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ABSTRACT 

Drug design and manufacture is a large industry that is continually changing as new research becomes 

available on new drug candidates, processing equipment and methodology, delivery systems and 

modification of existing moieties, among others. A lot of research, not just among drug development but 

elsewhere, is currently being performed on creating materials on the nanoscale and measuring their 

behaviour in relation to their more macroscopic counterparts. There is a widespread range of options 

for use of such nanomedicines ranging from oral dosage modifications, sustained release of drugs, 

targeting to specific sites, and imaging.  

With regards to oral dosage forms, the majority of currently available drugs are present as a hard-

packed tablet or granules within a capsule. Within these, there are several drugs, such as Non-Steroidal, 

Anti-Inflammatory Drugs (NSAIDs) which can cause irritation and other unwanted side effects when 

present in gastric environments. In order to offset these, enteric coatings comprised of pH dependant 

polymers are added to the outside of the tablet or granule. These polymers have very poor solubility 

within low pH conditions such as the stomach which prevents the enclosed drug from being released, 

yet under higher pH conditions such as are found in the intestines the polymer begins to swell and 

dissolve allowing the drug to be released and absorbed. Also noteworthy is that such coatings prevent 

breakup of the tablet to such a degree that if taken just before or after ingesting food, the tablet will 

remain in the stomach for several hours before being passed through, delaying the onset of the drugs 

actions considerably. This is one of the reasons that several tablets have a warning about taking the 

tablets several hours before or after eating. 

Current methods for obtaining nanoparticles of drugs are varied and wide-spread. Some involve 

dissolving the drug into an organic solvent, before forcing it to nucleate in an aqueous solution 

undergoing mixing. Others use spray drying to force the drug to precipitate as the solvent in the droplets 

quickly evaporate. Researchers create polymer beads through some form of emulsification before 

incorporating the drug into these beads using a solvent. Other researchers use an organic solvent at 

some point in their processing. Applying a coating material adds additional processes, some depending 

on a pure drug particle, others with an encapsulated drug already formed. 
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Combing the use of drug nanoparticles with enteric coatings alleviates most of the inherent issues with 

taking drugs with food, which eliminate the strict conditions on its use making it more user-friendly for 

patients that may have memory issues. To this end nanoparticles of selected drugs (naproxen and 

progesterone) were produced via dry ball-milling and individually coated using a process intensification 

paradigm. Dry ball-milling involves the use of metal balls within a container, wherein the drug is added 

in powder form. This is shaken at high speed to induce particle reduction by high impact collisions. 

Simplistic acid/base precipitation methods were utilised to reduce the quantities of potentially harmful 

and difficult to remove organic solvents that are rife in the preparation of nanoparticles in the literature. 

The thin coats thus formed, provided significant protection from dissolution of the enclosed drug, while 

keeping the drug particles below 500 nm in diameter. 

Research was also undertaken to explore the possibilities of using process intensification to create 

nanoparticles from a bottom-up approach and then synchronise it with the coating step to provide a 

one-pot process to create the coated drug nanoparticles. Another reason for this angle was to remove 

the use of large quantities of lactose that is part of the milling procedure, and thereby reduce the 

quantity of non-primary materials in the total manufacturing process. Through tests on three different 

process intensification equipment with multiple variables being tested, particles larger than those 

achieved through ball-milling were made; typical sizes of the drug particles varied from 800 nm to 5 µm. 

Nanoparticles were fabricated using low concentration drug solutions, but these proved to be a 

significant challenge when attempting to recover dry material for future tests. In addition, progesterone 

is not affected by the acid/base methodology in the same way and so could not be used for this stage of 

the research. Instead a solvent/anti-solvent approach was used with an ethanol/water system. This 

resulted in particle sizes comparable with milling, but simultaneous formation/coating proved to be 

elusive for the enteric polymers studied. A similar milling approach was used on curcumin to determine 

if the size reduction would improve bioavailability in oral dosages, as well as determining if these smaller 

particles would prove more effective that bulk curcumin in treating liver cancer. Although the size 

reduction did increase bioavailability, there was no distinction between its effects on cells, cancerous or 

otherwise. However the nanoparticles did affect the cells more than the bulk material. Finally turmeric 

was milled, leading to a significant decrease in particle size leading to increased bioavailability of 

curcumin under intestinal conditions. 
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CHEMICAL AND METHOD INFORMATION 
 

Acryl-Eze   ColorCon (America) 

Cellulose Acetate Pthalate  Shin-Etsu (Japan) 

Curcumin   Sigma-Aldrich (Germany) 

Lactose    Meggle (Germany) 

Hypromellose Acetate Succinate Shin-Etsu (Japan) 

Hypromellose Pthalate  Shin-Etsu (Japan) 

Naproxen   Divis   (racemate) 

Polyvinyl Acetate Pthalate  Shin-Etsu (Japan) 

Polyvinyl Pyrrolidone  Sigma-Aldrich (Germany) 

Progesterone   Dayang (China) 

Sodium Dodecyl Sulphate  Sigma-Aldrich (Germany) 

Turmeric   Local Shop 

 

The USP2 dissolution method mentioned in this work was not followed exactly. This was due to 

restrictions with the equipment available and advice from the industry partners to run the simulated 

gastric and intestinal fluids separately with fresh powder for each. In addition only 2 capsules of each 

material being tested were run at a time to ensure the solutions for the different samples was 

consistent. This leads to these results being preliminary, however many repetitions of the samples did 

lead to highly consistent results for each sample. For a similar reason 271 nm was chosen for scanning 

for absorption peaks as it was the earliest and most recognisable peak using our equipment. 

Except where noted, all experiments were performed in triplicate with the results then averaged 

together for use in graphs and other analysis. 
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CHAPTER 1: INTRODUCTION 

Pharmaceutics is a wide ranging discipline that covers a variety of different elements of science and 

techniques. It is responsible for the majority of medicines available today, as well as developing drugs of 

the future; be they man-made, a synthesised version of a naturally occurring chemical, or indeed in 

characterising natural products from both flora and fauna and determining their efficacy and potency 

for curing many of the malaises that plague humans and animals today. 

Working within this field requires communication and skills from many different aspects of science, from 

biology to engineering. Biology allows new specimens of creatures or plants to be gathered and 

characterised, chemistry allows for the determining of the potential of the chemicals within, physics 

helps with the pharmacokinetics of the compounds, and engineering is responsible for the creation of 

new equipment that can help manufacture these new compounds on a commercial scale. 

With a multi-billion dollar market for medicines, large companies spend millions on developing new 

drugs, adapting old ones, and trialling them to ascertain their potential for use in humans. Creating a 

drug, though difficult and fraught with dangers, is relatively easy compared with that same drug 

progressing through the various clinical trials that will determine if it is safe for general human usage. 

Smaller companies do not have the funding to go through these lengthy clinical trials, so they either take 

drugs that have already passed these tests and attempt to modify them slightly so they can claim a 

patent on it, or they ally themselves with a larger company that will cover the costs of the trials of any 

drugs that are discovered by the smaller company, for a share in profits. 

It is commonly found that some of the more potent drugs that are discovered have very poor 

bioavailability (both dissolution characteristics and absorption into the blood stream),1-4 and this renders 

them unattractive to further development by the pharmaceutical companies that initially discovered 

them. Depending on the structure of the drug, structural changes can be made to introduce chemical 

groups that will improve the bioavailability of the drug without adversely affecting the potency of the 

drug.3 However, in some cases this is not possible, or is financially untenable in commercial quantities, 

and so if the drug is to be used alternative methods must be used to improve the bioavailability. One of 

the more common routes is to reduce the particle size of the drugs down to microscopic and nanoscopic 
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sizes to introduce a vastly greater surface area that can significantly improve the dissolution properties 

of the drug.2-4 

The drugs that are used the world over differ in appearance and effect; some drugs are taken in a solid 

dosage form such as a tablet, whilst others are injected or taken in a liquid form. Colours can vary 

between drugs, depending on the original compound and if any coloured additives have been used. 

Some drugs reduce pain, some fight diseases, some just treat symptoms of diseases. For the majority of 

illnesses around, there is some drug that can cure it or at least reduce the effects of having it to a more 

manageable level. 

The following sections will deal with various literature methodologies, background, issues with current 

techniques and potential routes that this work can take. Briefly, this covers an overview of the digestive 

system and application of drugs to the body, information about the two drugs chosen for this work, 

benefits of nanoparticles, use and applications of enteric coatings, uses and benefits of turmeric and 

curcumin, the various methods used for this work and finally the overall aims. 

1.1 DRUGS AND THE DIGESTIVE TRACT 

1.1.1 THE HUMAN DIGESTION SYSTEM 

The human digestive tract is one of the organ systems in the human body, and is composed of several 

different organs that together remove nutrients from food and absorb them into the blood stream 

where they can be sent wherever they are needed. Food is taken in at the mouth, where it is broken 

down. There it travels down the oesophagus to the stomach where it is further broken down into a 

slurry. This is then passed on to the small intestine through the duodenum where the nutrients are 

absorbed. It then passes through the large intestine where the water is absorbed, before passing out 

through the colon.5,6 

In the mouth, the food is initially broken down by the teeth masticating it. This generates a larger 

surface area that the enzymes in the saliva can then act on, increasing the rate at which the food is 

broken down. When the food is small enough it will be swallowed and taken down the oesophagus 

through peristaltic movement. This ensures that the food rapidly reaches the stomach and means that 
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the orientation of the human body at the time is not a factor, as it would be if it was just gravity that 

moved it down.6 

When food is not present in the stomach, there is a repeating series of phases that occur. The majority 

of the series is taken up with inactivity. The second phase involves a number of irregular contractions 

that occur with increasing rapidity and amplitude. When these contractions reach their maximum, the 

last phase occurs. It is at this point that any solid objects remaining in the stomach will be released into 

the intestines;7 this is important for the enteric coatings examined later. When the food is present in the 

stomach further breakdown occurs through several actions: mechanical action from the stomach lining 

pulsating, enzymatic action from enzymes in the saliva and new ones from the stomach, along with 

degradation from the acidic environments (pH 1-3). The acidic conditions also destroy any errant 

bacteria that are swallowed with saliva from the mouth.8 

The top half of the stomach is mainly used as a reservoir for the food before it is processed further, 

keeping it separate from the rest of the food that is currently being digested.6 The stomach can distend 

to encompass a large volume of food, which is then mixed with secretions of gastric juices, bile salts and 

digestive enzymes. The walls of the stomach then pulsate, forcing the food down towards the lower half 

of the stomach, mixing it in the process. In the lower half, the end of the stomach remains closed, 

further causing mixing of the food which has now become a slurry. Further contractions force liquid and 

small particles of less than 0.5 µm out of the stomach and into the small intestine. 

The small intestine is approximately 6-7 m in length for the average human adult, consisting of three 

sections: the duodenum, a short section immediately after the stomach; the jejunum, which consists of 

a highly coiled section of intestine; and finally the ileum, which makes up the greater part of the small 

intestine.8 In the small intestine, the food that enters is further mixed with juices from the pancreas and 

liver that further aid in the breakdown of the food into absorbable particles. As this mixture makes its 

way through the intestines, bacteria help to further break down the last solid particles, and nutrients are 

absorbed into the blood stream through the walls of the intestine, through the small villi that create a 

large surface area inside the intestine to allow maximum absorbance of the nutrients. As the mixture 

reaches the large intestine, the majority of the nutrients have been absorbed, and only the water is left 
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to be taken in by the body. The remaining waste is then passed through to the end of the intestines, 

ready to be removed. 

 

1.1.2 ADMINISTRATION OF DRUGS  

Drugs are taken in a variety of ways such as orally in a tablet or liquid form, inhaled through the nose or 

mouth,9 or injected directly into the blood stream. For ease of patient acceptance and manufacture, 

drugs are preferred to be made in an oral dosage form and these account for over half of drug 

delivery.10 Oral drugs can be taken by the patient wherever they are and require less strict controls 

regarding them. However, for many reasons including degradation of the drug in the human digestive 

tract or poor bioavailability, some drugs are required to be injected or taken in a different manner; for 

instance drugs that treat asthma are taken through inhalation methods and these have a specific 

particle size (~1-5 µm)11-15 for optimum intake and adsorption to the surface of the lungs.9 

However, generally these other options have strict guidelines on the drugs, especially size and 

composition, which can lead to more strenuous and costly manufacturing and quality assurance 

programs. Additionally it is much easier to store powders or tablets than it is to store ampoules of 

liquids. 

With oral doses, there are numerous tactics used to ensure that each drug is delivered to the most 

effective location for absorption, with minimal waste or side-effects. While almost all such delivery 

methods use a single tablet these can vary between solid compound to an encapsulated liquid. A 

collection of other drugs are required to be dissolved in water, or some other form of liquid before 

ingestion, incorporating the best aspects of storage, and patient usability. However this method is not 

entirely practical for all drugs as various aspects such as solubility or concentration required restrict its 

use. 

