 1:3 and 1:4 fenofibrate:PVP 

respectively.   The samples are also generally more reproducible than the powder 

compacts as demonstrated by smaller error bars overall. 
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Figure 61: Percentage Drug Release from printed samples of fenofibrate (100% 

crystalline) (black) and, 2:1 (66% crystalline) (purple), 1:1 (59.5% crystalline) 

(orange), 2:3 (44.8% crystalline) (green), 1:2 (41.1% crystalline) (magenta), 1:3 (0% 

crystalline) (blue) and 1:4 (0% crystalline) (red) fenofibrate:PVP K30, n=3± standard 

error, with (top) and without (bottom) error bars.   P=1 for FNF to 2:1, P=1 for 2:1 to 
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1:1, P=0.96255 for 1:1 to 2:3, P=0.5598 for 2:3 to 1:2, P=0.004 for 1:2 to 1:3, 

P=0.73471 for 1:3 to 1:4.   

 

On comparison to the literature, the most similar papers which could be found 

investigated the effect of spray drying nanoparticles of fenofibrate and PVP.   In a 

study by Hugo et al., fenofibrate was spray dried with PVP K25 in a 1:3 ratio in ethanol 

resulting in a 10-fold increase in dissolution similar to this study (Hugo et al. 2012).   

Another study by Choi et al. demonstrating preparation of fenofibrate: polymer 1:1 

nanoparticles by spray drying compared the use of ethyl cellulose, Carbopol, HPMC 

and PVP on drug dissolution.   PVP showed the greatest effect on dissolution with 

more than a 4-fold increase in dissolution compared to the drug alone (Choi, Lee, et 

al. 2013).   An increase in drug release from inks using fenofibrate in ethanol 

(Vialpando et al. 2012, Hossen et al. 2014) have also been demonstrated  previously 

but interestingly inkjet printing the combination of fenofibrate and PVP in ethanol has 

not been presented in the literature. 

 

4.3.2.1.2.2 Intrinsic Dissolution Rate 

There has been extensive research carried out into intrinsic dissolution rate using the 

SDI in the Østergaard group (Østergaard, Lenke, et al. 2014, Jensen et al. 2016, Sun 

and Østergaard 2017, Ward et al. 2017, Østergaard 2018).   However, the current study 

is believed to be one of the first to use fenofibrate and as such is fairly novel.   Like 

drug release intrinsic dissolution rate increases with polymer content in the control 

compacts but the increase is no more than 5µg/min/cm² (Figure 62).   However, on 

printing this increase is up to 40µg/min/cm² (Figure 63), showing nearly a 10-fold 

increase.   The 1:2, 1:3 and 1:4 fenofibrate:PVP samples show the most notable 

difference as shown by an exponential increase in Figure 64.   This is supported by an 

ANOVA where 1:2, 1:3 and 1:4 are found to have a statistically significant difference 

from their powder counterparts.   Additionally, 2:3, 1:2, 1:3 and 1:4 fenofibrate:PVP 

printed samples also show significant differences compared to printed drug alone, 

which may be due to the presence of amorphous particles.   Whereas, the powdered 
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physical mixtures do not show statistically significant differences from the raw drug 

alone.   Once again, the compacts are found to have sizeable error bars compared to 

the printed samples suggesting the latter is more reproducible overall.   This may be 

due to the manner in which the compact erodes as well as the lack of control over drug 

distribution.   This has been observed previously in compact based studies using the 

poorly soluble drug griseofulvin (Madelung et al. 2017).   Additionally, it should be 

noted that the average intrinsic dissolution rates of the 2:3, 1:2, 1:3 and 1:4 

fenofibrate:PVP compacts do not follow a logical pattern, with intrinsic dissolution 

rate increasing with polymer content.   The curves for 2:3 and 1:2 fenofibrate:PVP are 

generally higher than that of 1:4 fenofibrate:PVP.   Whereas, on printing intrinsic 

dissolution rate increases with polymer content.   Additionally, the shape of intrinsic 

dissolution rate curves changes on printing.   The compacts are observed to result in 

an initial sharp increase before a gradual decrease.   This has been observed in the 

literature previously with this behaviour being attributed to heterogeneity in the blend 

and an initial release of loose powder (Østergaard, Lenke, et al. 2014, Madelung et al. 

2017, Ward et al. 2017).   On printing the intrinsic dissolution shows more of a gentle 

curvature which may be attributed to the gradual release from a matrix.   This may be 

due to the improved dispersion of drug and the absence of loose powder.  
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Figure 62: Intrinsic Dissolution Rate obtained from compacts of fenofibrate (black) 

and, 2:1 (purple), 1:1 (orange), 2:3 (green), 1:2 (magenta), 1:3 (blue) and 1:4 (red) 

fenofibrate:PVP K30, n=3± standard error, with (top) and without (bottom) error bars.   

P=1 for FNF to 2:1, P=1 for 2:1 to 1:1, P=0.99999 for 1:1 to 2:3, P=1 for 2:3 to 1:2, 

P=1 for 1:2 to 1:3 and P=1 for 1:3 to 1:4.   P=1 for FNF and 1:1, P=0.99995 for FNF 

and 2:3, P=0.99997 for FNF and 1:2, P=1 for FNF and 1:3 and P=1 for FNF and 1:4. 
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Figure 63: Intrinsic Dissolution Rate obtained from printed samples of fenofibrate 

(black) and, 2:1 (purple), 1:1 (orange), 2:3 (green), 1:2 (magenta), 1:3 (blue) and 1:4 

(red) fenofibrate:PVP K30, n=3± standard error.   P=0.99982 for FNF to 2:1, 

P=0.95479 for 2:1 to 1:1, P=0.44234 for 1:1 to 2:3, P=0.55913 for 2:3 to 1:2, 

P=0.96696 for 1:2 to 1:3 and P=0.98319 for 1:3 to 1:4.   P=0.55226 for FNF and 1:1, 

P=0.0033 for FNF and 2:3, P=1.04535x10-5 for FNF and 1:2, P=4.07014x10-7 for FNF 

and 1:3, P=1.17143x10-7 for FNF and 1:4.  
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Figure 64: Comparison of intrinsic dissolution rate of powder (black) and printed (red) 

samples against percentage polymer content.   P=1 for FNF, P=1 for 2:1, P=0.85795 

for 1:1, P=0.05068 for 2:3, P=1.65097x10-4 for 1:2, P=2.72202x10-6 for 1:3 and 

P=2.1033x10-7 for 1:4. 

  

On comparison of images taken from the SDI (Figure 65), it can be observed that the 

compacts behave very differently to the printed samples.   Initially, fenofibrate shows 

little difference on printing which is consistent with the drug release and intrinsic 

dissolution rate.   However, 2:1 and 1:1 fenofibrate:PVP show more of a tail on 

printing which is consistent with their higher drug release and intrinsic dissolution rate 

values.   Although the tail increases with polymer content in the compact samples the 

printed samples continue to demonstrate more movement of material.   On printing 2:3 

fenofibrate:PVP, swelling of the sample and a broader tail can be observed which may 

be due to the amorphous particle induction.   This effect becomes more pronounced 

with polymer content with 1:3 and 1:4 fenofibrate:PVP showing the greatest degree of 
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swelling and material flow overall, reflecting their higher intrinsic dissolution rate and 

drug release.  

 

Figure 65: Images taken from the Sirius SDI Data Analysis software of fenofibrate and 

PVP powder compacts and printed samples at 5 minutes into the dissolution run - 

powdered samples (left) and printed samples (right) of (top to bottom) fenofibrate and 

fenofibrate:PVP 2:1, 1:1, 2:3, 1:2, 1:3, 1:4.  

 

4.3.2.1.3 Layered Samples 

No previous evidence could be found for using the SDI for this type of sample and as 

such this section is novel in nature.   Layering samples (Figures 66-70) also shows a 

slight increase in drug release and intrinsic dissolution rate relative to the physical 
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mixtures, although not as dramatic as that of the premixed samples.   It is thought this 

is due to the presence of PVP in a porous form which the drug can interact and diffuse 

through, but the drug retains its crystalline character and thus the overall release is 

inhibited.   Samples are much less uniform overall, and this is primarily due to the fact 

that as the drug and polymer are not premixed the release is not as well controlled. 

 

On performing an ANOVA, it can be observed that there is no significant difference 

between the drug release of the samples apart from that of 1:4 fenofibrate:PVP.   These 

samples show a P-value of 4.83837x10-5 on comparison with 1:3 fenofibrate:PVP and 

a P-value of 6.26591x10-7 on comparison with a 1:4 fenofibrate:PVP physical mixture.   

However, there is no significant difference between the layered 1:4 fenofibrate:PVP 

samples and premixed printed samples.   On comparison of the steady state intrinsic 

dissolution values it can be observed that there is no significant difference between the 

layered samples or on comparison to their physical mixture counterparts (Figure 67).   

However, there is a significant difference between some of the layered and premix 

samples as exhibited by P-values of 4.98885x10-6, 3.89482x10-6 and 1.43103x10-5 for 

1:2, 1:3 and 1:4 fenofibrate:PVP respectively.    

 

On direct comparison of the 50% polymer samples it can be observed that drug 

location has minimal effect on the release (Figure 68).   Additionally, on carrying out 

an ANOVA, there is no significant difference between intrinsic dissolution rates at 

steady state and the overall drug release as demonstrated by P-values of 1 (Figures 68 

and 69).    
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Figure 66: Percentage drug release of printed fenofibrate (black) compared to layered 

with PVP in 1:1 (red), 1:2 (blue), 1:3 (magenta) and 1:4 (green) ratios where n=3±SE, 

with (top) and without (bottom) error bars.   P=1 for fenofibrate to 1:1, P=1 for 1:1 to 

1:2, P=1 for 1:2 to 1:3 and P= 4.83837x10-5 for 1:3 for 1:4. 
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Figure 67: Intrinsic dissolution rate of printed fenofibrate (black) compared to layered 

with PVP in 1:1 (red), 1:2 (blue), 1:3 (magenta) and 1:4 (green) ratios where n=3±SE.    

P=1 for fenofibrate to 1:1, P=1 for 1:1  to 1:2, P=1 for 1:2 to 1:3 and P=0.50254 for 

1:3 for 1:4. 
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Figure 68: Comparison of percentage drug release of 1:1 layered samples, 1:1 PVP 

first (blue), 1:1 fenofibrate first (green) and 1:1 sandwiched (red) where n=3±SE, with 

(top) and without (bottom) error bars.   P=1 for 1:1 sandwiched to 1:1 PVP first, P=1 

for 1:1 sandwiched to 1:1 FNF first, P=1 for 1:1 PVP first to 1:1 FNF first.  
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Figure 69: Comparison of intrinsic dissolution rate of 1:1 layered samples, 1:1 PVP 

first (blue), 1:1 fenofibrate first (green) and 1:1 sandwiched (red) where n=3±SE.   P=1 

for 1:1 sandwiched to 1:1 PVP first, P=1 for 1:1 sandwiched to 1:1 FNF first, P=1 for 

1:1 PVP first to 1:1 FNF first. 

 

As can be observed in Figure 70, the flow of material changes with polymer content 

as it did on premixing but the effect is not as pronounced.   1:1 PVP first, 1:1 

fenofibrate first and 1:1 sandwiched all show similar tails which is consistent with the 

fairly similar release and intrinsic dissolution rate.   1:2 and 1:3 have slightly more 

pronounced tails but not as pronounced as their premix counterparts.   1:4 shows 

evidence of swelling which may explain the higher release and intrinsic dissolution 

rate observed overall.  
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Figure 70: Images taken from the Sirius SDI Data Analysis software of fenofibrate and 

PVP layered samples at 5 minutes into the dissolution run: Layered printed samples of 

fenofibrate:PVP 1:1 PVP printed first (top left), 1:1 fenofibrate printed first (top right), 

1:1 sandwiched (middle left), 1:2 sandwiched (middle right), 1:3 sandwiched (bottom 

left) and 1:4.sandwiched (bottom right) 

 

4.3.2.1.4 Premix 5 Layers 

On reducing the overall mass printed the drug release is still comparable with 25 layers 

but it would be expected that the overall percentage should increase which suggested 

that the fenofibrate had become a limiting factor to the study (Figure 71).   This is 

supported by an ANOVA which showed no significant changes between the drug 

release values between the 25 layer and 5 layer samples.   The intrinsic dissolution rate 

also drops considerably as a result of the change in layer number with 2:3 

fenofibrate:PVP showing a P-value of 0.0061, 1:2 fenofibrate:PVP showing a P-value 

of 5.18738x10-5, 1:3 fenofibrate:PVP showing a P-value of 4.32801x10-6 and 1:4 

fenofibrate:PVP showing a P-value of 4.91635x10-7 (Figure 72).   Due to the 

requirements of the work detailed in Chapters 5 and 6, the drug was changed in favour 

of ibuprofen, which has the advantage of being less poorly soluble in pH 6.8.    
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Figure 71: Percentage drug release of 5 layered printed premixed fenofibrate:PVP 2:1 

(purple), 1:1 (orange), 2:3 (green), 1:2 (magenta), 1:3 (blue) and 1:4 (red), with (top) 

and without (bottom) error bars.   P=0.99999 for 2:1 to 1:1, P=1 for 1:1 to 2:3, 

P=0.99911 for 2:3 to 1:2, P=0.36718 for 1:2 to 1:3 and P=1 for 1:3 to 1:4.  
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Figure 72: Intrinsic dissolution rate of 5 layered printed premixed fenofibrate:PVP 2:1 

(purple), 1:1 (orange), 2:3 (green), 1:2 (magenta), 1:3 (blue) and 1:4 (red).   P=1 for 

2:1 to 1:1, P=1 for 1:1 to 2:3, P=1 for 2:3 to 1:2, P=1 for 1:2 to 1:3 and P=1 for 1:3 to 

1:4. 

 

4.3.2.2 Ibuprofen 

4.3.2.2.1 Molar Extinction Coefficient 

The molar extinction co-efficient was obtained from the mean result of 3 samples over 

a range of 1-10µg/ml (Appendix 3).   The resultant molar extinction coefficient was 

observed to be 14806M/cm-1 with an r2-value of 0.9915.   The r2-value is a result of 

the low concentration range, which has limitations on accuracy and UV detection.   

This is supported by a statistically non-significant P-value.   It should be noted these 
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solutions contained less than 1% methanol so the effect of its presence should be 

negligible.    

 

4.3.2.2.2 Drug Release 

On initial comparison of compacts of fenofibrate and ibuprofen it can be observed that, 

despite being a BCS Class II drug, ibuprofen results in a 10-fold higher release (Figure 

73).   On performing a paired T-test a significant difference between the drug release 

achieved by the two drugs was demonstrated.    

 

Figure 73: Comparison of the percentage drug release of fenofibrate (red) and 

ibuprofen (black) raw powder compacts.   P= 0.03524 for ibuprofen vs. fenofibrate.  

 

On dissolution of ibuprofen based printed samples, it can be observed that greater 

release is achieved overall compared to fenofibrate, with up to a 3-fold higher drug 

release relative to that of a comparable fenofibrate:PVP premix (Figure 74).   On 
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performing an ANOVA, the comparison of the 1:1 fenofibrate:PVP 5 layer samples 

with the 1:1 ibuprofen:PVP samples results in a P-value of 5.93412x10-4, the 

comparison of the 1:2 API:PVP samples results in a P-value of 2.11928x10-4 and 

comparison of the 1:4 API:PVP samples results in a P-value of 0.0017.   The difference 

between the 1:3 API:PVP samples was not significant.   Ibuprofen alone does seem to 

result in high release but it should be noted that it is levelling off while the other 

samples are not suggesting that this is merely due to a lower drug content as shown in 

Table 21.   Similar to fenofibrate, once PVP is introduced the drug release increases 

with polymer content, as demonstrated by an ANOVA.   On comparison to the 5 layer 

samples of fenofibrate, it should be particularly noted that the release is more 

reproducible overall which may be due to the nature of the droplets produced.   On 

comparison to the powdered sample between 30 and 60-fold higher release was 

achieved as demonstrated by ANOVA generated P-values of 9.76256x10-4, 0.00162, 

6.41262x10-4, 0.00803 and 4.05941x10-4 on comparison of ibuprofen powder with 

ibuprofen printed, and ibuprofen:PVP 1:1, 1:2, 1:3 and 1:4 respectively.    

 



165 

 

 

Figure 74: Percentage drug release of 5 layered printed ibuprofen (black) compared to 

printed premixed ibuprofen :PVP 1:1 (orange), 1:2 (green), 1:3 (blue) and 1:4 (red).   

P=0.99999 for IBU to 1:1, P=0.99821 for 1:1 to 1:2, P=0.60893 1:2 to 1:3 and 

P=0.37848 for 1:3 to 1:4.  

 

The effect of solid dispersion formation on the dissolution of ibuprofen has been well 

documented previously.   Ibuprofen has also been previously used in spray drying with 

ethanol.   As demonstrated by numerous previous studies, formation of amorphous 

particles in this manner also results in a considerable increase in release rate supporting 

the current data.   For example Shen et al. achieved this effect co-spray drying with 

mesoporous silica, Melzig et al. achieved it through co-spray drying with polysorbate 

80 and Li et al. achieved it through co-spray drying with gelatine and sodium lauryl 

sulphate (Li, Oh, et al. 2008, Shen et al. 2011, Melzig et al. 2018).   There is also 

previous evidence for the use of ibuprofen in inkjet printing with a previous study 

combining it with PEG and PEGDA to increase solubility using a MicroFab 
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piezoelectric dispenser but there is no evidence for the solid state effects of this 

detailed in this paper (Acosta-Vélez et al. 2018). 

 

4.3.2.2.3 Intrinsic Dissolution Rate 

On comparison of the intrinsic dissolution rate of compacts of fenofibrate and 

ibuprofen it can be observed that ibuprofen results in more than a 10-fold increase in 

intrinsic dissolution rate (Figure 75).   A paired T-test demonstrates the significant 

difference between the intrinsic dissolution rate achieved by the two drugs.   This is 

believed to be due to the higher solubility exhibited by ibuprofen.   It should be noted 

there is a very regular wave in the intrinsic dissolution rate curve.   This is believed to 

be due to an issue with the pump.  

Figure 75: Comparison of the intrinsic dissolution rate of fenofibrate (red) and 

ibuprofen (black) raw powder compacts.   P=0.00347 for ibuprofen vs. fenofibrate.  
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 Measurement of the intrinsic dissolution rate of printed ibuprofen-based samples also 

shows a significant increase on use of ibuprofen over fenofibrate (Figure 76).   On 

performing an ANOVA P-values of 3.49229x10-4, 0.0047 and 0.04289 were obtained 

on comparison of 1:1, 1:2 and 1:3 API:polymer samples respectively.   Ibuprofen alone 

has a significantly lower intrinsic dissolution rate than that of the polymer containing 

samples supporting the hypothesis that the drug release is high due to the drug content 

of the sample rather than its dissolution capacity.   An ANOVA shows a significant 

change in the data on addition of polymer.   On comparison of the polymer containing 

samples to each other, however, a significant difference in intrinsic dissolution rates is 

not observed and is not statistically significant.   This may be a result of the fully 

amorphous nature of the particles generated on printing ibuprofen and 50% polymer 

or more.   On comparison to the powder alone the printed samples do exhibit a slightly 

lower intrinsic dissolution rate but this may be due to the overall mass of material 

present.   Unlike the drug release, the only significant difference on performing an 

ANOVA is from the comparison between the printed and powdered ibuprofen with a 

P-vale of 0.00777.   However, on comparison of the powdered ibuprofen to printed 

ibuprofen:PVP 1:1, 1:2, 1:3 and 1:4 P-values of 0.94395, 0.44948, 0.18998 and 

0.18114 were obtained suggesting the difference does reduce with PVP. 
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Figure 76: Intrinsic dissolution rate of 5 layered printed ibuprofen (black) compared 

to printed premixed ibuprofen :PVP 1:1 (orange), 1:2 (green), 1:3 (blue) and 1:4 (red).   

P=0.00225 for IBU to 1:1, P=0.86309 for 1:1 to 1:2, P=0.34675 for 1:2 to 1:3 and 

P=0.33195 for 1:3 to 1:4.   P=8.24574x10-4 for IBU and 1:2, P=0.00739 for IBU and 

1:3, P=7.95473x10-4 for IBU and 1:4. 

 

As can be observed in Figure 77, ibuprofen consistently shows a considerable tail on 

SDI analysis.   The printed ibuprofen shows a lesser tail than the raw powder sample 

which is consistent with the intrinsic dissolution rate and confirms the theory that it is 

due to the mass of material present.   As with fenofibrate, adding PVP increases the 

size of the tail and the surface of the printed sample begins to swell.   Consistent with 

the intrinsic dissolution rate the PVP containing samples exhibit very similar tails of 

material.  
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Figure 77: Images taken from the Sirius SDI Data Analysis software of ibuprofen and 

PVP samples at 5 minutes into the dissolution run: Ibuprofen powder (top left), printed 

ibuprofen (top right), and printed ibuprofen:PVP 1:1 (middle left), 1:2 (middle right), 

1:3 (bottom left) and 1:4.(bottom right) 

 

Considering the literature, although inkjet printed samples have not been tested using 

the SDI, the intrinsic dissolution rate of compacted ibuprofen has been tested 

previously.   Samples were run as in the current study at 0.2ml/min using a wavelength 

of 214nm but using 1% SDS instead of pH 6.8 buffer.   The IDR was found to rise to 

over 40µg/min/cm3 before falling back to 20 µg/min/cm3 similar to how the printed 

samples behave.   It should be noted the error is greatest in the initial few points where 

there is the increase, this may be due to the rapid removal of surface particles, initial 

erosion of the surface by lamination or disruption of the laminar flow (Ward et al. 

2017). 

 

4.3.3 Contact Angle 

4.3.3.1 PVP Alone 

The results were initially taken for the whole video for each sample however it was 

found the camera was not coping with the topography of the samples, particularly the 

more soluble ones where the droplet was falling below the horizon as it spread (for 

data see Appendix 4).   As such the decision was made to take just the initial contact 

point.   The PVP contact angle showed little change with polymer concentration which 
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is supported by an ANOVA which demonstrated consistent P-values of 1.   This may 

be due to the low viscosity of the ink.   Figure 78 shows minimal variation between 

the contact angle values obtained and the images in Figure 79 support this as the 

appearance of the droplets are very similar overall.    

 

PVP contact angle has been previously reported in the literature.   Hayama et al. 

demonstrated a very similar set of contact angle values for PVP K30 although the 

material was prepared by thermal film casting rather than spin coating (Hayama et al. 

2004).   Ultimately little change was seen in the contact angle with polymer 

concentration, which is potentially due to the relatively low viscosity of starting 

solutions.     

 

 

 



171 

 

 

Figure 78: The effect of polymer ink concentration on the contact angle of PVP spin 

coated samples measured at point zero, where n=9± standard error with 95% 

confidence intervals of 35.12°θ and 50.33°θ, 31.76°θ and 50.98°θ, 38.21°θ and 

47.31°θ, 45.75°θ and 52.60°θ, 36.66°θ and 57.87°θ, and 42.34°θ and 52.73°θ for 15, 

30, 45, 60, 90 and 120mg/ml PVP K30 in ethanol.   P=1 for 15mg/ml to 30mg/ml, P=1 

for 30mg/ml to 45mg/ml, P=0.99996 for 45mg/ml to 60mg/ml, P=1 for 60mg/ml to 

90mg/ml and P=1 for 90mg/ml to 120mg/ml.  
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Figure 79: Comparison of initial contact angle images of spin coated PVP samples - 

(from top to bottom and left to right for each row) PVP concentrations 15mg/ml, 

30mg/ml, 45mg/ml, 60mg/ml, 90mg/ml and 120mg/ml. 

 

4.3.3.2 Spin Coated PVP and Fenofibrate Mixtures 

As with the PVP spin coated samples only the contact angle at point zero is displayed, 

with the other data given in Appendix 4.   The results are displayed in Table 23, as 

graphs (Figure 80) and as images (Figure 81) below.   Spin coating fenofibrate in 

ethanol alone resulted in a relatively high contact angle and thus poor wettability which 

was to be expected as fenofibrate is virtually insoluble in water.   The wettability 

increased considerably on addition of polymer with a 2:1 drug: polymer ratio causing 

the contact angle to fall from an average of 80.5 to 46.2°θ, supported by a P-value of 

1.01056x10-5 on taking an ANOVA.   The contact angle does not seem to change 

massively from that of the polymer after this until the 1:3 and 1:4 fenofibrate:PVP 

samples.   This increase in contact angle may be attributed to fenofibrate precipitation 

which began to occur as water was applied.   However, an ANOVA did not show a 

significant change between the points after 2:1 fenofibrate:PVP or on comparison to 

the PVP samples with a comparable polymer concentration.  
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Table 23: The effect of concentration of polymer used to prepare spin coated samples 

on the contact angle measured at point zero 

Drug: Polymer 

Ratio 

Drug Content 

(mg/ml) 

Polymer Content 

(mg/ml) 

Average Contact 

Angle (°ᶿ) n=9, 2d.p. 

1:0 30 0 80.51 

2:1 30 15 46.29 

1:1 30 30 54.59 

2:3 30 45 39.06 

1:2 30 60 41.51 

1:3 30 90 61.03 

1:4 30 120 60.62 

0:1 0 30 45.03 
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Figure 80: The effect of polymer concentration on the contact angle of fenofibrate and 

PVP spin coated samples measured at point zero, against drug content (top), and ink 

polymer concentration (bottom), where n=9± standard error with 95% confidence 

intervals of 75.31°θ and 85.71°θ, 38.44°θ and 54.14°θ, 46.66°θ and 62.52°θ, 27.96°θ 

and 50.15°θ, 27.73°θ and 55.29°θ, 48.30°θ and 73.77°θ, and 56.66°θ and 64.58°θ for 

1:0, 2:1, 1:1, 2:3, 1:2, 1:3 and 1:4 FNF:PVP respectively.   P=1.01056x10-5 for FNF 

to 2:1, P=0.99841 for 2:1 to 1:1, P=0.53467 for 1:1 to 2:3, P=1 for 2:3 to 1:2, 

P=0.13969 for 1:2 to 1:3 and P=1 for 1:3 to 1:4.  
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Samples were compared to their comparable spin coated polymer samples to establish 

the effect of drug loading on the contact angle.   An ANOVA demonstrated a non-

significant difference between the spin coated polymer samples and the drug 

containing spin coated samples with P-values of 1, 0.80878, 1, 0.99947, 0.75157 and 

0.82168 for 15mg/ml, 30mg/ml, 45mg/ml, 60mg/ml, 90mg/ml and 120mg/ml PVP 

K30 containing samples respectively.   However, with the exception of 60 and 66% 

polymer content (45 and 90mg/ml), the drug loaded samples appeared less wettable as 

expected. 