Drugs can be directed to be delivered at various points along the digestive system such as the stomach, 

intestine or colon.16 For instance, targeting a drug to be delivered to the colon where it is to be released 

can be done in a variety of different ways such as a multi-layered approach. This is where various 

polymeric layers around the drug core will provide protection and prevent the drug from being dissolved 
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before it gets to the colon area of the intenstine.16,17 Biodegradable polymers can be used instead, 

providing similar results, but through slightly different means, using enzymatic action rather than pH 

degradation to release the drug.8,17,18 A related approach is to use a single coating layer, but one that 

takes enough time so that when the bulk of the tablet reaches the colon, the coating has reached the 

point where it begins to release the drug in significant quantities.17,19,20 Potentially, the drug to be 

delivered to the colon can be designed such that some conjugate form of the drug is delivered. Upon 

reaching the destination, bacterial, enzymatic or other action splits the drug at specific points, 

generating the required drug, which can then be absorbed.8,17,21 

Drugs that are targeted at the stomach are done so for a variety of reasons either due to the unique 

environment present that aids in drug dissolution, or because gastric environments further down are 

detrimental to the drug itself. In some cases, it is not that the drug is to be absorbed, but because it will 

have an action on bacteria or other such invaders by itself.22,23 There are also diseases of the stomach 

that can be treated by directing drugs to be absorbed here, using such methods as pH sensitive 

polymers.24 One method for delaying the drug delivery system in the stomach is by making the drug 

particles float on the gastric juices, preventing them from being passed down to the intestine.25  

For the upper intestine, it is generally considered that most drugs are absorbed more rapidly than at any 

other point in the gastrointestinal tract. However, depending on the drug being used, this can vary with 

some drugs such as hydrophilic molecules which have a greater absorption rate in the jejunum than at 

any other point.10 For those drugs that have difficulty passing through the walls of the intestine it is 

possible to construct a polymer micelle that facilitates the passage of the drug into the blood stream.26 

Hydrogels are also used to transport peptide drug formulations since they help to improve the 

bioavailability of the drug, and release it in the intestine.27 

1.1.3 NANOPARTICLES 

Nanoparticles are discrete materials that have a size distribution between 1 and 100 nm, though 

materials up to 500 nm have been referred to as nanoscale material.4 They have been under heavy 

interest over recent years due to potential benefits they can achieve just by modifying existing materials 

down to nanoscale dimensions. With different properties, structures, reactions, effects and others, they 

are proving to be valuable in many areas. Nanoparticles are of particular interest to pharmacology due 
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to several of these benefits. By decreasing the particle size, the total surface area of the drug increases 

significantly, which allows for a much faster rate of dissolution,2,11,13 which is important for oral delivery 

drugs.3 This reduces the time until the drug is absorbed into the body and takes effect, decreasing a 

patient’s discomfort. Another advantage is that due to the small size of the particles, drugs that were 

otherwise incapable of being delivered intravenously would then be able to be injected and their size 

means that it is unlikely that they will be attacked by phagocytes. 

There are several ways to create nanoparticles of which those most useful for drug nanoparticle 

fabrication are listed below, either using top-down approaches or bottom-up approaches.1,2 A top-down 

approach is primarily concerned with taking larger particles and then reducing their size physically 

through methods such as wet milling,1-3,28 jet milling,4,9,11-13,29,30  and dry milling.13,31 Milling involves 

using balls (metal or zirconia usually) in a spinning device that causes the drug particles to be broken 

down through impacts with the balls.2,13 Dry milling just uses powder, either the drug on its own or with 

an additional material, while wet milling uses the drug suspended in a liquid that acts as an anti-solvent, 

typically organic in nature.28 Both types of milling are considered extremely inefficient.11,15 Jet milling 

involves using the drug particles themselves to impact each other and cause the erosion of the particles, 

by suspending them in an air flow which cycles around a number of times before releasing the particles 

for collection.13,29,30 However it does not provide a large degree of control over the particles size and 

morphology.11,15 

A bottom-up approach involves creating the particles, usually from a solution,32 and using processing to 

ensure that particle growth is kept to a minimum. Examples of this use emulsions,32,33 

precipitation11,12,15,32 or spray drying.9,15 Spray drying produces amorphous particles, as opposed to 

crystalline, which can be useful or a hindrance depending on your use for the drug.9,15 However such 

amorphous particles may be unwanted due to different properties such as slower dissolution. 

Precipitation is where the drug is dissolved in one solvent, commonly organic, and added to a second 

anti-solvent, which is generally water. The two solvents must be miscible, and the change from solvent 

to anti-solvent causes the drugs to be forced into particles by precipitation.11,12,15 Typically some form of 

surfactant or stabiliser is used to ensure the particles do not continue to grow or agglomerate.15 Any 

nanoparticulate formed through these methods requires some processing to be dried. Otherwise they 
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must be used in a very short period of time to avoid particle disruption either through degradation of 

the particle itself or leakage of the drug out of the particle.34,35 

Whichever route is taken the final product should generally be in a solid form as this helps with long 

term stability of the nanoparticles as well as improving patient compliance.32 A number of routes can be 

taken with this for those methods that require a liquid formulation, including spray drying and freeze 

drying.14,31,36 Freeze drying involves freezing the sample, typically using liquid nitrogen, before being 

exposed to a vacuum to sublime the water out of the sample.35 During this process there are various 

stresses that are put upon the material,34 and typically a cryoprotectant of some description is used to 

reduce damage to the drug particles.14,32,35 One of the main concerns of freeze drying is the 

redispersability of the particles after drying, as depending on the cryoprtotectants used the particles 

could be better or worse at being redispersed into water.32,35 

1.2 ENTERIC COATINGS 

1.2.1 EFFECTS OF ENTERIC COATINGS 

Enteric coats are materials that have a specific characteristic when used in varying pH conditions. They 

are primarily used in pharmacology to provide protection for drugs.37 Generally enteric coatings have a 

series of carboxylic, or hydroxide groups, that become protonated in acidic conditions and deprotonated 

in neutral to basic conditions.37-39 These are beneficial effects since there are drugs that either become 

unstable or are changed in acidic conditions, or have an unwanted effect on the biological structures 

that contain these acidic conditions.40 It is also possible that the drug itself interacts with food particles, 

causing unwanted effects that reduce the effectiveness of the drug due to adsorption to the surface of 

food particles. This would be alleviated through coating with an enteric polymer.41 This means that the 

enteric coating should be primarily in the solid form, ensuring that any acid will not reach the drug that 

is protected.  

On the other hand, the drug needs to be released at higher pH conditions to ensure that it is absorbed 

by the body. Enteric coatings are useful again in this regard as in this environment of a lower 

concentration of H+ ions, the coating becomes deprotonated and begins to swell and dissolve.38,39 This 

creates pathways for the intestinal fluids to pass through allowing the drug to dissolve out and become 

absorbed into the blood stream. 
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In acidic environments, such as the stomach, enteric coatings provide a layer of protection for the 

compound it encapsulates. They are generally polymers with a variety of chemical groups that provide 

their mode of action, as explained earlier. These pH-dependant compounds are then added to the 

material that is to be protected, usually with some form of spray-drying technique or similar 

method.39,42 Traditionally, these coatings have be applied to bulk forms of material, such as drugs in 

tablet form, where the material to be coated is already formed into its final structure, and the coating is 

then added around this core.39 An example of this is in Figure 1.1, showing the effect of an enterically 

coated tablet based on whether food was eaten prior to taking the tablet or not. However there has 

been some formulations that use granular particulates of the drug, encased in a gelatine matrix in an 

effort to speed up drug delivery rates.  

 

Figure 1.1: Diagram showing the effect of fasted and fed states on the passage of enterically coating naproxen tablets through the 
intestine43 

 

When the enterically coated drug particle reaches the intestine, the enteric polymers become 

deprotonated due to the lower pH caused by the various intestinal fluids used to continue the 

degradation of food particles. This deprotonation causes the polymers to swell and crack before 

dissolving completely, which allows for a route for the encapsulated drug to diffuse through and out into 

the intestinal fluids. Once the drug has thus been dissolved, it is then available to be absorbed into the 

blood stream through the villi where it will then be transported around the body ready to be used by 

the affected area. 
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1.2.2 DISADVANTAGES  

While these enteric coatings do provide significant protection for the encapsulated drug material, the 

very nature of the coating also generates its own hindrances. The protection it confers to the drug 

preventing it from being dissolved, also prevents the tablet from being broken down into smaller pieces. 

As explained earlier, if the tablet was taken just before or just after food was taken, the stomach 

changes its mode of operation and prevents large particles from being passed through. Since tablets are 

larger than the size the stomach will allow to pass through at this point, and if they resist being reduced 

to smaller particles, they will remain in the stomach for several hours. This will last as long as there is 

food still present within the stomach, and only after it has all been broken down will the tablet be able 

to pass through and into the intestines. 

In addition, such coated tablets can release their entire drug payload at once, sometimes meaning that a 

significant portion of the drug is metabolised before it can be used by the body. Granules are a useful 

alternative to tablets, with larger numbers of smaller particles meaning release can be more controlled. 

However these granules can stick together and prevent release of the drug altogether. 

Though coating the drug particles after fabrication allows for a variety of different coats to be applied to 

the same drug, it adds a further production step. This increases the complexity of the process and the 

possibility of losing material. In addition, handling of the tablets after coating can cause damage to the 

integrity of the coat in which may be mitigated if using a powder over a macroscopic formulation.44 

1.2.3 APPLICATIONS 

A large selection of drugs, including the majority of non-steroidal, anti-inflammatory drugs, cause 

irritation to the lining of the stomach and promote the formation of ulcers.39,40 Enterically coated drug 

formulations provide a way to limit the exposure of the drug molecules with the lining of the stomach, 

and thereby minimising the damage and discomfort that would otherwise arise. 

Some drugs will be affected by the presence of food, which can be either potentially rewarding or 

damaging to the drugs ability to perform.45 Those drugs that are affected negatively are modified by the 

physiochemical interactions of the food and drug particles and can be unavailable for absorption into 

the blood stream. This means that the amount of effective drug available is considerably reduced, 

sometimes up to 90% is captured by food.41 Using an enteric coat can prevent these unwanted 
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interactions from occurring with the protected drug, allowing for a drug system that is independent of 

food effects.45 

1.3 MODEL DRUGS 
1.3.1 NAPROXEN & PROGESTERONE 

There are a variety of different drugs, and many different ones that are used as a standard for other 

drugs of its type. These model drugs are chosen because they offer a selection of properties that many 

of the drugs of that type have and can be used to try and predict how many other drugs will be affected 

by the changes or methods used on the model. In addition, they are the drugs of choice for study, as an 

Australian Research Council funded project under the linkage program, with the pharmaceutical 

company iCeutica. Naproxen was chosen by iCeutica as a drug they were targeting, as well as being 

typical of the types of drugs normally enterically coated; progesterone was chosen as it was a drug that 

was available from the stock iCeutica had and had different dissolution properties to naproxen, even 

though enterically coating progesterone is not particularly needed. 

Naproxen (Figure 1.2) is a non-steroidal, anti-inflammatory drug (NSAID) that is used in drugs around 

the world.46 It is also used as a model drug for NSAIDs along with other drugs and is thus a good 

candidate for use in this project to base the methods around. Any method that works on naproxen is 

likely to be applicable to other drugs with the same basic structure and effect. Like many NSAIDs, 

naproxen causes damage to the mucous layers of the stomach and other areas of the gastrointestinal 

tract,46 restricting its dosage concentration in oral forms. 

O

COOH

 

Figure 1.2: Chemical structure of naproxen 

 

Naproxen is composed of two conjoined benzene rings with and ester and carboxylic acid groups 

attached. The carboxylic acid group controls the dissolution properties of the naproxen, especially in 
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aqueous solvents. In low pH conditions, the excess amount of free H+ ions floating around ensures that 

there is minimal deprotonation of this carboxylic group. This leaves the compound neutral which 

ensures that it does not dissolve in any significant amount. However, as the pH increases to the pKa of 

naproxen (pH 5), relatively more molecules are deprotonated. This means that more of the naproxen 

becomes ionised, and so more dissolves into the solvent. Beyond neutral pH values, the naproxen is 

dissolved at relatively high concentrations, with very little of the protonated form remaining is 

suspension. One of the methods that naproxen works is through modification of Ca2+ ion-dependant 

process that occur in cells,47  including the mitochondria, microsomes and plasma membrane vesicles. 

Naproxen has two isomers, the S+ and R forms, of which the S+ is more active. However the naproxen 

made available at the time was only a racemate of the two so as to be able to be compared easily with 

iCeutica’s previous work. 

Progesterone (Figure 1.3) is a steroid that is involved in the hormonal balance of the human body. It is 

one of the chemicals involved with the female reproduction cycle,48,49 though it is present in both males 

and females. It is produced in the adrenal cortex, gonads, central and peripheral nervous systems and 

the placenta during pregnancy and it can be used to synthesize a variety of steroid hormones.50 It is also 

used as a model drug for a range of steroids and is used in this project in this capacity as well. It will be a 

useful option to establish how universal the methods developed for this project are, and therefore how 

easily they can be transferred to other drugs candidates.  

O

H

H H

O

 

Figure 1.3: Chemical structure of progesterone 
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Progesterone is different to naproxen: composed of four fused rings with a number of stereogenic 

centers and a pair of keytone groups at either end. Since there are no readily deprotonable groups, 

progesterone’s dissolution characteristics are essentially independent of the pH of an aqueous solution. 

This makes it interesting when determining the effect a coating material may have on dissolution 

characteristics since the drug itself will not have an effect. In addition, progesterone has several 

polymorphs that have slightly different properties,51,52 so investigation into the formation of different 

forms using various methods will be highly fortuitous if possible, and significantly different to naproxen 

which has only the one known form. 

Receptors for progesterone are present throughout the human body, in both females and males. Some 

of the primary areas these receptors are located include: the brain53, the thymus54, cardiovascular 

system55, mammary glands and the reproductive tract.50 Receptors are also present in most other major 

organ systems indicating that progesterone plays an important part in more than just the reproductive 

cycle. 