  

The images of the initial contact point (Figure 81) visually illustrate the difference 

between the drug alone compared with samples with the polymer present.   There is 

very little visual difference between the polymer containing samples however.   PVP  

alone is very distinct however.    
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Figure 81: Comparison of initial contact angle images of fenofibrate and PVP spin 

coated samples – (from top to bottom and left to right) spin coated samples consisting 

of fenofibrate alone, fenofibrate:PVP  K30 2:1, 1:1, 2:3, 1:2, 1:3, 1:4 and PVP  alone 

 

There is no previous evidence of contact angle on fenofibrate and PVP together but as 

stated in the previous section the effect on PVP has been observed in other studies.   

Additionally, wettability of fenofibrate has been analysed in the literature previously.   

The contact angle established by Buch et al. is nearly identical despite using a different 

system, a DataPhysics Contact Angle System OCA 20 (Buch et al. 2011).  

 

Ultimately, the wettability is observed to increase with polymer content relative to the 

drug alone but at the highest polymer concentrations the contact angle seems to break 
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the trend and increase slightly which may be due to precipitation of the drug.    

 

4.3.3.3 Printed PVP and Fenofibrate Mixtures  

As described in Section 4.2.3.1, only the contact angle at point zero is displayed with 

all additional data given in Appendix 4.   The results are displayed as a table and graphs 

below (Table 24 and Figures 82 and 83).   Printing fenofibrate in ethanol alone resulted 

in a relatively high contact angle and thus poor wettability which was to be expected 

as fenofibrate is virtually insoluble in water.   The wettability of printed fenofibrate 

may be lower than that of spin coated samples due to a combination of the crystal 

growth which occurs from the supersaturated atomised ink and the chance that some 

residual ethanol may remain in the spin coated samples as they were prepared on the 

day of analysis rather than weeks prior.   This is supported by an ANOVA yielding a 

P-value of 2.2922x10-4 on comparison of the spin coated and printed samples.    

 

The wettability increased considerably on addition of polymer with a 2:1 drug: 

polymer ratio causing the contact angle to fall from an average of 110.7°θ to 65.02°θ.   

This is supported by an ANOVA as the difference between this point and that of the 

fenofibrate has a P-value of 1.51711x10-8.   The contact angle falls with increasing 

polymer content until 2:3 at an average of 43.24°θ, after which the graph is observed 

to level off with values of 45.67°θ, 30.52°θ and 40.87°θ for the 1:2, 1:3 and 1:4 

fenofibrate:PVP samples respectively.   This is supported by statistically insignificant 

P-values.   This may be attributed to formation of amorphous drug particles, increasing 

the overall wettability of the drug.   Thus, the wettability may be considered solely a 

function of the polymer until 2:3 fenofibrate:PVP, where the amorphous particles 

begin to play a part with the fully amorphous 1:3 and 1:4 fenofibrate:PVP samples 

ultimately showing the greatest wettability overall.   This is unlike the spin coated 

samples prepared with comparable ink solutions, which suggests the phase change 

occurring on atomisation and printing is thus vital to the wettability and thus the 

change in intrinsic dissolution seen previously.   This is supported by a statistically 

significant change between the printed and spin coated 1:3 fenofibrate:PVP on 

performing an ANOVA.   On comparison to the PVP spin coated samples with 

comparable starting polymer concentrations, an ANOVA demonstrated a significantly 
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higher contact angle for 2:1 fenofibrate:PVP compared to 15mg/ml PVP with a P-

value of 0.03665.   As the polymer content is increased the P-value ceases to be 

significant with values of 0.80104, 1, 1, 0.38585 and 0.99993 for 1:1 and 30mg/ml, 

2:3 and 45mg/ml, 1:2 and 60mg/ml, 1:3 and 90mg/ml, and 1:4 and 120mg/ml 

respectively.   This demonstrates the wettability becoming more akin to that of the 

polymer alone.    

 

Table 24: Average contact angle for each type of printed sample taken at point zero 

from lowest to highest polymer content  

 
 

 

 

Drug: Polymer 

Ratio 

Drug 

Content 

(mg/ml) 

Polymer 

Content 

(mg/ml) 

Average 

Contact Angle 

(°ᶿ) n=9, 2d.p. 

Variation from Equivalent 

Average Contact Angle 

from Spin Coated Samples 

(°ᶿ) 

1:0 30 0 110.70 +30.19 

2:1 30 15 65.02 +18.73 

1:1 30 30 54.67 +0.08 

2:3 30 45 43.24 +4.18 

1:2 30 60 45.67 +4.16 

1:3 30 90 30.52 -30.51 

1:4 30 120 40.87 -19.75 
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Figure 82: Average contact angle values of printed fenofibrate and PVP samples taken 

at point zero against (top) percentage drug content and (bottom) polymer concentration 

of the starting ink, where n=9± standard error with 95% confidence intervals of 

106.11°θ and 115.29°θ, 54.23°θ and 75.81°θ, 41.15°θ and 68.19°θ, 30.90°θ and 

55.59°θ, 34.70°θ and 56.63°θ, 13.64°θ and 47.41°θ, and 29.90°θ and 51.84°θ for 1:0, 

2:1, 1:1, 2:3, 1:2, 1:3 and 1:4 fenofibrate:PVP K30 respectively.   P=1.51711x10-8 for 
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FNF to 2:1, P=97735 for 2:1 to 1:1, P=0.9405 for 1:1 to 2:3, P=1 for 2:3 to 1:2, 

P=0.58429 for 1:2 to 1:3 and P=0.9776 for 1:3 to 1:4.   P=3.29942x10-8 for FNF and 

1:1, P=0 for FNF and 2:3, P=0 for FNF and 1:2, P=0 for FNF and 1:3, P=0 for FNF 

and 1:4. 
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Figure 83: Comparison of printed samples (red) to spin coated samples (black) based 

on contact angle values taken at point zero against (top) percentage drug content and 

(bottom) polymer concentration of the starting ink, where n=9± standard error.   

P=2.2922x10-4 for FNF, P=0.19317 for 2:1, P=1 for 1:1, P=1 for 2:3, P=1 for 1:2, 

P=1.80601x10-4 for 1:3, P=0.12628 for 1:4.  
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Samples were also compared visually (Figure 84) with a noticeable change being 

observed between the fenofibrate alone (top left) and the 2:1 fenofibrate:PVP sample 

(top right).   The degree to which the droplet was convex to the surface can be observed 

to decrease with increasing polymer content.   1:3 fenofibrate PVP has been displayed 

as 3 different images as it was found 2 out of the 3 films proved more powdery and 

liquid absorbent than the third more gel like film.     Interestingly for these two films 

the water spread much more quickly and dropped below the camera view just after the 

image was taken.   As a result of this the resultant contact angle value for the 1:3 

fenofibrate:PVP samples is slightly lower than that of the 1:4 fenofibrate:PVP samples 

although 1:4 was quite similar in behaviour to the latter 1:3 sample.    
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Figure 84: Comparison of initial contact angle images of fenofibrate and PVP printed 

samples – (from top to bottom and left to right) fenofibrate and premixed samples 

consisting of fenofibrate:PVP K30 2:1, 1:1, 2:3, 1:2, 1:3 (x3), and 1:4  
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The results can be compared to previous intrinsic dissolution and drug release data 

(Figures 59 and 61).   In both cases a considerable change can be seen between the 1:1 

and 2:3 fenofibrate:PVP samples, while less dramatic changes are seen from then on 

which mirrors the levelling off affect seen in the contact angle data suggesting at this 

point the amorphous content is very much what dictates the wetting and dissolution of 

the API.   The relationship between contact angle and dissolution has been explored 

previously investigating simvastatin and PVP by fluid bed coating in a paper by Lu et 

al.   The exponential rise in dissolution is also observed in this study supporting the 

wetting behaviour seen in the current study (Lu, Tang, et al. 2014).   

 

Ultimately, the printed samples were found to increase in wettability with polymer 

concentration until 60% polymer content following which the contact angle values 

were observed to begin to level off.   This may be attributed to formation of amorphous 

particles.   This supports previous work into intrinsic dissolution rate.   This is unlike 

the spin coated samples produced from comparable solutions which does suggest that 

the formation of amorphous particles is key to this degree of wettability.    

 

4.3.3.4 Ibuprofen 

On changing the drug, a slightly different effect was observed than previously (Figure 

85).   Ibuprofen shows a lower contact angle overall, suggesting it is more wettable 

than fenofibrate, which supports both the intrinsic dissolution and drug release data 

previously presented (Figures 74-77).   On performing an ANOVA on fenofibrate and 

ibuprofen alone a P-value of 0.0605 was obtained confirming a significant change.   

On addition of polymer the wettability increases considerably as exemplified by a 

decrease in contact angle as shown in Table 25 and Figure 85.   Although, not 

considered statistically significant with a P-value of 0.26917, ibuprofen and 1:1 

ibuprofen:PVP K30 shows the greatest change overall as after this the P-values 

obtained are all between 0.9 and 1 suggesting the graph has levelled off.   Ibuprofen 

was observed to have a very similar contact angle value in a previous study by 

Varghese and Ghoroi.   Additionally, on blending and co-grinding with 

microcrystalline cellulose to generate solid dispersion-like properties, a very similar 
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drop in contact angle and a considerable increase in dissolution was observed on 

comparison to the raw drug (Varghese and Ghoroi 2017). 

 

On comparison of these samples to their fenofibrate containing counterparts P-values 

of 0.47266, 1, 0.48104 and 0.96996 were obtained for the 1:1, 1:2, 1:3 and 1:4 

ibuprofen:PVP samples respectively, which is not considered statistically significant.   

This may be due to the limiting factor for fenofibrate being release of the drug into 

solution rather than the initial wetting.   As such the difference in dissolution 

performance between fenofibrate and ibuprofen is demonstrated better after the initial 

wetting.  

 

Table 25: Average contact angle values obtained for printed ibuprofen and 

ibuprofen:PVP printed mixtures 

 

Drug: Polymer 

Ratio 

Drug Content 

(mg/ml) 

Polymer Content 

(mg/ml) 

Average Contact 

Angle (°ᶿ) n=3, 

2d.p. 

1:0 30 0 68.90923 

1:1 30 30 36.24594 

1:2 30 60 44.71649 

1:3 30 90 55.04058 

1:4 30 120 49.02805 
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Figure 85: Average contact angle of ibuprofen and PVP printed samples measured at 

point zero against drug content (top) and starting ink polymer content (bottom), where 

n=3± standard error with 95% confidence intervals of 38.26°θ and 99.56°θ, -16.07°θ 

and 88.56°θ, 31.13°θ and 58.31°θ, 34.91°θ and 75.17°θ, and 8.30°θ and 89.76°θ for 

1:0, 1:1, 1:2, 1:3 and 1:4 ibuprofen:PVP K30 respectively.   P=0.26917 for IBU to 1:1, 

P=0.99929 for 1:1 to 1:2, P=0.99681 for 1:2 to 1:3 and P=0.99996 for 1:3 to 1:4.   

P=0.63764 for IBU to 1:2, P=0.97583 for IBU to 1:3 and P=0.8297 for IBU to 1:4.  
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4.4 Conclusions 

Initially the drug content of samples was analysed.   Fenofibrate samples showed an 

increase in mass with polymer content up to 50% polymer content.   Following this 

the mass decreased.   This is thought to be the effect of the rheology and droplet size 

changes occurring on atomisation.   On comparison to ibuprofen, fenofibrate showed 

greater variation between samples which may be due to the overall droplet size and 

solubility.   Ibuprofen showed more consistent mass of drug produced in the presence 

of PVP overall and more predictable content.    

 

The effect of printing fenofibrate and ibuprofen alone and with PVP on dissolution 

was analysed over time.   On printing premixes of fenofibrate and PVP, use of the 

aerosol causes a 10-fold increase in drug release and intrinsic dissolution rate.   

Printing layered samples causes an increase but to a lesser extent, suggesting the 

combining of drug and polymer at the solution stage is vital for this increase.   On 

printing ibuprofen, the release and intrinsic dissolution rate is 3-fold and 4-fold higher 

than fenofibrate.   The intrinsic dissolution rate increases considerably on addition of 

PVP but there is little difference between the PVP containing ibuprofen samples.   

However, on comparison of the drug release addition of 80% polymer results in the 

highest drug release overall.    

 

On comparison of contact angle, the fenofibrate formulations were found to increase 

in wettability with polymer content until the formation of amorphous particles which 

have a contact angle very similar to PVP alone.   However, ibuprofen showed an 

increase in wettability from the drug alone but changed little after this as 50% polymer 

was enough to result in fully amorphous samples.   As a result, it was established that 

the lower intrinsic dissolution rate of fenofibrate overall was a result of the washing 

away of the PVP exposing the drug.   The development of the technology for use in 

pulsatile systems will be detailed in Chapters 5 and 6. 
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Chapter 5: Aerosol Inkjet Printing Pulsatile Release Systems Utilising 

Fenofibrate 

 

5.1 Introduction  

After developing the initial dosage form manufacturing technique, the decision was 

made to develop the technology to allow more complex dosage forms.   As a result of 

the flexibility of the technique pulsatile release systems were developed.   Pulsatile 

release systems are defined by bursts of immediate release after a lag in the profile.   