1.3.2 TURMERIC AND CURCUMIN 

Turmeric is a common spice taken from the Curcuma Longa plant that is native to tropical areas56 of 

south Asia.57-60 It has been used for hundreds of years as a spice in home cooking amongst the native 

population, primarily in curry dishes.58,61-64 Turmeric was also used by ancient western cultures such as 

the Greeks and Romans and was also exported in large quantities to Europe from 1612 as a dye for 

clothing.59  The root is the primary ingredient used for cooking, whilst the leaves of the plant are 

typically used to wrap the food during cooking, rather than an edible part of the meal. However, such 

use of the leaves is used most often in the areas where it is grown, and very little elsewhere in the 

world. Usually, the root is dried and powdered before being used in cooking,64 though some dishes use 

it fresh in a similar fashion to ginger. The powder obtained is a rich dark yellow colour and is a widely 

used component of curry powders sold commercially, in addition to being sold separately,61 and it is also 

used as a textile dye.58,59,65 

Turmeric powder is also used as a colour enhancer in various foods and drinks (such as pickles and 

snacks),56,64,66,67 and is classified as E100 when added to food.59 Curcumin is often substituted over 

synthetic dyes within food substances.68 It also has an effect of protecting food from sunlight, 
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presumably by acting as a sacrificial component. This is likely due to photosensitivity of the unsaturated 

double bonds that form the backbone of the curcumin.69 Like many other natural colourings, light can 

damage the compound, though a dry powder form is more stable against such degradation than when 

suspended or dissolved in a solution.70 Of the three curcuminoids, the stability of them decreases as the 

methoxy groups are removed.70 Degradation of curcumin due to light and other conditions is important 

to be aware of, as the resulting compounds could have adverse health implications or change the colour 

and taste of such food.59 

Curcumin’s chemical structure (Figure 1.4) was elucidated in 1815,71 but modern medicinal interest in 

turmeric began in the 1970’s when evidence was discovered that it had anti-inflammatory abilities.63 

This has since led to a large number of tests for turmeric, but its poor water solubility kept it from 

becoming as significant as its medicinal qualities would have otherwise suggested. The presence of the 

carbonyl group in curcumin is important in achieving its biochemical route to providing its anti-cancer 

capabilities.65 

HO

OCH3

O OH

OCH3

OH

HO

O OH

OCH3

OH

HO

O OH

OH  

Figure 1.4: Chemical structure of curcumin, demethoxycurcumin and bisdemethoxycurcumin 

 

Curcumin, and its related curcuminoids, are the active ingredient in turmeric.58,60,65 The composition of 

turmeric that the curcuminoids make up varies depending on the region where the plant is grown, and 
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seasonal changes, but typical values put it at around 5% of the total weight.67 The curcuminoids that are 

present are curcumin, demethoxycurcumin and bisdemethoxycurcumin with curcumin being the major 

component, followed by demethoxycurcumin and finally bisdemethoxycurcumin is in the smallest 

portion.61 

The curcuminoids are the primary reason for the colouring of the turmeric,63 caused by the high degree 

of conjugation between the 2 outer benzene rings and the unsaturated alkene bridge between them. 

This colouring means that UV/Vis spectrography can be used to detect and analyse the curcuminoids 

present due to the large peak that occurs at 420-430 nm.63,67 However, other compounds that absorb in 

the same region will cause incorrect readings to occur. Distinguishing between the curcuminoids is also 

not possible through such techniques due to their similarity in spectra.67 

1.3.3 BENEFITS OF TURMERIC AND CURCUMIN 

There are multiple benefits to taking curcumin, and by association turmeric, beyond simple flavouring 

and colouring of food. It has been shown that there are a variety of medicinal benefits to these 

materials that can help prevent or cure various diseases, infections, and other pathological issues that 

can arise in humans and other animals. Beyond the widely known anti-tumorgenic effects of 

curcumin,56,57,64 there are several other beneficial effects that have come to light, enhancing the 

attractiveness of turmeric and curcumin as a medicinal compound. These effects include, but are not 

limited to: anti-inflammatory;57,58,61,64,72 anti-microbial;58,61 anti-oxidant,57,58,61,64,72 scavenging various 

oxide radicals such as hydroxyl and nitrogen dioxide radicals;62,73 anti-parasitic;58,61 and wound healing.62 

Curcumin is also being researched for a treatment of HIV.67 

Curcumin’s anti-inflammatory behaviour can be attributed to its inhibition of inflammation-factor 

lipoxygenase, which can suppress diethyl nitrosamine-induced inflammation.64 It is also able to decrease 

serum enzymes aspartate transaminase and alkaline phosphatise which caused inflammation related 

changes in the liver.64 Anti-cancer behaviours show reduction in overall tumour growth,71 as well as 

slowing the onset of tumours.64 

Turmeric powder has been used in food preparation as a preservative, helping to ensure freshness and 

palatability remain after longer periods of storage over untreated food.63 As a spice it also imparts a 

characteristic flavour to food such treated. In addition, during various clinical studies performed with 
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curcumin have shown that there is no toxicity issues with curcumin in humans and rats, at least at the 

quantities being tested.69,72,74  

1.3.4 PROBLEMS WITH CURCUMIN 

Curcumin is a component of the plant material, turmeric and it needs to be processed such that the 

curcumin held within can be removed and purified. Because of curcumins’ poor water solubility these 

methods usually involve organic solvents or otherwise use lengthy and energy-high processes.75 One of 

the primary methods used to extract the curcuminoids from the turmeric powder is the Soxhlet 

extraction process, which involves distilling the solvent, and condensing it into a container that holds the 

turmeric.68,76 As it fills up, it dissolves a small portion of the curcuminoids, and this then overflows into a 

siphon arm which returns it to the original solvent container. Due to the nature of this process, almost 

constant heating is required over a period of hours to days to ensure sufficient curcuminoids have been 

dissolved and extracted.76 Additionally, due to the high temperatures involved, some of the 

curcuminoids are decomposed, rendering the process inefficient.75 Moreover, the organic solvent is 

usually used in large quantities which is not particularly environmentally friendly and even with removal 

of the solvent to recover the curcuminoids, residual quantities of the solvent can be reformed, which 

can lead to health issues.77 For instance, using acetone can create a flammability issue, as well as being 

costly to remove; ethylene dichloride generates high boiling fractions which can create off-putting tastes 

and is toxic; while ethanol induces a further washing step to remove it.68 

Alternative methods of extracting the curcuminoids from turmeric include supercritical CO2,65,68 which is 

known to be easy to separate, and be more environmentally friendly than using organic solvents, but it 

too has issues. Supercritical CO2 requires significant pressures in order to operate, and generating these 

pressures are energy intensive. In addition, such pressure methodologies are hard to scale up to 

industrial sizes, reducing their attractiveness in commercial applications.77 Nevertheless, using 

supercritical CO2 does have some advantages such as non-toxicity, non-flammability and no residue in 

the final product.78  Incorporating cosolvents can also lead to improved extraction methods.68 However 

including such additional solvents can provide further trials when trying to purify the compound either 

on their own, or through potential molecular interactions forming self-assembled structures.65 In 

addition, such cosolvents have to be carefully chosen to ensure they are sufficiently safe for use in foods 

and pharmaceutical products. 
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As mentioned previously, curcumin has poor water solubility, and this limits its effectiveness as a 

medicinal compound.56,61,69,71,72,79 Typically turmeric has been taken as a milk or oil emulsion when taken 

on its own, to improve the bioavailability of the curcumin within.71 The solubility of curcumin in pure 

water is estimated to be around 11 ng/ml.66 Though poorly water soluble, curcumin has only a slightly 

higher solubility in hydrocarbons, though is soluble in alcohols.68 When eaten, only a small fraction is 

absorbed by the body, with the rest passing through and providing no beneficial effects at all. In rats, 

approximately 75% of curcumin passed through.62,73 This has made curcumin a poor choice when 

pharmaceutical companies search for useful drugs and nutraceuticals, when other more readily water 

soluble compounds are available. Though recent interest has increased, methods for improving the 

solubility generally involve complicated structures and processing, with multiple materials to achieve 

that end. In clinical studies, given a dose of 2 g of curcumin resulted in a serum concentration of < 10 

ng/ml.56 This is due to extensive metabolism of the curcumin both in the intestine and within the blood, 

as well as rapid excretion of the curcumin.66,69,73,74 

1.3.5 IMPROVEMENTS 

Since the primary problem with curcumin, and by extension turmeric itself, is its poor water solubility, 

the majority of improvements have been to improve this through either modifying the curcumin 

directly, or through indirect means by encapsulation or coatings. One method has been to encapsulate 

curcumin within a mesoporous silica shell, where the curcumin diffuses out over a period of days, 

potentially limiting the quantity of wasted curcumin since the available curcumin remains reasonably 

consistent.62,72,74 Encapsulation in other materials have also been trialled, such as within 

liposomes,71,73,74 polymeric nanoparticles,71,74 biodegradable microspheres, surfactants,71,73 and 

hydrogels.72,74 However, such polymeric nanoparticles and liposomes are potentially threatened by 

biochemical attack, reducing their stability.74 

Incorporating piperine into a structure including curcumin, can help to improve the bioavailability of the 

curcumin. The piperine inhibits certain enzymes, some of which are responsible for the metabolism of 

curcumin within the intestine.69 This allows for a greater concentration of curcumin being available for 

absorption into the blood. 
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Reducing that particle size down to nanoscale dimensions can help to alleviate a large number of issues. 

Such a reduction in size can improve curcumins solubility and bioavailability, among other things.60 This 

can be done by generating a colloidal suspension from curcumin in water with a surfactant present.60 

Such nanoparticles have the possibility of moving around the body with a greater degree of ease that 

larger particles, though toxicity issues around nanoparticles in general and specifically curcumin 

particles are still under discussion.73  

1.4 NOVEL METHODS 

Within this project, a variety of novel methods were explored for achieving the goals; fabricating drug 

nanoparticles and subsequent coating. Though sections of these methods might be used elsewhere, or 

otherwise reported in the literature, their use here has not widely been explored, or is without 

precedence. 

1.4.1 DRY BALL-MILLING WITH EXCIPIENTS 

Dry ball-milling has been used for many different applications. However using this method to fabricate 

nanoparticles has been extremely difficult to achieve, with most researchers preferring to use wet-

milling instead. The benefits of using a dry formulation means that, especially for drug preparation, the 

drying steps that would otherwise be required can be dispensed with and this can improve yields. By 

using a patented technique developed by the industry partner that helped fund this project (iCeutica),80 

nanoparticles of drugs can be obtained using this method by including an excipient; an inert material 

that is present just to bulk out the overall composition, and reduce the chances of the drug particles 

from colliding with each other, which after a certain size will cause the drug particles to fuse and grow 

again (Figure 1.5). 

For this research, a Spex mill was used for all milling; this type of mill allows for two cups to be attached 

and these are then rotated individually from a central drive shaft. This motion is very rapid, and shakes 

the cups during the milling process. Stainless steel balls are used to provide the impact required for 

milling, with twelve of these 3/8 inch diameter balls being used in each cup for each milling. Prior to 

milling, the balls would be added to the cups first, with the various powders being added afterwards 

before the cup was sealed. Milling time can vary from 10 min up to 60 min, depending on the materials 

being milled, and the level of optimisation being done. Once finished, the cup can be opened, and the 
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material poured through a sieve to remove the balls from the powder. The powder is then weighed 

before storage to check the yield of the milling (typically 80-90% due to caking of the powder to the 

walls of the cups). 

 

 

Figure 1.5: Ball-milling setup for the dry milling of drug material 

1.4.2 PROCESS INTENSIFICATION 

Process intensification is a catch-all term for devices that intensify reactions and thus improve their rate 

of reaction, their reaction conditions or indeed allow different reactants to be used for the same result. 

Generally these devices incorporate at least one and generally a number of fluidic feeds, which are then 

mixed with each other in order to obtain the final products. The method of mixing can vary between the 

devices, leading to individual variations that can be exploited to further optimise reactions. 

There are multiple devices within this category, including the narrow channel reactor, spinning disc 

processor (SDP), rotating tube processor (RTP), and the vortex fluidic device (VFD). The last three are 

those used within this project, and involve forcing two feed jets of liquid to impinge on a rotating 

surface of some description, which creates large quantities of stress on the solution creating a 

homogeneously mixed product. 

1.4.2.1 SPINNING DISC PROCESSOR 

The spinning disc processor was the first device to be designed, and was based on designs used in the 

production of ice cream. Simply, the device consists of a disc, upon which liquid would be directed to 

the centre. As the disc spun, these liquids would then be forced towards the edge, during which 
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conditions would create turbulent flow within the liquids. Once the liquids left the disc, they would then 

be collected (Figure 1.6).81,82 

The disc itself is made of stainless steel and can be used with either a 10 cm or 20 cm disc. For the 

purposes of this project only the 20 cm disc was used. The disc can also have its surface modified with 

concentric ridges to heighten the turbulent flow, as opposed to being completely smooth; again for the 

purposes of this project, only the ridged disc was used. The disc itself is able to be heated up and this 

allows for modification of reactions that occur on the disc as the mass-heat transfer to/from liquids on 

the disc is vastly increased by the turbulent flow. However, heating the disc provided only detrimental 

results in initial experiments, and so the apparatus was maintained at room temperature for all 

experiments. The mass-heat transfer refers to the absorption/release of gases to/from the liquids on the 

disc as well as the transfer of heat to/from the liquids. This is due to the ripples caused on the surface of 

the liquids due to the turbulent flow, and has allowed for more efficient reactions such as using 

hydrogen gas as a reducing agent where otherwise it would not be present within the liquid in sufficient 

concentration to react appropriately.83 The disc itself can be set at different speeds, from 500 rpm up to 

3,000 rpm. This variation in speed allows for control over particle formation or reaction conditions since 

higher speeds reduce the thickness of the thin film created on the surface of the disc, as well reducing 

the residence time of the liquids on the disc. 

The solutions are fed onto the disc through the use of peristaltic pumps that allow for a large degree of 

different flow rates, as well as allowing for more concentrated solutions of suspended particles that 

would clog up gear pumps. This allows for a greater freedom in the choice of solution to use for each 

experiment, as well as allowing for the use of materials that would react or otherwise interact with the 

gear pumps, such as magnetic material. These are then fed through tubes which are directed at the 

centre of the disc. Since each feed tube has its own peristaltic pump, the solutions can be fed in at 

different rates, allowing for control over the ratios between the different solutions. 
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Figure 1.6: Schematic of the spinning disc processor, showing fluid flow and salient points 

 

The SDP has been used to create a variety of different nanoparticles, both organic and inorganic. β-

carotene particles have been synthesised at sizes from 40 to 80 nm in diameter creating a colloidal 

suspension using cyclodextrins.81 Bulk polymerisation was achieved at higher rates or at temperatures 

closer to room temperature on the SDP than using traditional batch methods.84,85 Isomerisation of α-

pinene oxide was made more controllable using the SDP, with fixed catalysts on the disc surface 

allowing for twice the ratio of catalyst to oxide in the reaction allowing for a better result.86 Silver 

nanoparticles have been fabricated with a range of sizes (5 – 200 nm) and morphologies purely through 

changing SDP variables and the surfactant.87 Mono dispersed zinc oxide particles have been fabricated 

down to 1.3 nm using the SDP.88 Decoration of carbon nanotubes in-situ with superparamagnetic 

nanoparticles was achieved on the SDP, with batch methods providing random decoration.89 

1.4.2.2 ROTATING TUBE PROCESSOR 

The rotating tube processor is a variant on the idea of liquids being mixed on a rotating surface. By using 

a tube, the residence time of liquids could be increased, allowing for a longer reaction time. It also 

allows for additional liquids to be added further down the tube, which is impossible on the SDP, which 

means that several reactions could be done on one apparatus in one pass (Figure 1.7).90 

The RTP is composed primarily of a 30 cm long stainless steel tube, with a diameter of 10 cm. The tube is 

smooth, and there is no option for a ridged surface incorporated into the design. The tube itself is 

declined by a couple of degrees to prevent the liquids from leaking out the end where they are added to 
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the tube. The tube rotates from 200 rpm to 1,700 rpm, and this partially controls the residence time of 

the liquids on the surface of the tube. The flow rate of the liquids also controls the residence time, with 

a slower feed rate equating to a longer residence time. Much like the SDP, the tube can be heated up to 

provide additional heat to the liquids, with the increased mass-heat transfer, though once again it was 

not used for this project.  

At the ejection end of the RTP, the liquids are flung against a stainless steel end plate, before being 

collected underneath. There is an opening in this end plate that can allow the addition of several 

different other options. As mentioned earlier, additional feed tubes can be inserted so that the outflow 

is further down the tube from the first feed jets, allowing for additional reactants to be added 

afterwards. In addition, gases can be blown in using glass tubes, though due to the RTP not being 

remotely airtight such a use wouldn’t provide repeatable conditions. Finally, an ultraviolet lamp is able 

to be inserted to provide for reactions that are photocatalytic, though again such measures are not 

useful for this project. Much like the SDP, individual peristaltic pumps allows for the solutions to be fed 

into the RTP, and for much the same reasons. 

 

Figure 1.7: Schematic of the rotating tube processor, showing fluid flow and salient points 

 

The RTP has been used for a variety of different experiments, although the area is less developed than 

the SDP. Quantum dots covered semi-conductor rods have been fabricated using the RTP to control the 

growth and hence colour of the final particles.90 The RTP has also been used to produce and separate 

biodiesel at room temperature and pressure.91 Curcumin nanoparticles have also been fabricated using 

the RTP using a rapid and simple process.92 

1.4.2.3 VORTEX FLUIDIC DEVICE 
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The vortex fluidic device is an evolution of the RTP, in as much that the basic structure is of a rotating 

tube with liquids fed in one end and leaving by the other. However, it uses a tube with a closed end and 

feed tubes go down the middle of the tube to inject the liquids at the bottom. It is also designed in such 

a way that it can be tilted from 0° up to 90° (Figure 1.8).93  

The tube itself is a glass or quartz NMR tube (10 mm diameter) which was chosen for several reasons: 

such tubes are readily available; the glass tubes are easily modified for different applications (see 

below); samples prepared can be taken to be tested in NMR equipment without needing to be switched 

to new glassware; the 10 mm diameter is useful for in situ monitoring such as by UV/vis spectrography. 

This diameter tube is obviously significantly less than the RTP, though the VFD can be built with larger 

diameter tubes in mind; a 20 mm diameter apparatus has recently been commissioned for further 

studies. However, since the tube is designed to be removed, it makes it much easier for cleaning, and 

allows different projects using the same equipment to avoid contamination that would be caused by 

using the same tube. The motor that spins the tube can go from 1,000 rpm up to 10,000 rpm, allowing 

for a much greater range to optimise reactions. The motor is also designed to be able to pulse, which 

means that the rpm can be shifted down by up to 1,000 rpm while running, at intervals up to three 

seconds. This mode of operation allows for the generation of a more turbulent flow within the tube than 

would otherwise be possible with just normal operation. 

However, the main unique part of the design is the ability of the tube to change its angle of operation. 

The RTP sat at a 0° angle (actually slightly depressed as explained earlier), and was not able to be moved 

from that position; the VFD however is able to be tilted up to 90°. The reason for this design was to 

combine the centrifugal forces created by the spinning tube, with gravity, such that they were not acting 

in concert, but such that the gravity had a vector that was separate from the centrifugal force. Such a 

difference is maximised when the tube is at 45°, and this is the usual operating angle. This combination 

of forces allow for turbulent flow, even without a continuous stream of liquids entering and then exiting 

the tube, which is useful for reactions that need protracted periods of time to work.  
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Figure 1.8: Schematic of the vortex fluidic device, showing fluid flow and salient points 

 

The VFD can be used in two different modes of operation: the first is the traditional continuous flow as 

in the SDP and RTP above; the second is a confined mode where the liquids within the tube remain 

within and do not leave. In continuous flow mode, a small peristaltic pump feeds solutions into the VFD. 

Due to the small nature of the VFD, the pump feeds only at 1 ml/min though can go up to 3 ml/min and 

down to 0.5 ml/min, which is a lot slower than the SDP/RTP pumps at. This however does mean that 

only a small quantity of sample is needed for an experiment. Under confined mode, no pumps are used, 

and the solution is added to the tube prior to spinning. Depending on the speed of the tube, 1-2 ml of 

solution can be added before it is forced out the end due to the thin layer of solution getting thinner at 

higher speeds.  

With the use of quartz tubes, in situ monitoring can be performed using a UV/vis spectrometer. This 

allows for observing changes in a UV/vis spectra over time as reactions occur. It can also be placed at 

various points along the tube, allowing for the determination of where along the tube reactions appear 

to take place under continuous flow conditions. The tube can also be heated using a heat gun and metal 

jacket that surrounds the glass tube. This allows for heating up to 200°C, though it is not perfectly 

homogenous along the entire length of the tube. With the current setup, it is also impossible to perform 

in situ monitoring while applying heat. There are plans to use an electronic heating jacket, rather than a 
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hot air system, which should allow for both a more homogeneous heating of the tube, as well as 

allowing for in situ monitoring as well. 

The VFD has been used to exfoliate graphite into graphene sheets using an NMP.93 Graphene sheets 

have been layered around algae to generate a hybrid material for nitrate removal.94 The VFD has also 

been used to incorporate magnetite particles with algae for ease of separation.95 Palladium 

nanoparticles have also been grown on the surface of carbon nano-onions with control being afforded 

due to the VFD.96 

1.5 CONCLUSION 

There are many different options available to prepare nanosized particles, although all come with 

advantages and disadvantages. For this work, efforts have been focused at a dry ball-milling approach 

initially, leading on to nucleation of particles on various process intensification devices such as the SDP, 

RTP and VFD. This can allow the generation of nanoparticles of drugs with less use of potentially 

hazardous materials used in some literature methodologies, while also bringing a one-pot route to 

particle creation and coating that much closer. Through the use of process intensification, novelty is 

assured without sacrificing any ability to achieve desirable results. Such techniques could also lead on to 

a more universal approach to creating drug nanoparticles. 

 

1.6 RESEARCH OBJECTIVES 

The objectives for this PhD project are manifold but all incorporate the manufacture of nano- and 

microparticles of drugs for further development. The review of the current development of drugs shows 

that smaller particle sizes can provide vastly greater benefits than more macro sized particles which 

would be highly sought after by both pharmaceutical companies and the end patients. To this end, the 

specific objectives are: 

1. Explore dry ball-milling to generate ‘top-down’ particles of drugs. 

2. Use process intensification to provide for homogeneous coating of milled particles. 

3. Further use process intensification to generate ‘bottom-up’ particles of drugs. 
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4. Combine generation of ‘bottom-up’ particles and coating methodologies. 

5. Determine the effectiveness of ball-milling turmeric powder with regards to curcumin 

extraction. 
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CHAPTER 2: NAPROXEN; MILLING, THEN COATING USING RTP AND SDP 

2.1 INTRODUCTION 

Naproxen is the primary drug that was used in the PhD studies. As a non-steroidal anti-inflammatory 

drug (NSAID),46 it is commonly used in oral dosage form when used by patients, usually compacted into 

a tablet. Side effects that can occur when NSAIDs are taken orally include ulcer formation on the 

stomach lining,46 when dissolved within the gastric juices present there. The dissolved NSAID can cause 

irritation of the lining causing the aforementioned ulcers and other issues; by preventing or slowing this 

dissolution such side effects can be negated, or at least significantly reduced. This has already been 

done with commercially available enteric polymers, pH dependant molecules that are sprayed onto the 

drug tablet to form an impenetrable barrier within these gastric juices.37 By nature of their pH 

dependency though, they prevent the drug from dissolving out in low pH,37-39 when the tablet reaches 

the intestine the pH has increased to just beyond neutral; this increase in pH takes the environment 

above the pKa of the polymer, causing it to swell and dissolve, releasing the drug within.38,39 

Though already available, if such tablets are taken in the presence of food (ie. just before or just after 

ingesting food) the action of the stomach will prevent large particles from passing through, such as the 

tablet, until they have been reduced in size. This is to provide more rapid absorption of the nutrients in 

the food due to the larger surface area thus created. However this does mean that since the tablet has 

now been designed to resist such breakup, it will remain within the stomach until all the food has been 

processed, and the system returns to the fasting state where the tablet can then proceed to the 

intestine. This can mean a wait of up to 4 or 5 hours before the drug can begin to be dissolved and 

absorbed by the body.7 

Reducing the particle size of the naproxen and then coating these individually can avoid delays caused 

by taking the drug with food, which can be of great benefit to patients that have poor memory.2,11,13 By 

creating nanoparticles of naproxen, we will be able to take the drug down significantly below the limit of 

the stomach (0.5 mm), so that even if some agglomeration of the particles occurs, the overall size will 

still be below the restriction, and so have a significantly reduced wait time before being absorbed by the 

body. 
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2.2 MILLING OF NAPROXEN 

Naproxen was milled in dry conditions, rather than the more typical wet conditions for producing 

nanosized drug particles. This has several advantages, amongst them that the drying step is avoided. 

However the presence of the excipients used force alternative thinking if these are to be removed for 

later purification of the final drug product. Naproxen, as opposed to the naproxen sodium salt was used 

as future work would involve dissolving/suspending naproxen in an aqueous solution which would lead 

to both forms becoming naproxen at the end of processing. 

An optimized formulation for the production of nanosized naproxen was provided by the industry 

partner, iCeutica, which was used for all the milled naproxen nanoparticle runs required to obtain 

sufficient material during the project for experiments. This formulation comprised of 0.5 g of micronized 

naproxen powder, 4.45 g of excipient (typically lactose, though manitol was also tested) and 0.05 g of 

sodium dodecyl sulphate (SDS) which was used as a surfactant. This comprised a total of 5 g of material, 

which was duplicated for the milling process; this is due to the Spex mill used which required 2 similarly 

weighted containers for the milling process. Addition of 12 stainless steel balls (3/8” in diameter) to 

each container provided the hard surface required to initiate the milling, which proceeded for 30 

minutes. The material was then sieved and stored in stoppered glass vials under desiccation until 

required. The level of SDS in the final powder was determined by iCeutica to be a small enough 

proportion that there would be no unwanted effects from its inclusion. 

The particle size was measured by dynamic light scattering (DLS) using a Zetasizer NANO-25 (Malvern 

Instruments, UK) and by laser diffraction using a Mastersizer 2000 (Malvern Instruments, UK). Size and 

morphology was observed by SEM (Zeiss 1555 VPSEM) and AFM (Nanoman D3000 Picomaster). All 

measurements indicated that the average particle size was around 200 nm, (Figure 2.1 and 2.2). This is 

ideal for the oral dosage application, as it is small enough that any agglomeration is likely to generate 

particles significantly smaller than the cut off size for passage through the stomach. It also means that 

this method can consistently give particles at the same size range, relatively quickly. 
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Figure 2.1: Mastersizer data for milled naproxen, 10% in lactose; average size 159 nm (d(0.5)), 1h milling 

 

Figure 2.2: DLS data for milled naproxen, 10% in lactose: average size 255±2 nm (intensity) , 1h milling 

 

By observing the images obtained from SEM and AFM, the morphology of these milled naproxen 

particles can be determined. SEM (Figure 2.3A) shows that the particles are not spherical but have a 

rectangular appearance. As naproxen crystals grow into needles, it is likely that this is due to the primary 

face being more resistant to damage, or thermodynamic effects leading to the particle reforming into a 

more stable shape within the temperatures generated during milling. This is confirmed in AFM images of 

the milled naproxen (Figure 2.3B and C) which again shows rectangular particles being present. 
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Figure 2.3: Milled naproxen, 10% in lactose, A) SEM image, B) AFM height image, C) AFM phase image 

 

2.2 ENTERIC POLYMERS CHOSEN FOR STUDY 

There are many enteric polymers available for commercial use, ranging from pure polymers up to 

carefully designed mixtures of the enteric polymer, surfactants, disintegrators and other materials to aid 

in the release of the coated drug. Due to this wide range of polymers, there were many to choose from, 

although five were settled on as the final shortlist, primarily due to availability and recommendations 

from the industry partner. Preliminary studies were performed to test the suitability of each polymer 

with regards to the processing that will be used to coat the drug particles. This ranged from observing 

solutions containing these polymers as the pH was changed to observing the level of dissolution in 

various benign solvents. 