Pulsatile systems may have one or more pulses depending on the requirements of the 

drug utilised.   Uses include navigation of the gastrointestinal tract intact, which is 

particularly important for drugs which are vulnerable to acid hydrolysis, irritate the 

gastric mucosa or are emetic in nature, control over the dose for drugs with narrow 

therapeutic indexes, ensuring the drugs with action sites in the lower gastrointestinal 

tract reach these undamaged.   Additionally it may be used for drugs which are 

vulnerable to first pass metabolism. (Tangri and Khurana 2011, Prasanth et al. 2012).   

This type of controlled release can be used as a means of matching circadian rhythms 

such as hormone secretion, gastric emptying and other metabolic processes.   As such 

diseases and conditions currently targeted in this manner include peptic ulcers, asthma, 

cardiovascular conditions, arthritis, diabetes mellitus, ADHD, some forms of cancer, 

neurological disorders (Tangri and Khurana 2011, Tajane et al. 2012).    

 

Advantages of pulsatile technology include reduced dosing frequency improving 

patient compliance, reducing API wastage and overall cost.   Additionally, pulsatile 

technology allows night time dosing, which is particularly beneficial for conditions 

such as insomnia where the patient requires a dose to enable sleep and a further dose 

to keep them asleep.   Dosing prior to waking can also be used for treating conditions 

such as hypertension and rheumatoid arthritis which can be worse first thing in the 

morning.   The control pulsatile systems can also reduce the overall dose required 

reducing the chance of toxicity (Tangri and Khurana 2011). 
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Existing methods of pulsatile include time controlled systems such as capsular systems 

controlled by a plug which is removed by swelling or erosion, systems based around 

semipermeable membranes, osmotic pressure based systems, reservoir based systems, 

rupturable coating systems and time controlled explosion systems (Bussemer et al. 

2003, Dashevsky and Mohamad 2006, Mohamad and Dashevsky 2006, Stevenson et 

al. 2012, Yang and Pierstorff 2012, Li et al. 2018).   Additional forms of previous 

pulsatile technology have included thermo-responsive systems, chemical induced 

systems, for example, glucose induced, inflammation induced hydroxyl radicals and 

pH sensitive systems, electrically responsive systems consisting of polyelectrolytes 

such as xanthan gum, calcium arginate and acrylate and magnetically induced systems 

(Bussemer et al. 2003, Kashyap et al. 2007, Roy and Shahiwala 2009, Jessy et al. 2011, 

Tangri and Khurana 2011, Prasanth et al. 2012).   This has never been attempted using 

aerosol jet technology previously.  

 

This chapter explores the initial attempts to generate pulsatile release systems utilising 

the initial model drug fenofibrate.   The effect of sandwiching the 1:4 fenofibrate:PVP 

amorphous solid dispersion generated in previous chapters between PVP layers is 

explored.   This chapter demonstrates the potential of this technique for generating 

pulsatile release but also reveals the reason for changing the drug in the latter stages 

of the project.  
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5.2 Materials and Methods 

5.2.1 Materials 

As in Chapter 2. 

 

5.2.2 Methods 

Printing was carried out in the manner detailed in Chapter 2.   All samples were 

prepared at 3mm/s using a 300µm nozzle and an ethanol-based ink.   With the 

exception of the sandwich-style pulsatile formulations, all samples were prepared by 

printing directly onto filled plastic sample cups obtained from Paraytec Ltd.   The 

sandwich-style samples were prepared in standard Sirius SDI cups filled to halfway 

with 3D printed PLA secured with super glue.   Following on from the premix and 

separate component work, more complex formulations with more complex release 

profiles were sought.   As such pulsatile systems were developed initially printing 1:4 

fenofibrate:PVP with PVP alone layers (Table 26).  

 

Table 26: Fenofibrate formulations to achieve pulsatile release 

Dosage 

Form 

Number 

of 

Layers 

Content of 

Layers 

Thickness of 

Layers 

Schematic 

Sandwiched 

2mm circles 

5 1:4 FNFPVP, 

PVP, 1:4 

FNFPVP, 

PVP, 1:4 

FNFPVP 

5 printed 

layers per 

component 

layer  
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Sandwiched 

2mm circles 

5 PVP, 1:4 

FNFPVP, 

PVP, 1:4 

FNFPVP, PVP 

5 printed 

layers per 

component 

layer  

 

Sandwiched 

2mm circles 

5 PVP, 1:4 

FNFPVP, 

PVP, 1:4 

FNFPVP, PVP 

10:5:10:5:10 

 

Sandwiched 

2mm circles 

5 PVP, 1:4 

FNFPVP, 

PVP, 1:4 

FNFPVP, PVP 

5:2:5:2:5  

 

Samples were analysed using the SDI as described in Chapter 4 but running samples 

for up to 1.5 hours at 0.2ml/min. 
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5.3 Results & Discussion 

As can be observed in Figures 86 and 87, samples generally showed a very slight initial 

pulse but failed to show a second resulting in a minor pulse followed by sustained 

release.   The only exception to this is one 5x5 layer sample with PVP printed first.   

The other two samples in this study do not show this so it is suggested that this minor 

increase is down to the release of a slightly bigger particle as the solution passed over 

the surface rather than a significant increase in release.   The sustained release effect 

is thought to be due to a combination of fenofibrate’s inherent poor solubility and 

changes to the formulation as the SIF penetrates it over time, resulting in a washing 

away of the polymer and potentially an antisolvent effect on the drug as the aqueous 

solution comes in to contact with the drug.   Additionally, within the initial pulse only 

a fraction of the expected release occurred.   On analysis of the pulse layers alone, as 

demonstrated in Chapter 4, it was established that the drug was not released to the 

same degree as in previous samples which may be due to the differing surface area.   

Increasing the polymer content of the buffer layers also seemed to have the opposite 

effect from the expected with less drug being released overall.   On reducing the overall 

drug content, the drug release increased, however this was a reflection of the overall 

drug content rather than the mass released as demonstrated by the intrinsic dissolution 

rate remaining very similar to that of the other samples.   With the exception of the 

afore mentioned latter pulse the configuration of the dosage forms appears to have 

minimal effect on the intrinsic dissolution rate.    
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Figure 86: Drug Release from fenofibrate containing sandwich-style systems with 1:4 

fenofibrate:PVP as 3x5 layer pulse layers between 2x5 layer PVP buffer layers (black), 

2x5 layer pulse layers between 3x5 layer PVP buffer layers (red), 2x5 layer pulse 

layers between 3x10 layer PVP buffer layers (blue) and 2x2 layer pulse layers between 

3x5 layer PVP buffer layers (green), where n=3±standard error, with (top) and without 

(bottom) error bars.  
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Figure 87: Intrinsic dissolution rate from fenofibrate containing sandwich-style 

systems with 1:4 fenofibrate:PVP as 3x5 layer pulse layers between 2x5 layer PVP 

buffer layers (black), 2x5 layer pulse layers between 3x5 layer PVP buffer layers (red), 

2x5 layer pulse layers between 3x10 layer PVP buffer layers (blue) and 2x2 layer pulse 

layers between 3x5 layer PVP buffer layers (green), where n=3±standard error.  
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5.4 Conclusions 

Initial attempts to achieve pulsatile release showed some evidence of an initial pulse 

and a sustained release profile.   However, all but one sample failed to show any 

evidence of a second pulse and the overall drug release remained low.   Furthermore, 

the intrinsic dissolution rate was observed to fall over time as a result of the exposure 

of the drug to the dissolution media.   Ultimately, fenofibrate was concluded to be 

unsuitable for use in an aerosol jet printed pulsatile system.  
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Chapter 6: Aerosol Inkjet Printing Pulsatile Release Systems Utilising 

Ibuprofen 

 

6.1 Introduction 

This chapter explores the development of the pulsatile platform with the slightly less 

poorly soluble drug ibuprofen.   As ibuprofen was inclined to release more quickly 

than fenofibrate, the chances of observing a pulsed profile rather than a sustained 

release profile were considerably higher.   In this chapter, the effect of configuration, 

layer thickness, drug core thickness and layer number were explored with a view to 

demonstrating the capacity of the printer to produce different release profiles.   The 

initial aim was to produce 2 or more pulses within 1 to 2 hours.    

 

Once this was established to be possible, the next step was to see if it was possible to 

scale this effect up.   Printing was scaled up from 2mm diameter to 1cm diameter with 

a view to testing the effect of scale up by USP IV.   The additional advantage of scale 

up was it allowed analysis of a printed, multicomponent dosage form by Nano CT.   

This allowed conclusions to be drawn about precision, scale and quality of the print.    

 

6.2 Materials and Methods 

6.2.1 Materials 

As in Chapter 2. 

 

6.2.2 Methods 

6.2.2.1 SDI Samples 

Printing was carried out in the manner detailed in Chapter 2.   All samples were 

prepared at 3mm/s using a 300µm nozzle and an ethanol-based ink.   With the 
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exception of the sandwich-style pulsatile formulations, all samples were prepared by 

printing directly onto filled plastic sample cups obtained from Paraytec Ltd.    

 

Samples were prepared with 1:4 ibuprofen:PVP with PVP alone layers.   These dosage 

forms fall into 2 categories which are sandwich-style and tori-style (Table 27).   The 

former is based on printing 2mm circles in a stack and exposing only the top surface 

by using sample cups with an edge.   The latter is based on concentric circles and lids 

which provides a dome which releases from the flat sample cup surface.   The 

complexities of the individual formulations are given in Table 27. 

 

Table 27: Ibuprofen formulations to achieve pulsatile release 

Dosage Form Number of 

Layers 

Content 

of Layers 

Thickness 

of Layers 

Schematic 

Sandwiched 

2mm circles 

3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5:5:5 

 

Sandwiched 

2mm circles 

3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5:10:5  

 

Sandwiched 

2mm circles 

3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

2:10:2  
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Sandwiched 

2mm circles 

4 PVP, 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5:5:5  

 

Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

10 layers 

thick: 

0.8mm 

core, 

0.6mm 

torus and 

1.4mm 

circle 

buffer, 

0.6mm 

torus and 

2mm drug 

circle 

exterior 

 

Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

10 layers 

thick: 

0.8mm 

core, 

0.3mm 

torus and 

1.1mm 

circle 

buffer, 

0.9mm 

torus and 

2mm drug 
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circle 

exterior 

Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

10 layers 

thick: 

0.8mm 

core, 

0.9mm 

torus and 

1.7mm 

circle 

buffer, 

0.3mm 

torus and 

2mm drug 

circle 

exterior 

 

Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5 layers 

thick: 

0.8mm 

core, 

0.6mm 

torus and 

1.4mm 

circle 

buffer, 

0.6mm 

torus and 

2mm drug 

circle 

exterior 
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Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5 layers 

thick with 

10 layer 

core: 

0.8mm 

core, 

0.6mm 

torus and 

1.4mm 

circle 

buffer, 

0.6mm 

torus and 

2mm drug 

circle 

exterior 

 

Tori-style 3 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

10 layer 

thick with 

20 layer 

core: 

0.8mm 

core, 

0.6mm 

torus and 

1.4mm 

circle 2mm 

drug circle 

exterior 
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Encapsulated 

Tori-style 

3  1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

5 layers 

thick: 

0.8mm 

core, 

0.3mm 

torus and 

1.1 mm 

circle 

buffer, 

0.3mm 

torus and 

1.4mm 

circle drug 

layer, 

0.3mm 

torus and 

1.7mm 

circle 

buffer layer 

and 0.3mm 

torus and 

2mm drug 

circle 

exterior 

 

Encapsulated 

Tori-style 

5 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP, 

PVP, 1:4 

IBU:PVP 

10 layers 

thick: 

0.8mm 

core, 

0.3mm 

torus and 

1.1 mm 
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circle 

buffer, 

0.3mm 

torus and 

1.4mm 

circle drug 

layer, 

0.3mm 

torus and 

1.7mm 

circle 

buffer layer 

and 0.3mm 

torus and 

2mm drug 

circle 

exterior 

 

Samples were analysed using the SDI as described in Chapter 4 but running samples 

for up to 1.5 hours at 0.2ml/min. 

 

6.2.2.2 Full-size Tablet 

6.2.2.2.1 Printing 

A single full-size tablet sample was printed in the same manner as detailed in Chapter 

2.   The reason this was not carried out in triplicate is due to the size of the tablet and 

the time taken to print a single layer.   It took 20 hours to print one tablet, not including 

cleaning between inks.   The sample was prepared as detailed in Table 28, to yield a 

larger version of the design given in Table 27.   The sample was built from the bottom 

up in 5 steps.  This started with the bottom drug-containing layer, then the bottom 
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buffer layer, then the drug-containing core, then the surrounding buffer collar and top 

layer and finally the outer drug-containing collar and top layer.  

 

Table 28: Full Size Tablet Design 

Tablet 

section 

Design 

components 

Ink utilised Schematic 

Outer layer Bottom: 50x 1 

cm circles  

Collar: 150x 1.5 

mm width tori 

Top: 50x 1 cm 

circles 

1:4 ibuprofen:PVP 

K30 (based on 

30mg/ml IBU in 

ethanol) 

 

Buffer layer Bottom: 50x 7 

mm circles  

Collar: 50x 1.5 

mm width tori  

Top: 50x 7 mm 

circles 

PVP K30 30mg/ml 

in ethanol 

Core  50x 4 mm circles 1:4 ibuprofen:PVP 

K30 

 

6.2.2.2.2 Nano CT 

Samples were run using a Bruker SkyScan 2211 v2.0 Nano CT at 9.05µm pixels, a 

source voltage of 35kV and a source current of 500uA.   Sampling was carried out 

over 3 hours and 14 minutes at a distance of 57.84mm from the source.   The data was 

analysed using the SkyScan software (v.2.5.0) to generate 2D and 3D images of the 

interior of the tablet. 
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6.2.2.2.3 Drug Content Analysis 

Drug content analysis was carried out by UHPLC as in Chapter 3 using the ibuprofen 

method detailed in Chapter 4.   Single layer individual torus and circle component 

parts (Table 28) were printed on rice paper and characterised by dissolving in 

acetonitrile.    