The five chosen polymers are: hypromellose acetate succinate (HAS), cellulose acetate phthalate (CAP), 

hypromellose phthalate (HP), polyvinyl acetate phthalate (PAP), and a commercial formulation Acryl-

200 nm

A

B

C
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Eze® (AE). The chemical structures of these five polymers are shown in Table 2.1; the HAS, HP, and CAP 

polymers all have a sugar-like backbone while the PAP and AE polymers have a linear carbon chain 

backbone; it is noteworthy that the listed structure for Acryl-Eze® is just the primary component 

relevant to the enteric coating and does not include the additional components of the formulation. They 

all have hydroxyl or carboxyl moieties and these give the polymers their enteric behaviour. Under acidic 

conditions the excess protons in solution ensure that the polymers remain fully protonated. This leaves 

the polymers with an overall neutral charge which reduces their solubility significantly in aqueous 

solutions, ensuring that when applied as a coat it will fully protect the material within. When the pH is 

increased, the hydroxyl and carboxyl groups begin to deprotonate and give the polymer a negative 

charge. In aqueous solutions this will increase the solubility of the polymer, and they will begin to 

dissolve. 

Table 2.1: Enteric polymer list featuring in the research program 
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Though the majority of the project involves aqueous solutions with acid-base conditions during the 

processing, the use of organic solvents was also an avenue to explore. This would be most important for 

the progesterone work that was planned, and would be an alternative process to form naproxen 

particles. To be able to perform coatings under these conditions would be beneficial for a 

formation/coating process. In order to check the suitability of the enteric polymers in each of the 

potential organic solvents, a small portion was added to a few millilitres of the appropriate solvent and 

then their solubility determined by observation. The polymers were categorized depending on whether 

they dissolved completely, partially or not at all (Table 2.2). It appeared that the majority of the enteric 

polymers were difficult to dissolve in various organic solvents, although two (HAS and CAP) had several 

potential results that provided a positive route forward. 

Table 2.2: Solubility of chosen enteric polymers in organic solvents, and water 
 Acetone Butan-1-

ol 
Diethyl 
Ether 

Ethanol Ethyl 
Acetate 

Pentane Propan-1-ol Water 

HAS √ x x √ √ ~ x ~ 
CAP √ - - x - x - ~ 
HP ~ x x x x x - x 

PAP x ~ ~ x ~ ~ - ~ 
AE x x x x x x - ~ 

Green (√) indicates complete dissolution, yellow (~) indicates partial dissolution, red (x) indicates no dissolution 
 

The effects of changing the pH on a solution containing the various polymers was also studied; a vial 

containing 5 ml of deionised water and a few milligrams of the appropriate polymer was observed, then 

approximately 1 ml of  1M HCl was added dropwise, and the solution observed. Finally 1 ml of 2 M 

NaOH was then added to raise the pH, and again observed. Results are listed in Table 2.3, and from 

these the HAS and CAP polymers again appeared to provide the best properties for the system being 

tested. 

 

Polyvinyl 
Acetate 
Phthalate 
(PAP) 

O
O

O

HO

HO O

O

a

b

c

 
R- groups are randomly assigned amongst the options listed – this is due to them being based on natural chemicals 
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Table 2.3: pH tests for enteric coats to determine the most appropriate for further research 
 Deionised water + 1 M HCl +2 M NaOH 

HAS Solution is cloudy, with a 
small quantity of 

precipitate. 

Solution has white precipitate 
present. 

Solution turned clear. 

CAP Mostly dissolves, though 
there are some observable 

particles remaining. 

Solution has white precipitate 
present. 

Solution turned clear. 

HP Similar to CAP, powder is 
visible after some dissolves. 

No observable difference to 
solution in deionised water. 

Solution turned clear. 

PAP Forms a cloudy white 
solution. 

Solution has white precipitate 
present. 

Returned to the cloudy state 
observed in deionised water. 

AE Forms a translucent 
solution, with evolution of 

bubbles due to the 
surfactants. 

Solution has white precipitate 
present. 

Returned to a translucent 
solution, similar to that 
observed for deionised 

water. 
 

Based on these results, it was determined that HAS would be the most suitable enteric polymer to use in 

future work, with the potential for CAP to be used as well. These had the best suitability of dissolving 

completely in basic conditions as well as precipitating as the pH dropped below neutral. The remaining 

three polymers would be set aside and tested once the methodologies used had been optimised in 

order to determine if: a) the methods could be used for a larger number of these enteric polymers; and 

b) to determine if these other polymers had any different effects over the HAS and CAP polymers used 

up until that point. 

2.3 COATING OF NAPROXEN ON SDP 

Application of the enteric polymer to provide the coating would need to be done in solution. Although 

industry prefers to use spray drying to add this coating, this methodology will not work here for the low 

quantities being tested. To this end and in order to exploit the polymers pH dependency, an acid/base 

approach was used. This would provide a pair of solutions that initially will dissolve the polymer while 

the other keeps the naproxen nanoparticles in their solid form, but when combined will form a final 

solution that both the coating and the naproxen would have a low solubility, ensuring the structural 

integrity of the naproxen nanoparticles, while also ensuring that the solvent would be completely 

removed upon the neutralization of it with the acidic solution. 

The spinning disc processor (SDP) is a microfluidic platform that provides instant turbulent flow that 

allows for homogeneously mixed solutions; perfect for the coating method that is required. Two feed 
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jets place the solutions together in the center of a rotating disc, where they are projected towards the 

edge by the centrifugal forces operating. During this process, the two solutions will mix and the enteric 

polymer will grow around the naproxen nanoparticles. This has benefits over other methods such as 

adding dropwise the basic solution into the acidic solution which is under magnetic stirring, such as the 

1:1 feed rate of the two solutions which means that the ratio of naproxen to polymer will be consistent 

throughout the experiment, ensuring the coating on all particles are consistent. Due to the setup of the 

SDP, the coating process can be performed in a continuous flow mode, meaning that if scaled up to 

industrial quantities there will be no backlog associated with a batch processing. In addition there can 

be a greater degree of control over the rate of addition of the two solutions with a variety of different 

parameters that can be changed to get the best conditions possible, such as the speed of the disc, the 

concentrations of the solutions, the proportion of solutions added relative to each other and others. 

In essence, the naproxen nanoparticles would be suspended at 10 mg/ml within a 0.01 M HCl solution, 

with 1% PVP (w/w) acting as a surfactant to ensure the nanoparticles do not settle too rapidly prior to 

and after use on the SDP. This acidic solution ensures that the naproxen does not dissolve away, and HCl 

was used primarily due to its ease of obtainability and relatively low harm it can cause at the 

concentrations being used. A concentration of 10 mg/ml was chosen was used as this allows for 

sufficient material to be recovered for further testing that requires a dry powder, without using 

excessive quantities of solution. The enteric polymer being used (list of polymers used is below) would 

then be dissolved in a 0.01 M NaOH solution at 0.1 mg/ml. Such a low concentration of the polymer 

coating in relation to the naproxen was settled on relatively early because it provided the required 

coating protection without using large portions of the polymer. NaOH was used for similar reasons as 

the HCl; the NaCl byproduct formed by reacting these two solutions was deemed to be less harmful than 

byproducts of other acid/base combinations, as well as the ease of removal since it would be ionised in 

the resulting solution, and so removed during washing steps. 

For operation of the SDP, two peristaltic pumps were used, one for each feed jet. These would pump at 

1 ml/s through 8 mm diameter tubing onto the surface of the SDP. This necessitated stock solutions of 

at least several hundred millilitres to ensure constant flow rate through the tubes. The SDP itself was 

operated at speeds varying from 500 rpm up to 2,500 rpm, with the majority of samples being taken at 

500 rpm intervals between these two. This allowed for a rapid method to sequence the results from 
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throughout the range of speeds available, without missing important changes that may occur. The 

resulting solutions would then typically be measured immediately by DLS and/or Mastersizer, and 

appropriate samples selected for further study by SEM and AFM. 

Initial experiments with this coating mechanic used the conditions listed above, with 250 ml of each 

solution being prepared to ensure sufficient liquid was available for five samples as the feed tubes held 

~50 ml of solution each which needed to remain to ensure a constant flow. These samples were then 

run through both DLS and Mastersizer measurement apparatus and their sizes were compared with the 

original naproxen nanoparticles. As can be seen in Figure 2.4 the DLS data shows almost no change to 

the particles. The slight variation in size can be attributed to the particle size distribution generated 

from the milling. This shows that the coating polymer (HAS) is not in sufficient quantity to increase the 

particles overall size, as expected with such a significant difference in material amount. However, as can 

be seen from that figure, the Mastersizer does not agree entirely with these results. The d(0.5) values, 

which indicate sizes at which 50% of the particles are smaller than, gives a slightly smaller initial particle 

size, as well as an increasing size of particles with increasing speed of the SDP. This may be due to the 

different techniques used to measure the particles, which would be possible if the particles were not 

perfectly spherical, but slightly cylindrical. It is also possible that due to the slightly longer times 

between measurements of the Mastersizer compared with the DLS, the high speed particles are being 

measured later, with this waiting period potentially allowing the particles to continue to grow slightly 

before the measurement. Individual scans show that these higher speed samples are showing a larger 

secondary peak around the 10 µm mark. This secondary peak is likely due to agglomeration of the 

particles as the solution was sonicated (for 1 minute) while in the Mastersizer in an attempt to break up 

such occurrences, and the peak dropped in intensity.  
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Figure 2.4: Measurement results for milled naproxen coated with HAS on the SDP at 60 ml/min feed rate 

 

In order to determine if changing any of the parameters would affect the end result, several were 

changed. Due to the fact that the naproxen nanoparticles were already pre-formed, it was expected that 

changing the parameters would not have a significant effect on the overall particle size, however testing 

was needed regardless. The first attempt was to reduce the feed rate to half the original value, 0.5 ml/s. 

This proved to be too slow for the peristaltic pumps to be effective, with insufficiently consistent 

solution flow through the system, leaving the end product to be a different composition to that required 

(the final pH was around 9 – 10, much higher than the pKa of naproxen, meaning that the naproxen 

particles had all dissolved). However, if the feed rate was increased to double the original rate to 120 

ml/min, some interesting results appear (Figure 2.5). As before the DLS sizing indicates that there was 

little change in particle size which can be attributed to the size distribution of the milled naproxen 

particles. The Mastersizer sizing gives differing results; the d(0.5) measurement shows the original 

particles being of 160 nm, which increases in size dramatically up to 560 nm at 2,000 rpm, before 

dropping back down to 370 nm at 2,500 rpm. Unlike in Figure 2.4, the higher speeds were tested first, 

and the lower speeds last, which opens the question as to why these results are so different from the 

DLS data. It is likely that at the higher disc speeds the PVP being used as a surfactant is being unwound 

more than it would otherwise be, so that when the solution leaves the disc, the polymer reduces to its 

previous wound-up state and in the process incorporating more than one particle increasing the average 

particle size.  
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Figure 2.5: Measurement results for milled naproxen coated with HAS on the SDP at 120 ml/min feed rate 

 

2.4 COATING OF NAPROXEN ON RTP 

2.4.1 PAPER SUBMISSION OF WORK 

This work is covered in the pre-submission paper, ‘Controlled enteric encapsulation of drug 

nanoparticles in dynamic thin films’ and includes the salient points of the research and the conclusions 

of the research. It contains the work performed with the milled naproxen being coated with both HAS 

and CAP polymers.  

CONTROLLED ENTERIC ENCAPSULATION OF DRUG NANOPARTICLES IN DYNAMIC THIN FILMS 
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Many orally taken drugs rely on uptake in the body only when they have reached the intestines, 

providing maximum benefit, and minimising side effects. Earlier release can reduce the efficacy of the 

drug, with many drugs being problematic if they begin to dissolve before entering the intestines,1 

causing stomach ulcers and other irritation of the stomach lining.1, 2 In addition, some drugs are 

adversely affected by the presence of food,3 requiring the dose to be taken several hours prior to eating. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are one such class of drug and  can cause irritation to 

the stomach lining leading to the formation of ulcers.1, 2 A system which minimises and indeed prevents 

the dissolution of NSAIDs within the stomach while simultaneously ensuring that they are available for 

absorption by the body in the intestines is important in improving the efficacy of the drug. This can be 

provided by enterically coating particles of the drug1, 4 with pH sensitive polymers which create a 

protective surface in the highly acidic conditions in the stomach, but as the pH increases in the 

intestines, the material swells and becomes porous, which then results in release of the drug.  

Enteric coatings, however, are primarily applied to bulk forms of drugs, such as tablets or in the form of 

granules.1, 4, 5 This can be effective for protection in the stomach, but they require the drug to be taken 

before food to ensure that there is minimal delay between taking the drug and receiving its beneficial 

effects.6 The presence of food in the stomach triggers a restrictive ejection system, preventing anything 

particles larger than 0.5 mm from passing to the intestine.7-10 Since enteric coatings prevent the break-

down of the drug formula, tablets and granules will remain in the stomach for up to several hours after 

being taken with food before the drug is released for uptake in the intestines.3, 11 

There are a variety of methods for generating nanoparticles of drugs as well as nutraceuticals. 

Enterically coating individual drug nanoparticles to protect them in the stomach and so reduce the side 

effects from the drug is, to our knowledge, without precedent. Herein we have developed the use of 

continuous flow process intensification rather than using batch processing for enterically coating 

nanoparticles of a drug with different polymers. This is for the drug naproxen, as an archetypical NSAID. 