 

6.2.2.2.4 Dissolution 

Dissolution was carried out using an ERWEKA HKP 720 Flow-cell USP IV (Erweka 

GmbH, Heusenstamm, Germany) with an ALS SP700 UV Spectrophotometer 

(Automated Lab Systems Ltd., Wokingham, Berkshire, U.K.) as this was thought to 

be the most comparable to the SDI method utilised previously in this chapter and in 

Chapter 4.   Initially a calibration was carried out by dissolving ibuprofen in methanol 

and diluting down using SIF to generate standards as in Chapter 4.   1µg/ml, 2µg/ml, 

5µg/ml, 10µg/ml and 20µg/ml standards were generated.   Standards were analysed by 

UV spectrometry at 222 nm and the calibration curve was generated on UV Win and 

plotted using Origin Pro 2017 (Appendix 5).    

 

After taking a blank media reading, the tablet was added to the flow cell chamber.   

The USP IV lines were connected to the UV spectrometer and the media was pumped 

over the samples at 37°C based on a rate of 16 ml/min and a pump rotation of 120rpm.   

Readings were taken in an automated fashion at one minute intervals using the 

automated USP II software IDIS (Automated Lab Systems Ltd., Wokingham, 

Berkshire, U.K.).   The data was then exported to Microsoft Excel and plotted using 

Origin Pro 2017.  
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6.3 Results & Discussion 

6.3.1 SDI Samples 

Ibuprofen was employed as an alternative to fenofibrate as, despite being a Class II 

drug, it had previously shown good release on the SDI.   As can be observed in Chapter 

4, a 3-fold higher drug release and 4-fold higher intrinsic dissolution rate resulted from 

printed 1:4 ibuprofen:PVP compared to printed 1:4 fenofibrate:PVP.   As such it was 

hoped this would enable the desired 2 or 3 pulse pulsatile formulation.  

 

6.3.1.1 Sandwich-Style 

A sandwich-style pulsatile configuration was explored initially preparing samples as 

in Table 27.   Initial samples (Figures 88 and 89) showed evidence of pulsing in the 

first 10 minutes of the dissolution run.   The drug release (Figure 88) shows evidence 

of the characteristic lag phase and wave like conformation of a pulsatile curve.   It 

almost forms a step-like profile in the 10 layers PVP to 10 layers fenofibrate 

configurations.   The intrinsic dissolution rate (Figure 89) of all the formulations rises 

and falls.   However, both the drug release and the intrinsic dissolution rate lacked 

definition.    Due to time constraints this experiment was only carried out once, as it 

was favoured to proceed to more viable options.  
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Figure 88: Drug release from sandwich-style prototype pulsatile dosage forms 

consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layers (black), 

2 2 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layer (red), 2 5 layer 1:4 

ibuprofen:PVP layers to 1 10 layer PVP buffer layer (blue) and 2 5 layer 1:4 

ibuprofen:PVP layers to 2 5 layer PVP buffer layers (magenta), where n=1.    The drug 

release is shown over 30 minutes (top) and zooming into the first 10 minutes (bottom).  
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Figure 89: Intrinsic Dissolution Rate from sandwich-style prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layer 

(black), 2 2 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layer (red), 2 5 

layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layers (blue) and 2 5 layer 1:4 

ibuprofen:PVP layers to 2 5 layer PVP buffer layers (magenta), where n=1.   The 

intrinsic dissolution rate is shown over 30 minutes (top) and zooming into the first 10 

minutes (bottom).  
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The sandwich style samples are supported by a number of previous studies.   

Interestingly most studies on layered tablets feature a sandwich configuration but with 

barrier layers either side of the drug loaded layer rather than the other way around.   

For example, a study by Gohel and Bariya demonstrated three layered tablets with a 

matrix core of venlafaxine hydrochlorate, Hypromellose K100M and Avicel PH 101 

and barrier layers of Hypromellose K100M, Pharmatose DCL 11 and magnesium 

stearate.   This yielded an initial burst and then sustained release (Gohel and Bariya 

2009).   Another study demonstrates a sandwich-style gastroretentive with diltiazem 

hydroxide and polyethylene oxide with sodium bicarbonate resulting in either 

immediate or sustained release (Raut Desai and Rohera 2014).   Sandwich style 

samples were prepared previously using granulation and compression of guar gum 

alone base layer, guar gum and metoprolol tartrate central layer, and guar gum alone 

top layer resulting in release in 2 hours (Al-Saidan et al. 2004).   Additionally, three 

layered tablets were demonstrated in another study consisting of an upper barrier layer 

of polyox WSR 303 and magnesium stearate, a central active layer of Tamsulosin HCl 

dihydrate, Pearlitol 160C, macrogol 6000, sodium hydroxide and magnesium stearate, 

and a lower barrier layer of polyox WSR 303 and magnesium stearate (Choi, Kim, et 

al. 2013)   The use of a solid dispersion in a 3-layer matrix style tablet has been 

demonstrated previously with solid dispersions of acemetacin with PVP K30 by 

solvent evaporation using HPMC outer layers resulting in two bursts of sustained 

release (Qi et al. 2015).    

 

6.3.1.2 Tori Style 

Tori based dome-like samples were prepared as detailed in Table 27.   As can be 

observed in Figures 90 and 91, a similar initial pulse to the sandwich-style samples is 

generated on printing samples in a dome-like fashion.   However, with the exception 

of 1 of the 5 layer samples, this initial pulse occurs fully within the first 5 minutes.   

There is also a potential second pulse within this first 5 minutes.   The sample which 

showed a lesser first pulse may be explained by a release which is more like a typical 
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matrix tablet.   Interestingly this sample also shows a latter pulse but later.   As a result, 

the effect of fully encasing the layers was explored.   

 

Figure 90: Drug release from tori based dome-style prototype pulsatile dosage forms 

consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layer (black 

and red) and 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layers (blue 

and green), where n=1.  
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Figure 91: Intrinsic dissolution rate from tori based dome-style prototype pulsatile 

dosage forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer 

layer (black and red) and 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer 

layers (blue and green), where n=1.  

 

6.3.1.3 Encapsulated Tori 

Following on from the dome-style tori-based samples, bases were added to the 

individual layers creating a fully encapsulated effect.  

6.3.1.3.1 2 Pulse Attempts 

6.3.1.3.1.1 5 vs. 10 layers 

Initially 2 pulses were attempted using a basic 5 and 10 layer structure based on a drug 

containing core separated from an outer drug containing layer by a polymer buffer 

layer.   As can be observed in Figures 92 and 93, printing 5 or 10 layers results in an 

initial pulse followed by a sustained period and a second pulse.   The pulsing effect 

can be seen in a more pronounced manner in Figures 94 and 95.   For 10 layers, the 

intrinsic dissolution rate demonstrates 2 distinct peaks within an hour.   There is 
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potential evidence of a third peak but due to the initial flush it is difficult to confirm if 

this is a true peak.   For 5 layers, the pulsing effect is present but not all of the samples 

exhibit the same definite peaks that 10 layers show.   This may be due to the nature of 

the SDI rather than the dosage form as the manner in which the solution passes over 

the surface may be washing away the drug before an effective UV signal can be taken.    

 

Figure 92: Drug release from encapsulated prototype pulsatile dosage forms consisting 

of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layer (red) and 2 10 layer 

1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layers (black), where n=3±standard 

error.  
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Figure 93: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layer 

(red) and 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer layers (black), 

where n=3±standard error.  
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Figure 94: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 layer PVP buffer layer, 

where n=1.  
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Figure 95: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 layer PVP buffer 

layers, where n=1.  

 

On comparison to the literature there is very little previous evidence for this.   For 

example, samples with a drug-loaded outer coating and a matrix layer also have been 

prepared previously but these tablets lacked a barrier layer (Elzayat et al. 2017).   

Additionally, a very similar drug release rate pattern was observed over a longer period 

from a layered tablet within a capsule.   The tablets consisted of diclofenac sodium 

with a modulating barrier and a lactose between two immediate release layers and a 

modulating barrier and an immediate release layer.   This resulted in an initial burst in 

the first hour followed by a second burst at 5 to 6 hours and a final burst at 10 to 11 

hours (Li, Zhu, et al. 2008).   There are also a number of patents on multicomponent 

tablet designs but none on inkjet printing in this manner (Arndt et al. 2001, Plachetka 

et al. 2002, Petereit et al. 2004, Nutalapati 2012, Yeoman et al. 2016).  
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6.3.1.3.1.2 Changing the Buffer Layer 

On changing the buffer layer thickness, it can be observed that not only does the overall 

release reduce (Figures 96, 98 and 100), it is not guaranteed that both intrinsic 

dissolution rate (Figures 97, 99 and 101) pulses are achieved.   For the thicker 1.7mm 

buffer layer, is possible that the initial outer layer is lost before the measurement run 

starts.   One substantial drawback of the SDI is a need to flush the flow cell after the 

sample is added to prevent bubbles interfering with the UV signal.   This requires a 

10-30 second flush at 2ml/min and thus the fiercer flow rate may damage or dissolve 

the initial layer.   The thinner 1.1mm buffer may result in a loss of the second peak as 

the buffer layer is not thick enough to fully separate the 2 drug containing layers once 

the SIF diffusion into the system begins.  

Figure 96: Drug release from encapsulated prototype pulsatile dosage forms consisting 

of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.1mm layer PVP buffer layer (red), 

1.4mm buffer layer (black) and 1.7mm buffer layer (blue), where n=3±standard error.  
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Figure 97: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.1mm layer PVP buffer 

layer (red), 1.4mm buffer layer (black) and 1.7mm buffer layer (blue), where 

n=3±standard error.  
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Figure 98: Drug release from encapsulated prototype pulsatile dosage forms consisting 

of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.1mm layer PVP buffer layer, where n=1.  
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Figure 99: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.1mm layer PVP buffer 

layer, where n=1.  
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Figure 100: Drug release from encapsulated prototype pulsatile dosage forms 

consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.7mm layer PVP buffer layer, 

where n=1.  
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Figure 101: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.7mm layer PVP buffer 

layer, where n=1.  

 

6.3.1.3.1.3 Changing the Core 

The effect of changing the core can be observed in Figures 102 and 103.   On changing 

the thickness of the drug-containing core to 10 layers to the outer layers’ 5, the second 

pulse is found to occur more quickly overall (Figures 104 and 105).   On average it 

occurs 20 minutes sooner than when the core thickness matches the outer layer.   The 

effect is more muted on changing the core to 20 layers to the outer layers’ 10 (Figures 

106 and 107).   Interestingly, this seems to result in a more matrix-like release as shown 

by the more curved intrinsic dissolution rate profile.  
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Figure 102: Drug release from encapsulated prototype pulsatile dosage forms 

consisting of 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 1.4mm layer PVP buffer 

layer (red), 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.4mm layer PVP buffer layer 

(black), 1 5 layer 1:4 ibuprofen:PVP outer layer and 1 10 layer 1:4 ibuprofen:PVP core 

to 1 5 1.4mm layer PVP buffer layer (blue) and 1 10 layer 1:4 ibuprofen:PVP outer 

layer and 1 20 layer 1:4 ibuprofen:PVP core to 1 10 1.4mm layer PVP buffer layer 

(green), where n=3±standard error.  
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Figure 103: Intrinsic Dissolution Rate from encapsulated prototype pulsatile dosage 

forms consisting of 2 10 layer 1:4 ibuprofen:PVP layers to 1 10 1.4mm layer PVP 

buffer layer (red), 2 5 layer 1:4 ibuprofen:PVP layers to 1 5 1.4mm layer PVP buffer 

layer (black), 1 5 layer 1:4 ibuprofen:PVP outer layer and 1 10 layer 1:4 

ibuprofen:PVP core to 1 5 1.4mm layer PVP buffer layer (blue) and 1 10 layer 1:4 

ibuprofen:PVP outer layer and 1 20 layer 1:4 ibuprofen:PVP core to 1 10 1.4mm layer 

PVP buffer layer (green), where n=3±standard error.  
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Figure 104: Drug release from encapsulated prototype pulsatile dosage forms 

consisting of 1 5 layer 1:4 ibuprofen:PVP outer layer and 1 10 layer 1:4 ibuprofen:PVP 

core to 1 5 1.4mm layer PVP buffer layer, where n=1.  
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Figure 105: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 1 5 layer 1:4 ibuprofen:PVP outer layer and 1 10 layer 1:4 

ibuprofen:PVP core to 1 5 1.4mm layer PVP buffer layer, where n=1.  
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Figure 106: Drug release from encapsulated prototype pulsatile dosage forms 

consisting of 1 10 layer 1:4 ibuprofen:PVP outer layer and 1 20 layer 1:4 

ibuprofen:PVP core to 1 10 1.4mm layer PVP buffer layer, where n=1.  
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Figure 107: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 1 10 layer 1:4 ibuprofen:PVP outer layer and 1 20 layer 1:4 

ibuprofen:PVP core to 1 10 1.4mm layer PVP buffer layer, where n=1.  

 

6.3.1.3.2 3 Pulse Attempts 

On increasing the number of distinct drug-containing layers and buffer layers in an 

attempt to increase the number of pulses, a more rapid initial increase in release occurs 

(Figure 108).   However, on examination of the intrinsic dissolution rate (Figure 109), 

it can be observed that, although the initial pulsatile peak is retained, the latter peaks 

are more flat resulting in a more matrix-like release.   This suggests there is a limit to 

the thickness of layers to separate the individual layers.   This is particularly important 

as the SIF starts to diffuse through the porous dosage form.   It is suggested that the 

limits of the SDI have been reached and thus to achieve more pulses, the dosage form 

would have to be scaled up and a different form of dissolution set up utilised.  

 



227 

 

Figure 108: Drug release from encapsulated prototype pulsatile dosage forms 

consisting of 3 5 layer 1:4 ibuprofen:PVP layers to 2 5 1.4mm layer PVP buffer layers 

(black) and 3 10 layer 1:4 ibuprofen:PVP layers to 2 10 1.4mm layer PVP buffer layers 

(red), where n=1.  
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Figure 109: Intrinsic dissolution rate from encapsulated prototype pulsatile dosage 

forms consisting of 3 5 layer 1:4 ibuprofen:PVP layers to 2 5 1.4mm layer PVP buffer 

layers (black) and 3 10 layer 1:4 ibuprofen:PVP layers to 2 10 1.4mm layer PVP buffer 

layers (red), where n=1.  

 

6.3.2 Full-Size Tablet 

6.3.2.1 Nano CT 

Nano CT allows identification of the drug containing areas of the tablet as described 

in Table 28.   Unfortunately, the rice paper was unable to be detached from the tablet 

as ibuprofen and PVP seemed to have a much greater adhesive quality and resisted 

delamination.   However, as it is fairly distinct in all images it does not have a 

detrimental effect on the data quality.   Initially looking at the outer surface of the 

tablet (Figure 110), there is evidence of the printed layers with the definition being 

particularly clear on stripping back the image.   There is some evidence of the effect 
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of spraying using a jet with a ghosting effect around the exterior of the tablet which 

supports some of the images seen previously in 3D Raman work (Chapter 3).    

 

Figure 110: Nano CT image of the full size ibuprofen (purple) and PVP K30 (blue) 

tablet at different angels and stripped back in black and white.  

 

Figures 111 and 112 show slices through the tablet horizontally, looking down from 

above.   The rings of drug containing layer and polymer only can be clearly seen 

defined from the drug containing core.   The porosity of the tablet can be observed 

with slightly ragged edges in Figure 111, but the distribution appears to be largely as 

expected supporting the previous TOF-SIMS and 3D Raman data (Chapter 3).    
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Figure 111: Nano CT image of the full size tablet sliced horizontally from above with 

the full tablet (top left) being sliced a third of the way down to show the start of the 

PVP buffer (top right), then another third to show the drug containing core (bottom 

left) and right down to the substrate (bottom right). 

 

In Figure 112, it can be observed that the top layer shows an oil-like, marbled 

distribution of drug and polymer, with ragged edges.   The mid-section shows evidence 

of porosity in the PVP layer, which may due to agglomeration of the particles on drying 

or a potential printer issue.   The lines made by the printer can be seen in this layer, as 

well as more ghosting from the spray of the printer.   The bottom slice shows more 
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evidence of the printer lines, ghosting and potential coffee ring effects.   The latter 

effect is something often observed in the literature (Yun, Kim, Lee, Cho, et al. 2009b, 

Yun, Kim, Lee, Yoo, et al. 2009, Singh et al. 2010, Scoutaris 2010, Fu et al. 2015, Sun 

et al. 2015, Talbot et al. 2015, Jabari and Toyserkani 2015, 2016, Seifert, Baum, et al. 

2015, Seifert, Sowade, et al. 2015, Soleimani-Gorgani 2016, Jonathan and Karim 

2016, Liu et al. 2016, Luan et al. 2016, Guo et al. 2017).    

 

Figure 112: Nano CT image of the full size tablet sliced horizontally from above as 

2D cutaway images of the tablet uncut (top left), a third removed (top right) and 2 

thirds removed (bottom). 
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Figure 113 demonstrates the effect of slicing through the tablet horizontally, looking 

up from below.   The first layer shows evidence of the rings of polymer alone and 

polymer and drug.   There is some evidence of a slight shift and ghosting in the print 

which may be due to the dependence on a vacuum to hold the substrate in position.   

This was reinforced with Sellotape in the latter stages.   The second slice shows the 

rings and the core more clearly and some evidence of spray ghosting.   The third slice 

shows the core more closely.   It appears off centre as the tablet was mounted on a pin 

and unfortunately was not completely straight.   The forth slice shows the top of the 

PVP layer and the fifth slice shows the beginning of the outer drug containing layer.   

These both exhibit an oily, porous appearance with ragged edges, which may be due 

to the spherical particles and agglomerates produced on printing in combination with 

the effect of spraying.   Ultimately, the last image shows the top layer, which again 

shows a slight angle due to the mounting of the sample.  
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Figure 113: Nano CT image of the full size tablet sliced horizontally from below with 

the rice paper removed (top left), less than a quarter removed (top right), about half 

removed (middle left), about 3 quarters removed (middle right), about 7 eighths 

removed (bottom left) and nearly all removed (bottom right). 
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Figure 114 demonstrates the effect of slicing through the tablet vertically from 2 

different angles.   The initial tablet images (top left and middle right) consistently show 

the drug and polymer layers generated by the printer around the curved face of the 

tablet as seen in the previous figures.   On the initial slice of both samples (top right 

and bottom left), the domed inner layers begin to appear with evidence of the layering 

becoming more prominent.   On slicing further into the tablet (middle left and bottom 

right), the images exhibit an interesting effect.   Due to the prolonged spray period and 

cone like nature of the jet there is a build-up of material in areas outwith the intended 

deposition.   A U-shaped dip can be observed in both the drug containing layer and the 

polymer only layer which may be due to scattering of the buffer material more than 

intended causing a lip around the edge of the tablet.  
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Figure 114: Nano CT image of the full size tablet sliced vertically gradually revealing 

the tablet core from two angles: angle 1: complete tablet (top left) and slice 1 (top 

right) and slice 2 (middle left), and angle 2: complete tablet (middle right), slice 1 

(bottom left) and slice 2 (bottom right).    
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On comparison to the literature there is no prior evidence of examination of pulsatile 

or inkjet printed tablets using x-ray CT of any kind.   However, there is prior evidence 

of analysis of tablets for the component density.   For example microcrystalline 

cellulose tablets were analysed using x-ray CT this manner to demonstrate the effect 

of granulation and compression (Sinka et al. 2004, Busignies et al. 2006).   Micro CT 

has been used previously to analyse coating thickness which supports the layering 

effect.   For example Kollicoat IR, talc, titanium dioxide, and iron oxide red tablets 

coated with Walocel HM5 PA2910 and polyethylene glycol 1500 were analysed in 

this manner (Russe et al. 2012). 

 

6.3.2.2 Drug Content 

On UHPLC analysis, the estimated drug content of the tablet was found to be 

approximately 92mg as demonstrated in Table 29.   The variation between samples is 

observed to be relatively low which is consistent with previous printing of ibuprofen 

samples (Table 22).  
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Table 29: Drug content of full size tablet components 

Tablet 

Component 

Average Drug 

Content (µg, 

n=3) 

Standard 

Error (µg ±) 

95% LCL 95% UCL 

Outer Layer Torus 

(1 cm-7.3 mm) x1 

205.69 23.2 90.42 320.96 

Outer layer 

Top/Bottom  

(1 cm) x1 

562.33 47.9 324.46 800.20 

Core (4 mm) x1 113.8 13.2 48.09 179.55 

Entire Tablet (50x 

layer core, 50x 

layer outer top, 

50x layer outer 

bottom and 150x 

layer outer torus) 

92777.89  N/A N/A N/A 

 

6.3.2.3 Dissolution 

Figure 115 demonstrates the drug release achieved from the full size tablet.   It can be 

observed that the graph finishes after 2 minutes.   This is as a result of the UV detector 

saturating and the IDIS software aborting as a result.   Although this meant that a full 

dissolution run was unable to be analysed, evidence of the initial pulse can still be 

observed.   The issue may have been that the overall concentration was too high to be 

measured using the flow cell set up.   Therefore, any future studies would have to be 

either carried out in a USP II set up or the overall tablet size or layer thickness would 

have to be reduced to prevent UV saturation.  
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Figure 115: Drug release from a full size pulsatile ibuprofen and PVP prototype.  
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6.4 Conclusions 

 

Initially samples were produced in a sandwich-style but media penetration resulted in 

loss of the second pulse, therefore a torus approach was employed and then ultimately 

a fully encapsulated approach enabling 2 pulses in 50 minutes to be achieved.   

Samples were modified by changing the core and buffer layers.   On changing the 

buffer layer, it was found that the peaks became less defined and often the latter peak 

was lost.   On changing the formulation to a 5:10 outer layers: core structure the pulses 

were found to come more quickly.   On changing the formulation to a 10:20 outer 

layers: core structure the pulses were found to be less defined and a more matrix like 

dissolution rate was observed.   On changing the layer number in pursuit of 3 pulses it 

was found the pulses became less defined suggesting the technology had reached its 

limits on the SDI.    

 

On scale up, it was observed through the Nano CT images that the distinct areas of 

drug and polymer were retained.   Rings of polymer and drug containing layers could 

be observed suggesting there is potential in scale up.   However, the jet did begin to 

have ghosting and weight interfering effects as the prolonged print period continued 

which may limit the aerosol jet printer’s use in this manner.   The drug content was 

found to be relatively consistent on printing and thus relatively predictable.   The 

sample was run on the USP IV but unfortunately the initial release pulse was found to 

be too large and thus the high concentration saturated the detector preventing further 

analysis.  
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Chapter 7: Conclusions, Challenges and Future Work 

 

7.1 Conclusions 

Aerosol jet printing has never been used in the field of pharmaceutical manufacturing 

previously.   As such the capabilities of the printer for use in dosage form manufacture 

were initially tested.   The printer exhibited a high degree of flexibility and precision 

as demonstrated by analysis of scalability and distribution.   The printer proved itself 

capable of easily changing the dose of samples without changing the starting ink in a 

reproducible manner by changing the number of layers and size of deposition pattern 

utilised.   Nozzle size may also be used but its reproducibility is limited slightly by the 

specifications of the manufacturer.   Speed was also tested but failed to prove 

sufficiently linear and reproducible to be used as a viable method of scaling.   

Distribution was found to be controllable both in terms of the distribution throughout 

a solid dispersion and in terms of being able to produce distinct areas of drug and 

polymer. 

 

Printing fenofibrate or ibuprofen alone resulted in a fully crystalline product.   On 

addition of PVP the solid state changed dramatically.   On printing fenofibrate with 

PVP the crystallinity was gradually reduced with polymer content until a fully 

amorphous product was formed at 75% or higher.   By contrast, on printing ibuprofen 

with PVP the crystallinity was fully lost at 50% polymer content.   Both drugs 

eventually formed spherical particles in a similar manner to spray drying.   The particle 

formation is very much dictated by the droplets formed on atomisation which can be 

considered a function of the rheological properties which suggest the higher the 

polymer content the higher the viscosity and the larger the droplet.   This also has an 

impact on the mass of drug detected with the polymer content dictating the ability to 

transverse the tubing and print head.  
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The formation of amorphous material has a considerable impact on dissolution and 

wettability.   Dissolution increases considerably on comparison to physical mixtures 

in the same ratios as a result of greater control over the drug content and distribution.   

Additionally, the changes to particle morphology and solid state result in greater 

dissolution overall.   With regards to fenofibrate, initially the dissolution and 

wettability increased in a gradual manner with PVP content until the amorphous 

particle formation.   At this point the dissolution increased considerably and the 

wettability became very similar to that of PVP.   With regards to ibuprofen, the 

wettability increases with the amorphous particle formation on addition of PVP and 

then remains relatively constant.   As a result of this, the intrinsic dissolution rate is 

fairly constant, however the drug release is more of a function of the polymer content 

and the overall drug content.  

 

Fenofibrate and PVP were also printed separately to observe the effect of polymer and 

drug interfaces.   On analysis of samples by SEM and TOF-SIMS interfaces were 

observed and these are believed to result in a reduction in the overall crystallinity.   As 

a result, the dissolution is improved but not as much as premixed formulations and not 

as reproducibly. 

 

On development of the technology to generate pulsatile profiles the existing solid 

dispersions were utilised with PVP alone layers with a view to generating the 

characteristic lag-pulse profile.   Fenofibrate proved inadvisable as the solubility 

became a rate limiting step as the media started to penetrate the dosage form washing 

away the PVP.   Ibuprofen however proved much more effective with initial 

“sandwich-style” studies showing minute evidence of pulsing.   By changing the 

manner of encasing the drug, the pulsing was refined to give up to two distinct pulses.   

Ultimately, it was possible to obtain an intrinsic dissolution rate profile rarely seen the 

literature previously.   The two pulses effectively formed two distinct peaks within an 

hour.   On scale up, it was possible to observe the tablet using nano CT.   Samples 

demonstrated evidence of layering and of the distinct areas of drug and polymer 

suggesting scale up is possible.   However, the prolonged period of printing did result 
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in more risk of ghosting and weight bearing issues.   Additionally, dissolution studies 

using this tablet proved unsuccessful as the initial pulse was found to saturate the UV 

detector.  