We recently established that a rotating tube processor (RTP), Figure 1, as a process intensification 

platform, is effective in controlling the growth of nanoparticles or organic compounds, for both the drug 

meloxicam and the nutraceutical curcumin,12 and also in the controlled growth of cerium phosphate 

nanorods.13 Herein the processing is extended to the coating of pre-formed nanoparticles of naproxen 
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with polymeric material. This further highlights the utility of RTP as a versatile platform for fabricating 

functional nanomaterials. The RTP is related to the spinning disc processor,14 which is also effective in 

controlling the growth of nanoparticles of a wide range of organic compounds, including the 

nutraceutical β-carotene,15 and chitosan,16 as well as inorganic materials.17, 18-20 However here the short 

processing time, typically less than a second for a 10 cm disc rotating at ca 2,500 rpm, compared to up 

to a minute for the RTP (see below), can result in incomplete growth of the particles, and thus additional 

uncontrolled growth post the process intensification. 

 

Figure 1: Schematic of the rotating tube processor (RTP). 

RTP consists of a rapidly rotating tube where reagents are delivered through jet feeds at one end, with 

processing taking place as the solutions travel down the tube under intense shear associated with the 

viscous drag, with the product collected at the opposite end, Figure 1. There is a significant number of 

processing parameters which can be varied in controlling the bottom up fabrication of nano-particles, 

including the rotational speed of the tube, and flow rates and concentrations of reagents, all under 

uniform heat transfer.12, 21 Effectively all molecules and particles are treated in the same way as they 

move along the tube, which is in contrast to anisotropic mixing and heat transfer for conventional batch 

processing.  

2. MATERIALS AND METHODS 

Micronised naproxen was obtained from Divis, hypromellose acetate succinate (HAS) from Shin-Etsu, 

polyvinyl pyrrolidone (PVP) forom Sigma-Aldrich, and lactose monohydrate from Meggle, and were all 

used as received. Ball milled nanoparticles of naproxen 262±4 nm (10% w/w in a lactose matrix) were 

supplied by iCeutica made from naproxen from Divis.17 

Enteric coating of naproxen acid nanoparticles 

Feed Jets

Solution outflow

Tube Rotation
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Ball milled naproxen nanoparticles were suspended at 10 mg/ml in 0.01 M HCl containing 1% w/v of PVP 

as a stabilizer. This solution was mixed with a solution of 0.5 mg/ml of HAS in 0.01 M NaOH on the 

rotating tube (30 cm length, 6 cm diameter) rotating at speeds from 200 rpm to 1700 rpm, with both jet 

feed flow rates at 1 ml/s. A similar set up was used for the CAP coating. The mixture was centrifuged 

and the solid collected then dried in a vacuum desiccator. The resulting powder was mixed with lactose 

(10 mg with 90 mg of lactose) and filled into hard gelatine capsules (size 3) for the dissolution studies. 

The uncoated naproxen powder was added directly to the gelatine capsules where the ball milled 

sample has 10 mg of naproxen and 90 mg of lactose. 

Dissolution studies 

These were performed on a Varian VK7025 Dissolution apparatus in a USP2 (paddles) configuration with 

both a 0.01 M HCl solution to simulate gastric environments, and a 0.001 M phosphate buffer solution 

of pH 7.4 to simulate intestinal environments. Each dissolution study was over a 60 minute period. 

Aliquots of the solutions were taken at pre-determined points throughout the testing period, and were 

analysed using a Varian Cary 50 UV/Vis fitted with flow cells in a multicell changer using UV light at 271 

nm. Two capsules containing the uncoated nanoparticles, two capsules containing the HAS coated 

nanoparticles and two capsules containing the CAP coated nanoparticles were tested at the same time, 

and the results were averaged for each type of particle. Repeat experiments were performed to ensure 

consistency. 

Characterisation of the nanoparticles 

Mean particle size was established in acidic suspension at pH 2 using a Zetasizer NANO-25 dynamic light 

scattering instrument (Malvern Instruments, Malvern) which also recorded ζ-potential readings. The size 

and shape characteristics of the nanoparticles were studied using SEM (Zeiss 1555 VP-FESEM) after they 

were coated with a thin layer of platinum, along with AFM (Nanoman D3000 Picoforce) where the 

tapping mode with phase contrast used to determine the thickness of the coatings. 

3. RESULTS 

In the present study nanoparticles of naproxen ca 250 nm in diameter (by intensity) were prepared 

using a dry ball milling prcocess.22 Two polymers were used to enterically coat these nanoparticles, 

hypromellose acetate succinate (HAS) and cellulose acetate phthalate (CAP), Figure 2. Other polymers 
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were explored, including hypromellose pthalate, polyvinyl acetate pthalate and a comerical formulation 

Acryl-Eze®, but the results were not as encouraging as HAS and CAP. Coating of the nanoparticles 

featured a suspension of naproxen nanoparticles in acid delivered to the rotating tube through one jet 

feed, with the other jet feed containing the polymer dissolved in a basic solution also delivered to the 

rotating tube. For both the HAS coated naproxen and the CAP coated naproxen, the particle sizes for all 

the samples were consistently similar, regardless of RTP speed (Table 1). The hydrodynamic diameter of 

the particles from DLS studies were close to 260 nm and 200 nm for intensity and number count 

respectively for the HAS coating, and 230 nm and 150 nm for the CAP coating, which were the same size 

(intensity and number) as the pristine ball-milled naproxen particles within experimental error. This is 

consistent with the amount of polymer available being dramatically less than that of naproxen and the 

homogenous mixing conditions are likely to lead to a thin coating. The presence of a thin coating is also 

supported by 1H NMR spectroscopy (Figure S1), which shows approximately a 100 fold difference in 

integration when comparing the peak at 0.87 ppm (assigned to the –CH2 groups on the side –R groups) 

with the aromatic peaks for naproxen at 7.48 ppm (relative intensity at 0.014 and 1.000 respectively).  

Table 1. Size of naproxen nanoparticles[a] for different processing RTP speeds (rpm) as measured by DLS for 
both HAS and CAP coatings (sizes in nm with standard deviations).[b] 

 200 500 800 1000 1300 1500 1700 

NAP/HAS 245±0.4 263±3 262±2 256±3 260±3 260±4 247±3 

 (189±0.4) (240±3) (192±2) (213±3) (207±3) (168±4) (205±3) 

NAP/CAP 231±4 219±4 240±2 230±1 236±1 238±2 240±4 

 (158±4) (163±4) (127±2) (129±1) (160±1) (153±2) (175±4) 

[a] Uncoated naproxen particles: 262±4 (197±4), 239±3 (165±3) respectively 

[b] Sizes are by intensity, with number count in parenthesis. 
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Figure 2: Representations of (A) HAS, and (B) CAP. 

SEM images in Figure 3 for both the HAS and CAP coated nanoparticles establish a good correlation with 

the particle sizes obtained from DLS studies.  

 

Figure 3: SEM images of naproxen nanoparticles coated with (A) HAS, and (B) with CAP. 

AFM images for both naproxen/HAS and naproxen/CAP particles (Figure 4) establish a coating thickness 

approximately 10 – 20 nm. The coating for the naproxen/CAP system is not as uniform as that for the 

HAS coating, but nevertheless the lighter areas in the AFM establish that the coating is present. 

 

Figure 4: AFM images of naproxen particles (A and B) coated with HAS using the RTP at 800 rpm, with (A) coating shown in the 

phase contrast image by arrow, and (B) height image; (C and D) coated with CAP using the RTP at 800 rpm, with (C) coating 

present in the phase contrast image by arrow, and (D) height image. 

C D

A B

1 µm 1 µm

200 nm 200 nm

A B 

200 nm 1 µm 

44 
 



ζ-potential of the initial naproxen suspension was ca -4.0 mV which dropped to ca -11.0 mV after coating 

with HAS or CAP; the similarity between the values is not surprising given the similarity in structure of 

the two polymers, both having a glucose-like backbone with hydroxyl and carboxylic acid attached. 

Varying the speed of the RTP had very little effect on the value, as expected, due to the fact that the 

naproxen particles were pre-formed, with also little change in the thickness of the coating. 

The effect of changing pH on the ζ-potentials of the particles as a measure of their surface charge is 

shown in Figure 5. There is a downward trend of zeta potential with increasing pH for both coating 

polymers, as expected on deprotonation of the carboxylic acid groups. The HAS coating provides a more 

linear response, with a shallower slope relative to that of the CAP coating. This relates to differences in 

the density of ionisable groups between the two polymers with the CAP polymer having a higher density 

of carboxylic groups.  

 

Figure 5: Zeta potential data for HAS and CAP coated naproxen particles, as a function of pH (HAS coated are red squares, CAP 

coated are green diamonds). 

Two dissolution studies were undertaken on these samples, performed multiple times with multiple 

samples each run, the first for an acidic solution (0.01 M HCl, 500 ml) to determine the level of 

protection afforded by the enteric coatings. The second involved a pH 7.4 phosphate buffer, to 

determine if the coating restricts the dissolution of the naproxen in intenstinal conditions. Dissolution 

curves for the acidic solution are presented in Figure 6A, for the milled, uncoated starting material and 

the two coated materials. This is for samples processed at 700 rpm, with samples processed from other 

speeds having similar profiles. 

The HAS coated nanoparticles results in only 5% of naproxen dissolving relative to the uncoated sample, 

Figure 6A, for the same one hour period in acidic media. This is a significant drop in the release of 
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naproxen compared to the uncoated naproxen. The CAP coated particles behaved similarly with just 

over 10% of naproxen released compared with the uncoated naproxen.  

In contrast, for dissolution in a pH 7.4 buffer solution (as a Na2HPO4 and NaH2PO4 buffer solution), both 

coated nanoparticle samples resulted in a large percentage of the naproxen dissolving, although with 

different release profiles for HAS coating versus CAP coating (Figure 6B). For the HAS coated sample, 

over 99% of the naproxen was released relative to the uncoated nanoparticles after 40 minutes. The 

initial release profile is not as steep as for that of the CAP sample, with most of the naproxen released 

after 40 minutes, showing little retardation of release by the coating. For the CAP coated particles, 

within an hour just over 80% of the naproxen is released with then essentially a linear release 

thereafter. These release profiles occur consistently over many tests with different batches of the milled 

naproxen.  

Figure 6: Dissolution curves for naproxen nanoparticle samples; (A) pH 2 HCl (0.01M), (B) pH 7.4 phosphate buffer (solid, blue line 

is milled naproxen; dashed, red line is HAS coated naproxen; dotted, green line is CAP coated naproxen). 

4. CONCLUSIONS 

We have established that the RTP provides a simple and robust method for coating drug nanoparticles. 

It allows for more rapid and high throughput of material under continuous flow conditions. Using a 

selection of commercially available enteric polymers, and pre-formed nanoparticles of the model drug 
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naproxen, coated nanoparticles were fabricated which retained their dissolution characteristics under 

intestinal pH conditions, while being protected from dissolution under gastric pH conditions. 

 

The methodology has potential for coating nanoparticles in general, and for extending the work to other 

polymers for the coating which have similar properties with regard to acid/base conditions. It is also 

notable that the concentration of polymer material required to achieve this protection is significantly 

less than the drug concentration, allowing for a higher drug loading than may be otherwise possible. 
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CHAPTER 3: NAPROXEN; NUCLEATION AND COATING USING RTP AND 

SDP 

3.1 INTRODUCTION 

Milling naproxen then taking the powder and applying a coat is a long winded process where the two 

parts are mismatched. One involves batch processing to achieve nanoparticles,80 while the other 

involves a continuous flow process to coat the particles. Though still feasible to implement, using 

continuous flow for both sections would enhance the overall system, allowing for a greater enticement 

to industry. By using such a system, naproxen or other drugs could be created in particulate form, 

before having other coatings applied to them. A single coat would not necessarily be the end, with the 

potential to apply multiple layers of different materials, leading to fast production of multi-effect drug 

particles.  

Process intensification is a useful tool for creation of particles as their high turbulence allows for the 

creation of small particles, with a high homogeneity. They are able to achieve nanoparticle sized 

materials using inorganic materials, such as in the making of quantum dots. This should prove highly 

useful when attempting this formation of organic particles. The design of the process intensification 

devices used allows for a high throughput of material while retaining the unique properties in the fluid 

flow that they generate. The rotating tube processor (RTP) is a horizontal tube that incorporates feed 

tubes that inject solutions onto the inner surface of the hollow tube. As the tube rotates, and more 

solution is added the combined solution then travels further along the tube. The centrifugal force 

generated on the solution by the tube rotating causes the solution to be pinned to the inner surface of 

the tube, creating a thin film covering the entire surface of the tube. The rotating also causes intense 

mixing of the solution, creating a homogenous environment within the solution. The period of time that 

the solution takes to traverse the length of the tube varies depending on the speed of rotation of the 

tube, the viscosity of the solutions and the feed rate of solution into the rotating tube.  

The spinning disc processor (SDP) by contrast consists of a disc upon which the solutions are injected 

onto the centre. The centrifugal forces here cause the solution to be moved away from the centre 

towards the edges and then flung off of the edges of the disc. This process also creates a thin film, 
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though one that is thicker at the centre which reduces towards the edge. Again, intense mixing is 

observed as the solution is spun towards the edge of the disc; a process which can be enhanced through 

the use of ridged discs which further disrupt the flow causing increased turbulence and hence greater 

homogeneity. Both devices allow for a flow rate between 20 ml/min and 120 ml/min, with normal 

operation occurring at 60 ml/min (1 ml/s). This high flow rate and large feed tubes allows for large 

quantities of solution to be processed in a short period of time, important when considering potential 

industrial applications.  

Through the use of low concentrations of the cheap and readily available hydrochloric acid and sodium 

hydroxide for the base solutions, costs for such high throughput will be reduced as well as negating the 

need for potentially costly and time consuming processes to remove organic solvents that are often 

used in the preparation of drug particles. With the continuous flow properties of the RTP and SDP, 

solutions can be taken immediately after processing and taken to be dried into a dry powder form, 

typically spray drying in industry. Without such continuous flow conditions, such steps would be delayed 

until the entire batch had been prepared, which could potentially cause additional delays if a batch 

becomes contaminated just after completion or similar calamities. 