 

Overall it has been concluded that aerosol jet printing is a viable method of 

manufacturing dosage forms.   It has allowed a higher degree of precision than seen 

previously, enabling scaling and control over the location of the drug within a dosage 

form.   As such it has potential for either preparing low dose dosage forms for use in 

personalised medicine or paediatric treatments, or as part of a larger dosage form for 

example as an infill or coating technique.   It has demonstrated an ability to produce 

dosage forms capable of increasing the dissolution of BCS Class II drugs in a manner 

akin to a miniaturised spray dryer with multiple drugs.   Typically printing the drug 

alone results in a crystalline product but in the case of both drugs tested on the addition 

of sufficient polymer a wettable amorphous product was formed.   Interestingly, for 

fenofibrate the dissolution was a function of PVP content until the amorphous product 

was formed, whereas for ibuprofen the PVP content proved more important after 

amorphous particle formation.   The printer also has proven itself capable of generating 

more complex dosage forms with an intrinsic dissolution rate profile rarely seen 

previously.   Scale up was found to be possible, however dissolution of the resultant 

tablet failed.  

 

Thus, referring back to the research questions presented at the beginning of this thesis 

aerosol jet is capable of producing an oral dosage form which could at least supplement 

standard methods of tablet manufacturing.   Additionally, this system could be used to 

increase control over drug and excipient location within a dosage form and thus could 

be used for personalised medicine or controlled release.   Moreover, class II drugs can 

be effectively solubilised in this manner mostly by generating a solid dispersion 

through amorphous material formation.  
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7.2 Challenges  

7.2.1 Limitations of the Instrument 

7.2.1.1 Mechanical Limitations  

The Optomec AJ200 unfortunately struggles with right-angled turns.   However, it 

performs well on more obtuse angles such as those in hexagons and also performs well 

on circles, which in the context of pharma are the most applicable shapes.   The closest 

thing to squares and rectangles can be achieved on application of fillet commands on 

AutoCAD so if necessary these shapes can be utilised without the presence of sharp 

angles.    

 

Another major issue with the Optomec is that it has a single print head and a single 

pneumatic atomisation vessel and thus for production of controlled release 

formulations it is limited.   Ideally it could be improved by adding an additional print 

head which could be interchanged with the existing one with ease and an additional 

vessel (Figure 116).   The idea of a multiple nozzle print head is something that 

Optomec has patented for use in other types of printers so it is possible that the current 

one could be easily modified (King 2014). 
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Figure 116: Theoretical design of a dual atomiser and print head system.  

 

Additionally, the printer cannot be considered fully continuous.   Currently the printer 

is continuous from drug and excipient mixing to product, but the mixer cannot be fed 

continuously limiting integration into the continuous line.   This could be remedied by 

modifying the instrument to include a feeder.   However, due to the need for complete 

nitrogen leak sealing of the instrument to allow sufficient pressure this would require 

the design of a feeder with valves which would prevent pressure loss.    

 

7.2.1.2 Limitations of the Software 

Another major limitation to integration into a continuous line is the fact that the 

Optomec AJ200 Inkjet 3D Printer is not fully automated.   As this aerosol jet printer 

comes with the standard Optomec Aerosol Jet KEWA software provided by the 

company for use in constructing very fine metal components, it is not really designed 

for layering or more complex tablet designs.   As such to achieve a layered formulation 

the operator must continuously restart the process.   This has pros and cons.   The pros 

are that it allows the operator to check for any issues with ink flow or pressure between 

layers.   However, the printer is not able to be fully automated as a result of this and 
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thus requires full supervision which may be taxing to the operator.   Additionally, if 

the formulation encompasses an infill element for delayed or pulsatile release, a 

minimum of 3 different CAD scripts are required rather than the normal single CAD 

script.   Thus, improvements to this could involve development of a script to instruct 

the instrument to perform repeats and read more complex CAD outputs.    

 

Furthermore, the instrument software has a flaw in that although the instrument has a 

risk of damage should the nitrogen pressure get too high, there is no means of cutting 

the gas flow automatically.   The application of a script could allow control over the 

pressure by instructing the software to switch off the atomiser flow should the pressure 

of exceed the normal ranges.    

 

7.2.1.3 Instrument Blockages due to Precipitation 

As the Optomec AJ200 was not designed for use in pharma there were a number of 

challenges associated with using APIs in the system.   Pure fenofibrate was particularly 

difficult as due to its poor solubility and the volatile nature of ethanol, it had a tendency 

to precipitate out in the narrow orifices of the printer, most notably in the virtual 

impactor and the ceramic nozzle tips.   Risk of crystallisation and precipitation within 

the lines and pneumatic atomisation vessel was also an issue, with larger particles 

increasing the chance of blockages.   Attempts were made to reduce the risk of this by 

reducing the concentration of drug from 40 mg/ml to 30 mg/ml to keep the drug in 

solution.   This still blocked the printer and thus the concentration was reduced further 

to 20 and then 10 mg/ml, however neither of these provided an advantage over 30 

mg/ml.   Thus, the higher concentration was retained as the benefits of drug loading 

outweighed the drawbacks of the need for more frequent sonication or multiple nozzle 

tips.    

 

On application of pure polymer, it was found that PVP 10,000 and PVP K30 could be 

easily printed.   However, the printer struggled with PVP K90 at 30 mg/ml and thus 

the concentration had to be reduced by 3-fold to reduce the viscosity enough to allow 



246 

 

effective printing.   On application of HPMC the printer struggled even further, even 

at a reduced concentration and thus this polymer was discounted from the current 

study.   When fenofibrate and PVP K30 were premixed it was found that deposition 

was considerably easier to achieve than pure drug as the polymer enabled better flow 

and reduced the overall risk of precipitation.   Additionally, keeping the ink for a 

maximum of 3 days, cleaning the print head with a needle and changing the tubing 

regularly seemed to improve flow overall.   Interestingly ibuprofen did not as readily 

block the printer which may be due to the slightly higher solubility possessed by this 

compound. 

 

Additionally, the printer has a tendency to block at the print head as a result of build-

up of material in the shutter.   The printer has a continuous flow but in order to allow 

generation of patterns the flow must be controlled by a shutter head.   This shutter head 

however is not self-cleaning as previous work with the printer has not required such 

viscous substances or such considerable volumes.   As such the shutter can cause issues 

such as spray and blocking.   The addition of a vacuum to remove excess ink could be 

easily achieved as the stage already has one.   This would enable less blockage and 

less risk of contamination. 

 

7.2.2 Challenges due to the Nature of the Manufacturing Technique 

As inkjet printing requires some form of substrate, a number of issues were 

encountered in analysis.   For XRD, initial samples were printed on standard printer 

paper and Kapton film.   Printer paper was found to result in extra peaks which are 

believed to be due to the cellulose content (Foner and Adan 1983).   Although the 

Kapton film gave a better signal than printer paper, on comparison to rice paper the 

latter was found to produce more prominent API crystalline peaks overall.   From this 

point on in the study, printing was to be carried out on rice paper and then the rice 

paper was subtracted using the diffraction software.   UHPLC was also carried out on 

rice paper as it was found with sufficient sonication and filtration the rice paper had 

no detrimental effect.   Due to the risk of signal disruption, DSC and SEM were carried 
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out by printing directly on to the pans and plates utilised.   Additionally, TOF-SIMS 

was printed directly on to silica to avoid signal disruption or surface effects. 

 

Dissolution was perhaps the most challenging as due to the relatively small mass of 

drug and overall surface area utilised initially.   Thus, the Sirius SDI, which is 

conventionally used to test surface dissolution of powder and granular systems, was 

utilised (Ward et al. 2017).   However, the depth of the standard sample cups meant 

the time taken to produce individual samples was too long.   As such modified sample 

cups were made initially by 3D printing plastic insets which could be glued in position 

within the existing sample cups.   Unfortunately, the plastic could not withstand the 

solvents required to clean the drug from the sample cups.   Thus, plastic purpose made 

cups capable of withstanding solvent use were procured from Paraytec Ltd.   The SDI 

itself also proved challenging because the presence of a single bubble in the media 

could completely ruin the UV absorbance recorded.   However, it was established that 

heating the media to 37°C prior to addition to the instrument and insulating the syringe 

with aluminium foil seemed to prevent bubbles.   This has been observed previously 

in other SDI studies (Madelung et al. 2017).    

 

Samples exhibited varying degrees of fragility.  Pure PVP samples were only stable 

up to a concentration of 60 mg/ml and as such some samples were lost to cracking and 

delamination.   Some of the 1:3 and 1:4 fenofibrate:PVP samples suffered a similar 

fate but it was found the larger the area printed and the thicker the sample, the more 

stable they were.   The effect of cracking and delamination has been observed in a 

number of studies previously (Podczeck et al. 2006, Podczeck and Al-Muti 2010, 

Podczeck 2011, Choi et al. 2014, Papós et al. 2015, Demiri et al. 2018).   Samples 

would have to be protected in the packaging stage primarily however other excipients 

may need to be added to increase stability as it was occasionally found that samples 

cracked during production too.   Transport to Macclesfield and New Jersey proved 

challenging as a result of the fragility and required heat sealing in foil/polymer bags.       
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Interestingly the presence of the drug in the formulation seemed to result in more 

robust samples relative to the polymer alone as 30 mg/ml fenofibrate to 120 mg/ml 

PVP K30 resulted in a relatively strong formulation compared to 120 mg/ml PVP K30 

alone which was found to be highly prone to cracking.   This plasticizing effect has 

been observed in a number of studies previously and as such could be cultivated to 

improve stability (Forster, Hempenstall, and Rades 2001, Huang et al. 2006, Li et al. 

2014, Wiranidchapong et al. 2015).    

 

7.2.3 Challenges Arising from the Drugs Utilised 

7.2.3.1 Issues of Content Uniformity 

Initially the content detected within the fenofibrate samples was observed to be very 

irregular and thus it was thought to be an issue with the printer.   There was better 

dissolution in the samples containing polymer with increasing content of polymer 

correlating with higher drug concentrations detected.   Thus, it was concluded the drug 

may be failing to dissolve fully in the solvent.   It was established latterly this was due 

to a failure for the rice paper to fully release the drug, as sonication seemed to achieve 

better content uniformity, and thus this would need to be considered if rice paper was 

incorporated into future formulations.    

 

Some formulations continued to have some issues with content uniformity latterly, 

however it is believed this is due to the differences in morphology exhibited on the 

SEM, and thus differences in the manner in which they transverse the tubing, virtual 

impactor and print head.   For example, 2:1 fenofibrate:PVP ink was found to result in 

larger plate-like particles and 2:3 fenofibrate:PVP ink was found to result in bigger 

agglomerates, both of which caused varying mass, while 1:1, 1:2, 1:3 and 1:4 had 

smaller, smoother, more uniform particles overall.   The dosage forms with lower 

polymer content interestingly resulted in smoother tablets which it is believed may be 

due to the manner in which the drug and polymer interacted as the polymer appeared 

to coat the flatter drug particles allowing them to bind more closely at lower 

concentrations, rather than forming more porous formulations when the particles were 
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spherical.   Ibuprofen proved to be much more reproducible overall which may be due 

to the more constant morphology of the particles.  

 

7.2.3.2 UHPLC Method Choice 

Initially the BP HPLC method using 70:30 acetonitrile:acidified water mobile phase 

and sample dissolution media was employed (British Pharmacopoeia Commission, 

2018).   However, this proved to result in incorrect readings, low retention times, some 

potential degradation and similar retention times for both the drug and its potential 

degradation product.   This may be due to the BP method being designed for a standard 

HPLC rather than a UHPLC (Elkady et al. 2017, 2017).   Thus, method testing was 

carried out to test for the effect of temperature, flow rate, gradient testing, altering the 

mobile phase ratio and the use of acetonitrile alone for sample preparation.   The 

primary objectives of this were to achieve longer retention times, distinct peaks for the 

drug and the metabolite, linear calibration curves and minimal noise interference on 

the baseline.   Flow rate and temperature appeared to have no effect on the calibration 

curve relative to the original method.   Dissolving in acetonitrile alone for these 

samples and the original method seemed to result in a more linear calibration curve.   

There was noise observed in the baseline of these samples.   However, on application 

of an 80:20 acetonitrile:acidified water mobile phase minimal noisiness was observed, 

single peaks were observed and an r-squared value of 1 was observed for both the 

samples dissolved in mobile phase and those dissolved in acetonitrile.   Likewise, an 

r-squared value of 1 was observed for the gradient samples, however these were all 

very noisy in nature, which may be attributed to the initial exposure to 70% acidified 

water potentially causing degradation to the samples.   As such the 80:20 method was 

selected.   For ibuprofen it was found that a very similar method could be used on 

consulting the literature (Caviglioli et al. 2002, Farrar et al. 2002).   On running tests 

on 80:20, 70:30 and 60:40 acetonitrile:acidified water, 60:40 was found to have the 

least noisy baseline and a clean peak distinct from any solvent fronts. 
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7.2.3.3 Molar Extinction Coefficient 

Determination of the molar extinction coefficient proved challenging as fenofibrate is 

so poorly soluble with an aqueous solubility of 0.000707 mg/ml as reported on 

Drugbank (Drugbank, 2018).   Calibration samples were initially attempted in SIF with 

PVP present, this proved unsuccessful, then in a mix of methanol and SIF, which also 

proved unsuccessful.   Then samples were prepared by generating a stock solution in 

methanol and diluting with SIF but this resulted in a very low value being obtained 

from the SDI and it is believed this may be why fenofibrate has never been used in this 

technology previously.   Then polymer was added to the standards but even then, all 

standards exhibited some precipitation resulting in an unreliable set of MEC values.   