Though these high-throughput benefits are very useful when looking to applications in industry, such 

conditions are partially a liability during testing and optimization. Compared with the batch processing 

explained in Chapter 2, processing on the RTP and SDP devices requires significant quantities of solution 

to ensure smooth flow of liquid while processing. This leads to significant proportions of prepared 

solutions being unusable or lost at the quantities prepared for these experiments; this can be slightly 

mitigated by altering conditions (such as tube/disc speed) in situ while processing, which increases the 

usable proportion of prepared solutions significantly. This approach could potentially lead to errors and 

incorrect results if not carefully dealt with.  

3.2 NUCLEATION OF NAPROXEN 

Several methods for nucleating naproxen were available for use; either using a solvent/anti-solvent 

approach, which used organic solvents, or an acid/base system which was possible due to naproxen’s pH 

dependency. Due to the enteric polymers being pH sensitive as well, the acid/base approach was 

deemed the best for testing. This would allow for the enteric polymers to be included in the process at a 
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later stage, with minimal changes being required to the system. In addition, because the basic solution 

that the naproxen would be dissolved in would be neutralised, ensuring that almost 100% of the 

naproxen would be nucleated out – an organic solvent would still have a portion still dissolved within it. 

Again, much like the coating of the milled naproxen, it would be expected that adding hydrochloric acid 

to sodium hydroxide (of the same concentration) would lead to a neutral solution with a pH around 7. 

However, due to the naproxen the pH was much lower, typically around 4. This ensures that the 

particles formed would not subsequently re-dissolve.  

3.2.1 NUCLEATION ON THE RTP 

Nucleation on the RTP was under similar conditions to that used for the coating of milled naproxen. The 

naproxen powder was dissolved in a 0.01 M NaOH solution at 1 mg/ml, at which stage the naproxen is 

fully soluble. This concentration is sufficiently high enough that a powder can be achieved for further 

testing, as well as being a similar naproxen concentration to the milled naproxen experiments (the 

milled naproxen was at a 10 mg/ml concentration, but only 10% of that was naproxen due to the milling 

conditions). A 0.01 M HCl solution, with 1% PVP (w/w) acting as a surfactant was used to neutralise and 

acidify the naproxen solution, which would cause the naproxen to nucleate out. This resulting acidic 

solution ensures that the naproxen particles thus formed do not re-dissolve, which would cause 

erroneous results as some particles measured/observed would not be from processing on the RTP, but 

from growth afterwards. HCl is relatively harmless, and creates no significant toxic by-products of its 

interaction with NaOH, which itself was chosen for similar reasons. The NaCl that would be the by-

product would dissolve in the resulting solution, and so not be an issue during washing, collecting and 

drying of the powder for further testing. 

When in use, the RTP has two feed tubes passing through a peristaltic pump each, typically running at 1 

ml/s. The tubes are 8 mm in diameter, connected to steel pipes that lead into the RTP, and deposit the 

solutions onto the surface of the tube. This required that stock solutions of several hundred millilitres 

were prepared to ensure that sufficient solution remained within the feed tubes to guarantee that the 

flow was uninterrupted during processing. The tube itself was run with varying rotational speeds, from 

500 rpm up to 1,700 rpm, with typical measurements being taken every 500 rpm. This allowed for 

sampling to be taken from low to high speeds to cover the available range of speeds, without creating 
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unnecessary samples that would slow down characterisation needlessly.  The samples thus prepared 

would then be characterised by DLS and/or Mastersizer, and the most promising and demonstrative 

samples were then prepared for SEM and AFM studies. 

Initial experiments involved dissolving the naproxen in the NaOH solution at 1.5 mg/ml as that was the 

maximum that could be dissolved at that concentration of NaOH. This was later reduced to 1 mg/ml so 

as to reduce the chance that undissolved naproxen would be present during processing. The feed rate 

was also set at 30 ml/min, as it was hoped that a slow feed rate would preclude larger particle 

formation, though this would prove to be erroneous. Samples were taken at 100 rpm intervals between 

500 rpm and 1,500 rpm, with the results shown in Figure 3.1. Looking at the d(0.5) results (the size 

where 50% of the particles are less than) there is a rough trend towards a reduced particle size as the 

speed increases. However the 800 rpm and 1,400 rpm samples appear to lie off of this line – their size 

distribution includes a large proportion of much larger particles, and may be due to the presence of the 

aforementioned undissolved naproxen. This may also be an explanation for the varied d(0.8) size results 

which do not appear to have an overall trend.  

 

Figure 3.1: Size of naproxen particles nucleated on the RTP, 1.5 mg/ml concentration, 30 ml/min feed rate 

 

From this came the conclusion that a faster feed rate might help to create smaller particles by ensuring 

that the solution would remain on the tube for a shorter period of time, and so reduce the growth time. 
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reduce the size of particles that grow during processing. The results of these experiments are shown in 

Figure 3.2, where there is a drop in particle size as the speed of the tube increases. Once the speed gets 

up to 700 rpm, the particle size reaches a plateau whereupon further increasing the speed has little 

effect on the overall size, except to possibly reduce the chances of getting slightly larger particles which 

is indicated by the drop in the d(0.8) size. The solution exiting the RTP were slightly warm 

(approximately 25°C versus 20°C for the starting solutions), so there was the potential for this heat to 

cause further growth and Oswald ripening, leading the larger particles. In an attempt to negate this, a 

quick experiment was run at 1,000 rpm and the resulting solution was collected in an ice-bath-cooled 

container. However, the size of these particles was 16 µm (d(0.5)), which led to the conclusion that such 

attempts to reduce the temperature would not be an effective method of helping to reduce the overall 

particle size. 

 

Figure 3.2: Size of naproxen particles nucleated on the RTP, 1.5 mg/ml concentration, 60 ml/min feed rate 

 

A variety of surfactants were then tested in order to facilitate a smaller particle size (see Section 3.2.2), 

however this did not provide the drop in particle size that was hoped for. Therefore, the concentration 

of PVP was altered to determine what effect this had on the particle size. 0.5%, 2% and 3% were chosen 

and were run at 60 ml/min feed rate with the tube spinning at 1,500 rpm. The results of these 

experiments are shown in Figure 3.3. Increasing the concentration of PVP gives smaller particle sizes, 

due to the extra PVP wrapping up the particles formed, and hindering any further growth during 

processing. Using these higher concentrations was not used in future experiments as although the 
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particle size was reduced, the much greater quantity of PVP used in order to get them was not deemed 

worth the cost both in materials, and in future processing to remove excess material. 

 

Figure 3.3: Sizes of naproxen nucleated on the RTP at 1,500 rpm with different concentrations of PVP 

Due to the aforementioned possible issues that could arise from using 1.5 mg/ml naproxen, a lower 

concentration of 1 mg/ml was instead looked at in an attempt to remove larger particles that may be 

sucked up from incomplete dissolution, while also reducing the particle size. Figure 3.4 shows the results 

from this. The results are very similar to the 1.5 mg/ml naproxen samples from earlier, with regard to 

the d(0.5) results, though the DLS results show sizes around 2 µm with error bars of around 100-200 nm. 

There is a rough downwards trend of size with increasing speed with respect to the DLS results, although 

the Mastersizer data does not appear to show any trend. This drop in size will be due to the increased 

turbulent flow caused by the higher rotation speed, which although leading to more collisions with each 

other there is potentially a higher chance for the material that does collide with the growing particle to 

be moved away before it can coalesce around the particle. The SEM image (Figure 3.5) shows a sample 

of the 1,000 rpm solution, with several particles visible of around 2 µm in diameter, though this is 

slightly hidden by the perforated PVP sheet that covers the area. 

0

10

20

30

40

50

60

70

0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00% 3.50%

Si
ze

 (u
m

) 

PVP percentage 

d(0.5)

d(0.8)

54 
 



 

Figure 3.4: Sizes of naproxen nucleated on the RTP at 1 mg/ml with 1% PVP and 60 ml/min feed rate 

 

Figure 3.5: SEM image of naproxen nucleated on the RTP at 1 mg/ml with 1% PVP and 60 ml/min feed rate, 1000 rpm sample 

 

Since the higher concentration PVP worked better in the earlier experiments with 1.5 mg/ml naproxen, 

it seemed prudent to apply this to the 1 mg/ml naproxen concentration and determine if the effect is 

still viable. Accordingly, the 3% PVP concentration was examined as this gave the best results from 

previous experiments. The results, shown in Figure 3.6 indicate that when measured by the Mastersizer, 
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respectively. SEM images (Figure 3.7) of the 1,700 rpm sample show smooth particles around 2 µm in 

diameter, with the PVP around the particles in a roughly 500 nm thick layer. 

 

Figure 3.6: Size of naproxen particles nucleated on RTP with 3% PVP, 1 mg/ml naproxen, 60 ml/min feed rate 

 

Figure 3.7: SEM of naproxen particles nucleated on RTP with 3% PVP, 1 mg/ml naproxen, 60 ml/min feed rate, 1700 rpm sample 
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increasing speed is evident. This is most likely from the PVP unwrapping, with the quantity of PVP 

present it can hold a lot more naproxen together so that it has time to form larger particles, whereas at 

lower speeds this unwrapping does not occur to the same degree, if at all, and so not as much naproxen 

will be brought together to form the particles. 

 

Figure 3.8: Size of naproxen particles nucleated on RTP with 5% PVP, 1 mg/ml naproxen, 60 ml/min feed rate 

 

With access to higher weight PVP, experiments were performed to determine if there was any 

difference between the 360 kD and the 40 kD that had been used up to this point. Experiments were 

performed at the typical 500 – 1,700 rpm range with a 60 ml/min feed rate, with the 360 kD PVP being 

used at both 1% and 5% concentration (w/w). In both cases the results were erratic at best. The 1% 

sample had a cleaner DLS profile, but still had a size distribution from 10 nm to 1 µm by intensity and 

around 10 nm by number, while the 5% had a similar number distribution, but a much larger and less 

clearly defined intensity distribution. This will be due to the higher weight PVP providing significantly 

longer polymer chains that would untangle during processing97 and be able to engulf more naproxen 

than the shorter chain PVP. This in turn leads to uncontrolled particle sizes as some sections will be 

more conducive to smaller particles, while other areas will allow for much larger particles to form. From 

this it was obvious that such higher weight PVP would not provide access to the smaller particles 

required. An SEM image of the 1,500 rpm 5% sample (Figure 3.9) shows spherical particles ~150 nm in 

diameter, along with short lengths of ribbon-like structures – these are likely to be some of the polymer 

that formed as the solution dried on the carbon tape. 
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Figure 3.9: SEM image of naproxen nucleated on the RTP with 5% 360 kD PVP, 1 mg/ml naproxen, 60 ml/min feed rate , 1500 rpm 
sample 

 

At this stage, it was hypothesised that using a lower concentration of naproxen would lead to smaller 

particles; the idea being that with less material present, and everything else remaining the same, there 

would be a similar level of nucleation of naproxen particles, but not as much naproxen present to create 

the micron sized particles. The results from this test are shown in Figure 3.10, and show a drastically 

reduced particle size – down to under 20 nm. There is no observable difference in particle size with 

change in speed, potentially indicating that at this low concentration nucleation is the primary 

mechanism, with very little growth occurring which would feasibly provide a trend in size with speed. Of 

note is that the size measurements by intensity on the DLS (which provides a snapshot of the largest 

particles present, even if only a small fraction of the overall number of particles) were all double 

peaked. The peak for the smaller sizes are shown in Figure 3.10, but the larger size peaks were all 

around the 200 nm mark – still much smaller than had previously been achieved by nucleation on the 

RTP. In order, these sizes were: 176±13, 284±21, 202±13, 240±5 nm. However, although these results 

give very small particle sizes, smaller than ball milling was able to achieve, due to the low concentration 

it would be prohibitive to attempt to recover enough dry powder to perform any further 
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characterisation such as powder XRD or dissolution. The SEM (Figure 3.11) shows the 500 rpm sample, 

with ~200 nm spherical particles visible, the larger particles that were observed in the DLS distribution. 

 

Figure 3.10: Size of naproxen particles nucleated on RTP with 1% PVP and 0.1 mg/ml naproxen, 60 ml/min feed rate 

 

Figure 3.11: SEM of naproxen particles nucleated on RTP with 1% PVP and 0.1 mg/ml naproxen, 60 ml/min feed rate, 500 rpm 
sample 

 

In order to determine how important the surfactant PVP is with such a low concentration of naproxen 

present, with the aim of removing the PVP if it proved superfluous, the same experiment as above was 

performed except with no PVP present. The results are shown in Figure 3.12, with a large increase in size 
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beyond that seen with PVP present. However, the particle size is similar to the larger size peak from the 

aforementioned experiment, leading to the conclusion that this ~200 nm size is around the maximum 

for this concentration of naproxen. The large error bars indicate that this particle formation is not 

sufficiently controlled with the absence of a surfactant, and is not suitable for the end goal. The SEM 

image (Figure 3.13) of the 500 rpm sample has ~150 nm particles arranged into clusters, though this 

may be an artefact of the drying process with the absence of any surfactant to separate the particles. 

The fairly large size distribution can be observed with both smaller and larger particles present. 