It was also considered to use data from other Sirius equipment such as the T3 but as 

fenofibrate is non-ionisable this proved inadvisable as this technique is very pH 

dependent.   After consulting the literature (Dhabale and Gharge 2010, Gupta et al. 

2010, Kondawar et al. 2011, Sevda et al. 2011, Mandwal et al. 2012, Hirave et al. 

2013), the decision was made to use methanol to generate an initial stock solution and 

then this was diluted using SIF to ensure the calibration standards were as close as 

possible to the test media.   However, the drug was still precipitating out so the content 

was increased to 10% in the diluted samples by adding the stock and then making the 

volume up to 10% with methanol before diluting with SIF.   Ibuprofen was more 

soluble overall as demonstrated by an experimental solubility of 0.021 mg/ml on 

Drugbank (Drugbank, 2018).   Although dissolving in pure SIF proved inadvisable, 

the use of a methanol stock and an SIF only diluent proved effective.   This allowed 

more accurate determination of the molar extinction coefficient than fenofibrate as less 

than 1% methanol was required in this case.    

 

7.2.3.4 Pulsatile  

Initial attempts at pulsatile work featured fenofibrate as this was the original candidate 

drug but it was found that fenofibrate failed to pulse effectively out of a formulation.   

This is thought to be due to a combination of the relatively low solubility of the drug 

even in the solid dispersion, the porosity of the PVP and the flow cell design of the 

SDI.   It is thought, based on the contact angle, what is likely to have happened is that 
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the SIF has penetrated the solid dispersion washing away much of the PVP and then 

the fenofibrate has precipitated out in the aqueous solution.   Fenofibrate was then 

replaced by ibuprofen as due to its ionisable nature this drug performed far better in 

SIF than fenofibrate overall, despite its BCS Class II properties.     

 

7.3 Future Work 

7.3.1 Alterations to the method 

As the aerosol jet has never been used in pharmaceutical manufacturing prior to the 

current study, the possibilities of future work are infinite.   For example, the process 

could be tested using different drugs, solvents and polymers to examine the effect of 

each on the crystalline properties of the dosage form generated.   The effect of printing 

film forming polymers previously used in spin coating or inkjet printing would be 

particularly interesting.   As the study features both neutral and acidic BCS Class II 

compounds, it would be fitting to also analyse a basic compound such as carvedilol 

and compare the effects on dissolution.   Additionally, it would be interesting to see 

how the instrument performs using other inks such as lipid-based inks and 

nanoparticulate inks.   The latter would be particularly interesting as the aerosol jet has 

previously been used to deliver silver nanoparticulate ink and as such may be able to 

deliver drug nanoparticles without damaging them (Salary et al. 2016, Agarwala et al. 

2017).   It would also be interesting to see what the implications of the addition of 

other excipients such as disintegrants are on the ink generated, the particles produced 

and the resultant dissolution.   Furthermore, this study has primarily focused on the 

use of circles to generate dosage forms but the printer is capable of creating other non-

square shapes such as hexagons so theoretically the drug release could be modified 

using different shapes within the dosage form as demonstrated in previous inkjet 

printing papers (Kyobula et al. 2009, 2017, Yun, Kim, Lee, Yoo, et al. 2009). 

 

One major requirement of future work is the use of on-line and in-line monitoring.   

This monitoring could be employed in two places in the study, at the initial 

manufacturing stage and at the flow cell dissolution stage.   The printing process 
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ideally would be monitored at the jetting stage and initial atomisation.   Previous 

aerosol jet printing studies have used cameras and shape from shading image analysis 

to collect data of silver ink lines (Salary et al. 2016, 2017).   Optomec KEWA also has a 

built-in imaging system to observe printed samples on the stage but this was designed for metal 

inks and is dependent on their inherent colour and shiny nature.   Thus, unfortunately 

pharmaceutical materials, which are largely white or colourless and matte in nature, cannot be 

seen effectively using this software.   Ideally an infrared camera or a Raman phat probe would 

be required due to the size and particulate nature of the printed samples.   Within the instrument 

itself, it may be more difficult to integrate PAT as the whole instrument is sealed to prevent 

nitrogen pressure drop.   Although it is possible to attach a probe to the atomisation vessel to 

measure temperature it is merely a millimetre in diameter and thus considerably thinner than 

most PAT probes.   Ideally NIR and Raman could be used in combination to analyse 

distribution and polymorphic state but locating a probe small enough may be problematic so 

changes to the design of the atomisation lid may be required to accommodate this (De Beer et 

al. 2011, Saerens et al. 2011, Vanarase et al. 2013).   In terms of monitoring the dissolution, 

the SDI already contains on-line monitoring in the form of an integrated UV spectrometer, but 

this only allows detection of drug content and distribution.   Due to the poorly soluble nature 

of the drugs used in the current study in-line monitoring of the polymorphic state is required, 

which may be conducted by use of a Raman probe (Østergaard, Wu, et al. 2014).   Due to 

time constraints this unfortunately was not attempted in the current study.  

 

In terms of progressing the work into scale up, a number of approaches could be taken to avoid 

the UV saturation issues.   The overall dose of the tablet could be reduced by decreasing the 

deposition area or decreasing the drug content of the drug layers’ starting ink.   The former 

option may be preferable as this would reduce the overall manufacturing time, enabling more 

rapid production of multiple tablets.   Additionally, the USP IV could be replaced with a 

standard USP II method decreasing the maximum concentration available and reducing the 

chance of saturating the UV detector.  

 

7.3.2 Applications 

The high precision nature of the technology has a number of potential uses.   For 

example, it could be used to create a range of release profiles.   Immediate and 
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sustained release layers may be delivered in this manner as shown previously in direct 

compression studies with immediate release lactose and nystatin and sustained release 

carbomer, HPMC and nystatin (Llabot et al. 2002).   The ability to print distinct areas 

also means drugs and excipients with different properties could be used in conjunction 

within the same dosage form.   For example, chemically incompatible drugs could be 

formulated together with a barrier layer, using two APIs or two layers of the same API 

with different release profiles, reduced dosing frequency and increased efficacy of the 

drugs via a synergistic effect (Abebe et al. 2014).    

 

The scalable nature of the technology also has a number of potential uses.   The primary 

use would be as a personalised medicine mechanism.   Patients vary considerably in 

terms of their dose requirements as individuals can be different ages, genders, races 

and weights.   Additionally, patients can have different levels of drug resistance which 

reduces the efficacy of the drug.   It has also been demonstrated previously that the 

dose requirements of patients can vary by as much as 50-fold depending on how 

quickly and efficiently the body metabolises the API (Xie and Frueh 2005).   Scaling 

is particularly applicable for use in paediatrics and elderly patients.   The dose required 

for the former is so variable, is generally determined by weight and is often only a 

fraction of the adult dose.   The latter group often requires a “cocktail” of drugs so 

dosing is even more important to avoid adverse effects.    

 

The pulsatile systems could also be developed to match the requirements of particular 

drugs and disease states.   For example, pH sensitive layers could be included to ensure 

release in the correct area of the gastrointestinal tract for the most efficient absorption 

(Blatnik et al. 2015).   Here too, there is also the possibility of multiple configurations 

such as incorporating different release rate profiles within the same dosage form 

(Llabot et al. 2002, Malewar et al. 2015).   Rowe demonstrated the ability for different 

regions of a printed sample to be utilised to generate different release profiles with 

pulsatile, immediate and extended release demonstrated in combinations.   This was 

3D printing but there is potential to do this on a higher precision level. (Rowe et al. 

2000). 
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Additionally, the aerosol jet technology could be used in conjunction with other 

techniques to produce dosage forms.   For example, it could be used to print an 

immediate release layer on the outer surface of a tablet for a burst release before a 

sustained release.   Alternatively, it could be used as an infill technique to fill 3D 

printed tablets with a hollow core to either generate a different release profile within 

an outer matrix system (Marizza et al. 2013, Solanki et al. 2018, Verstraete et al. 2018).   

Additionally, this infill could be used a means of generating a system for weaning 

patients off addictive drugs as the outer 3D printed tablet could even be a placebo.  

 

Ultimately, the use of the instrument need not be limited to oral solid dosage forms.   

For example, previous research into inkjet printing has featured production of several 

different types of dosage forms.   Previous research has included production of 

transdermal drug delivery systems such as microneedles and patches (Ross et al. 2015, 

Uddin et al. 2015, Xie et al. 2015, Economidou et al. 2018), implants (Mau et al. 2016, 

Scoutaris, Chai, et al. 2016, Scoutaris, Ross, et al. 2016) and hydrogels (Pataky et al. 

2012, Wei et al. 2015, Nakagawa et al. 2017).   Therefore, aerosol jet printing could 

potentially be developed as a method for producing patches, implants, stent coatings 

and ocular hydrogel based delivery systems.  
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Appendices 

 

Appendix 1: SEM 

A1.1: SEM of PVP K30 (A), fenofibrate (B), 2:1 (C) and 1:1 (D) fenofibrate:PVP K30 

taken at x20K magnification. 

A) B) 

C) D) 
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A1.2: SEM of 2:3 (A), 1:2 (B), 1:3 (C) and 1:4 (D) fenofibrate:PVP K30 taken at x20K 

magnification. 

 

A) B) 

C) D) 
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Appendix 2: Printer Capabilities 

A2.1: Examples of percentage success and failure of printing using the aerosol jet, 

based on the number of samples discarded 

Deposition 

(mm 

diameter) 

Ink Nozzle Size 

(µm) 

Speed 

(mm/s) 

Layer(s) 

(n) 

Success 

(%) 

Failure 

(%) 

5 1:1 

FNF:PVP 

100 3 1 0 100 

5 1:1 

FNF:PVP 

150 3 1 66.67 33.33 

5 1:1 

FNF:PVP 

200 3 1 100 0 

5 1:1 

FNF:PVP 

250 3 1 66.67 33.33 

5 1:1 

FNF:PVP 

300 3 1 100 0 

2 1:1 

FNF:PVP 

250 3 1 100 0 

7 1:1 

FNF:PVP 

250 3 1 60 40 

10 1:1 

FNF:PVP 

250 3 1 88.89 11.11 

5 1:1 

FNF:PVP 

250 3 2 72.73 27.27 

5 1:1 

FNF:PVP 

250 3 3 100 0 

5 1:1 

FNF:PVP 

250 3 4 91.67 8.33 

5 1:1 

FNF:PVP 

250 3 5 50 50 
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5 1:1 

FNF:PVP 

250 1 1 37.5 62.5 

5 1:1 

FNF:PVP 

250 2 1 9.09 90.91 

5 1:1 

FNF:PVP 

250 4 1 25 75 

5 1:1 

FNF:PVP 

250 5 1 50 50 

5 1:1 

FNF:PVP 

250 6 1 25 75 

5 1:1 

FNF:PVP 

250 9 1 100 0 

 

 

 



299 

 

A2.2: Average calibration curve for UHPLC of fenofibrate over a range of 5-100µg/ml 

using the 80:20 acetonitrile:acidified water method at 280 nm, where r²=1 and n=9 ± 

standard error with 95% confidence intervals of 1213.88 units and 1247.58 units, 

606.69 units and 624.66 units, 296.80 units and 317.61 units, 115.41 units and 127.43 

units, and 53.13 units and 66.10 units for 100, 50, 25, 10 and 5 µg/ml respectively. 
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Appendix 3: Calibration curves for SDI 

A3.1: Average calibration curve for UHPLC of ibuprofen over a range of 5-100µg/ml 

using the 60:40 acetonitrile:acidified water method at 214 nm where r²=1 and n=4± 

standard error with 95% confidence intervals of 1025.87 units and 1109.23 units, 

504.39 units and 555.84 units, 242.54 units and 280.25 units, 84.48 units and 115.84 

units, and 31.53 units and 61.31 units for 100, 50, 25, 10 and 5 µg/ml.    
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A3.2: Calibration curve generated using the Sirius Analytical SDI for fenofibrate over 

a range of 1-10µg/ml in a 90:10 SIF:methanol solution, where y=14831x+0.002,  

r²=0.9948 and P=0. n=3± standard error with 95% confidence intervals of 0.00994 

units and 0.0244 units, 0.03389 units and 0.05686 units, 0.08182 units and 0.09682 

units, and 0.10742 units and 0.13537 units for 1, 2.5, 5, 7.5 and 10 µg/ml respectively.    
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A3.3: Calibration curve generated using the Sirius Analytical SDI for ibuprofen over 

a range of 1-10µg/ml in SIF (using a 1ml methanol stock), where y=14806x+0.007, 

r²=0.9915 and P=0. n=3± standard error with 95% confidence intervals of 0.02229 

units and 0.03813 units, 0.02359 units and 0.08115 units, 0.03883 units and 0.12576 

units, 0.07909 units and 0.18849 units, and 0.10381 units and 0.23604 units for 1, 2.5, 

5, 7.5 and 10 µg/ml respectively.  
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Appendix 4: Contact Angle 

 

A4.1: Contact angle of glass coverslips over a 30 second period. 
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A4.2: Contact angle of PVP spin coated samples over a 30 second period. 
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A4.3: Contact angle of fenofibrate and PVP spin coated samples over a 30 second 

period. 
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A4.4: Contact angle of fenofibrate and PVP printed samples over a 30 second period. 
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Appendix 5: Calibration for USP IV 

A5: Calibration curve for ibuprofen in SIF using the USP IV flow cell system coupled 

with the UV spectrometer at 222 nm, where  y=0.0493x-0.0215  and r² = 0.9987.  