 

Figure 3.12: Size of naproxen particles nucleated on RTP with no PVP, for 0.1 mg/ml naproxen, 60 ml/min feed rate (PDI for 
increasing speed: 0.393, 0.435, 0.386, 0.390) 

 

Figure 3.13: SEM image of naproxen particles nucleated on RTP with no PVP and 0.1 mg/ml naproxen, 60 ml/min feed rate, 500 
rpm sample 
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With the increase in feed rate from 30 ml/min to 60 ml/min leading to smaller particles with 1 mg/ml 

concentration samples, the effect of increasing the flow rate on the particles formed at these low 

naproxen concentrations was looked at. It was expected that an increase in flow rate from 60 ml/min to 

120 ml/min would produce particles even smaller, as the material had even less time on the tube in 

which to grow. However, the results shown in Figure 3.14 show that the opposite happens. Although 

there is a decrease in particle size with increasing speed, the sizes are still larger than those obtained at 

60 ml/min. This would be because the increased flow rate reduces the time of the solution/particles 

being processed within the RTP. The does not leave enough time for the naproxen to sufficiently 

nucleate and form particles, so once the solution leaves the RTP there is still some naproxen remaining 

that is able to interact with the existing particles and cause growth. As expected based on other 

experiments, with the PVP removed the particle size increased dramatically. The size appears to be 

smaller than what was measured for the 60 ml/min samples, however the error in these samples is quite 

large – further reinforcing the idea that a surfactant of some kind is required for controlled particle size 

of naproxen. The DLS size distribution curves, show that for each speed there is a very small proportion 

of particles at 200-300 nm in size, as evidenced in the SEM image (Figure 3.15), which also shows that 

the particles have changed from being more spherical at 60 ml/min to a higher aspect ratio. 

 

Figure 3.14: Size of naproxen particles nucleated on RTP with 1% PVP and 0.1 mg/ml naproxen, 120 ml/min feed rate (no PVP PDI 
for increasing speed: 0.261, 0.301, 1.000, 0.640) 
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Figure 3.15: SEM image of naproxen particles nucleated on RTP with 1% PVP and 0.1 mg/ml naproxen, 120 ml/min feed rate, 500 
rpm sample 

 

3.2.2 SURFACTANT TEST 

During the course of the nucleation of naproxen on the RTP, several different surfactants were explored 

in order to determine if there was another surfactant that would be able to provide access to smaller 

particles than what had been obtained through PVP. To this end a selection of surfactants that were 

suitable for drug work, and FDA approved, were sourced and tested. Table 3.1 lists the surfactants used, 

and the abbreviations accorded them in this section. 

Table 3.1: Abbreviations for surfactants explored 
B700 Brij 700 
F68 Lutrol F68 NF Prill 
F127 Pluronic F127 
P4S Poloxyl 40 sterate (polyethelyne glycol monostearate) 
SDS Sodium dodecyl sulphate 
T2700 Tersperse 2700 
µ68 Lutrol Micro 68 MP technical 

 

These surfactants were then dissolved in 10 ml 0.01 M HCl at 1% (w/w), with each surfactant solution 

then being shaken, and the observations recorded in order to narrow down the selection for further 

testing. 10 mg/ml naproxen then added, and further observations made. Table 3.2 shows these 

observations. 
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Table 3.2: Observations for samples including each surfactant and naproxen in 0.01 M HCl 
 No Naproxen 10 mg/ml naproxen 
B700 Partially dissolved, translucent particles on bottom Not suspended 
F68 Fully dissolved, minimal foam/bubbles on top Cloudy, well suspended 
F127 As B700 Translucent, well suspended 
P4S Partially dissolved Dissolved 
SDS Fully dissolved, lots of bubbles on top Not cloudy, not suspended 
T2700 Dissolved, minimal foam/bubbles on top Dissolved 
TWEEN 80 Viscous liquid, almost gel-like Translucent, well suspended 
µ68 Dissolved, minimal residue, minimal foam/bubbles on 

top 
Cloudy, well suspended 

 

Of these surfactants, only F68, F127, µ68 and TWEEN 80 were able to suspend the naproxen. The others 

proved to be ineffectual in achieving the desired goal of suspending the naproxen and so were removed 

from the next stage of testing. These remaining three were then run on the RTP in a similar manner to 

the PVP experiments in section 3.2.1 – running at 60 ml/min feed rate, 1.5 mg/ml of naproxen, similar 

HCl and NaOH concentrations, and each surfactant was tested at 1,000 rpm. The size distribution curve 

for each of these four surfactants is shown in Figure 3.16, and though there is a certain degree of 

difference between the F127 and TWEEN 80 compared to the other two (the F127 and TWEEN 80 have a 

broader distribution than the other two), the resulting particle sizes are similar to the PVP experiments. 

Due to this, further experimentation on the RTP, and consequentially the SDP and VFD, remained using 

PVP as the surfactant due to a selection of polymer chain lengths available, and prior use in the milled 

naproxen work. 

 

Figure 3.16: Mastersizer size distribution for the four alternative surfactants, µ68, F68, F127 and TWEEN 80 
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3.2.3 NUCLEATION ON THE SDP 

Nucleation on the SDP was under similar conditions to those used for the coating of the milled naproxen 

earlier. The naproxen powder would be dissolved in a 0.01 M NaOH solution at 1 mg/ml; at this 

concentration the naproxen is completely soluble in this solution. The chosen concentration of 1 mg/ml 

allows for sufficient material to be recovered for further testing that requires a dry powder, without 

using excessive quantities of solution. A 0.01 M HCl solution, with 1% PVP (w/w) acting as a surfactant 

was used to neutralise the basic solution and cause the naproxen to nucleate while on the SDP. This 

acidic solution ensures that the naproxen does not dissolve, and HCl was used primarily due to its ease 

of obtainability and relatively low harm it can cause at the concentrations being used. NaOH was used 

for similar reasons as the HCl; the NaCl byproduct formed by reacting these two solutions was deemed 

to be less harmful than byproducts of other acid/base combinations, as well as the ease of removal 

since it would be ionised in the resulting solution, and so removed during washing steps. 

For operation of the SDP, two peristaltic pumps were used, one for each feed jet. These operate at 1 

ml/s through 8 mm diameter tubing onto the centre of the disc. This necessitated stock solutions of at 

least several hundred millilitres to ensure constant flow rate through the tubes. The SDP itself ran at 

speeds varying from 500 rpm up to 2,500 rpm, with the majority of samples being taken at 500 rpm 

points between these two. This allowed for a rapid method to sequence the results from throughout the 

range of speeds available, without missing important changes that may occur. The resulting solutions 

would then typically be measured immediately by DLS and/or Mastersizer, and appropriate samples 

selected for further study by SEM and AFM. 

Initial experiments used 1.5 mg/ml concentration for the naproxen. This was just at the edge of the 

solubility of naproxen in 0.01 M NaOH, and was changed to 1 mg/ml later to ensure that all the 

naproxen present had dissolved. Using this concentration, naproxen was nucleated into the acidic 

solution containing 1% PVP. Usually 40 kD PVP is used in experiments, but initial testing explored the 

effect of using a PVP with a greater and smaller weight. It would appear that as the PVP weight 

increases, the size of the particles also increases (Figure 3.17). This is to be expected, as the larger the 

weight of the PVP, the longer the polymer strand will be. This means that as the particles are being 

formed, the PVP can wrap more particles and these then attract more naproxen that fuses the smaller 
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particles into one larger one. Lower weight polymer doesn’t have the length to do this to the same 

degree, as evidenced by the minor differences between the 10 kD and 40 kD samples. 

 

Figure 3.17: The effect of PVP weight on the size of particles created on the SDP by nucleation, 1.5 mg/ml  

 

A higher concentration of naproxen was looked at in order to recover sufficient material for powder 

analysis through dissolution. To this end the concentration of naproxen was increased to 10 mg/ml, 

which necessitated increasing the concentration of the HCl and NaOH to 0.1 M as well, to ensure that all 

the naproxen dissolved. When processed at 1,500 rpm on the SDP, with a feed rate of 60 ml/min the 

resulting particle size was 900±700 nm. This result was from a ten times dilution of the solution from the 

SDP as the undiluted solution was too concentrated for the DLS to get a reasonable measurement, 

although the error is very large still indicating that possibly the dilution was insufficient to get 

reasonable results. Due to this large error, further work with this high concentration was abandoned  

though this sample was dried and prepared for dissolution studies, with the results shown later in Figure 

3.30 as comparison with some other dissolution results. 

It is noteworthy that at this stage further experiments were performed to determine the effects of 

different surfactants, flow rate and the absence of a surfactant on the particle size generated, but the 

results obtained were unreliable. Between the earlier experiments and these newer ones another user 

of the SDP had performed an experiment that left a black residue that proved almost impossible to 

remove, and caused particle sizes to be measured that were around 20 µm in diameter, even when 
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repeated with the earlier experiment that achieved sizes ten times less. After a year, experiments were 

performed once again on the SDP as below, to coincide with similar experiments being performed on 

the RTP, however circumstances arose such that efforts were put into work on the VFD due to the more 

interesting results being observed beyond those achieved on the RTP and SDP, and so exploration of the 

effect of flow rate and surfactant were shelved, especially given the similarity in results thus obtained 

between the RTP and SDP. 

In order to try and effect a reduced particle size, a lower naproxen concentration was used. This was not 

originally chosen, as subsequent characterisation techniques required a dry powder to work with 

(powder XRD, dissolution) and with the reduced concentration of 0.1 mg/ml being used, this would 

require significant quantities of solution to acquire sufficient material for those tests. However, 

characterisation using DLS, SEM, AFM and TEM was still possible. As before, conditions were a 0.01 M 

HCl solution that contained 1% PVP (except where noted that PVP was absent) and a 0.0 1M NaOH 

solution containing the new naproxen concentration. The PVP used was the typical 40 kD version to 

provide a useful control to be able to compare the results with previous experiments. 

Samples were prepared on the SDP both at a 60 ml/min and a 120 ml/min feed rate to determine the 

difference between the two conditions on the final particle size. Otherwise the experiments were the 

same, with samples being taken at 500, 1000, 1500, 2000 and 2500 rpm disc speeds. At 60 ml/min, with 

PVP present, the naproxen particle sizes were down to under 10 nm (Figure 3.18). There is a split 

between the intensity and number values as measured by the DLS, which indicates that there was a 

large number of smaller particles, with a few larger ones present. There also appears to be a downwards 

trend of reduced particle size with increasing disc speed. When PVP is removed from the experiment, 

the particle sizes jump upwards by a factor of 10 or so. This will be due to the stabilising effect of the 

PVP no longer present, and so particles can increase in size without control. There does not appear to be 

a trend that can be claimed, though once again the presence of both an intensity and number value that 

differs would imply that there are a lot of smaller particles, with a few larger ones present. The SEM 

image of the 1,500 rpm sample without PVP present (Figure 3.19), shows particles significantly smaller 

than the 100 nm indicated by DLS, but the wide size distribution from the particles in the field of view 

certainly match up with the larger error in the DLS reading for these particles. This would confirm that 

without PVP present, naproxen growth is uncontrolled. 
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Figure 3.18: Particle size of naproxen nucleated on the SDP at 60 ml/min feed rate, both with and without PVP present (PDI for 
increasing speed; with PVP: 0.374, 0.595, 0.516, 0.246, 0.678; without PVP: 0.402, 0.320, 0.627, 0.389, 0.334) 
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Figure 3.19: SEM image of naproxen nucleated on the SDP at 60 ml/min feed rate, without PVP present, 1500 rpm sample 

 

When the feed rates were increased to 120 ml/min, the samples with PVP present showed little change 

in particle size (Figure 3.20). Again there is a split of sizes over measurements by intensity and by 

number indicating that the majority of particles are small (~5 nm) with a few larger particles (~15 nm). 

On average, the particles created at these higher feed rates, with PVP, are slightly larger than for the 

respective speeds but at 60 ml/min. This would indicate that the feed rate has very little effect on the 

particle formation. Doing the same experiment but without any PVP present gave similar results at 120 

ml/min as at 60 ml/min feed rates, much like when PVP is present. However, at 120 ml/min, there 

wasn’t as much of a split in sizes, with only the 500 rpm sample having a different intensity and number 

result; the other speeds from 1,000 – 2,500 rpm have all the particles of the same order of magnitude in 

size, albeit it at the larger 200 nm size band. This would seem to imply that the smaller particles that are 

formed are not as stable as under other conditions, and they then agglomerate or undergo further 

growth during processing. The SEM image of the 1,500 rpm sample with PVP (Figure 3.21) shows this 

difference between the number and intensity measurements. There are a few larger particles scattered 

around, but the majority are much smaller in size. The particles appear to be similar in shape to those 

observed for the 60 ml/min feed rates. For the 2,500 rpm sample without PVP (Figure 3.22), the 
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majority of the particles are a similar size, much more than the other SEM image. These particles are 

larger than those with PVP which matches up with the DLS data gathered on these two samples. 

 

 

Figure 3.20: Particle size of naproxen nucleated on the SDP at 120 ml/min feed rate, both with (a) and without (b) PVP present 
(PDI for a) for increasing speed: 0.513, 0.566, 0.542, 0.585, 0.727) 
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Figure 3.21: SEM image of naproxen nucleated on the SDP at 120 ml/min feed rate, with PVP present, 1,500rpm sample 

 

Figure 3.22: SEM image of naproxen nucleated on the SDP at 120 ml/min feed rate, without PVP present, 2,500rpm sample 

 

3.2.4 NUCLEATION WITH ORGANIC SOLVENTS 

Though organic solvents were not deemed suitable for the approaches being used in this project, some 

experiments were performed to determine the size of particle that could be obtained, and the ease of 
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recovery of those particles. To this end, several organic solvents were tested to determine the level of 

dissolution of naproxen that could be obtained, as well as determine how well these choices matched 

up with the enteric polymer results (Table 2.2). The results for naproxen are shown in Table 3.3. 

Table 3.3: Behaviour of naproxen in organic solvents 
Acetone Butan-1-ol Diethyl Ether Ethanol Ethyl Acetate Pentane Propan-1-ol 

√ x ~ √ ~ x √ 
Green (√) indicates complete dissolution, yellow (~) indicates partial dissolution, red (x) indicates no dissolution 

 

Naproxen dissolves significantly in acetone and ethanol, and due to this plus the fact that they are 

readily available and easily removable, they were chosen over the other solvents. All seven solvents are 

all classified as Class 3 solvents, which indicates they are less toxic and of low risk to human health in the 

low quantities present in pharmaceutics. However no long-term toxicity or carcinogenicity studies have 

been performed on them. 

An acetone/butan-1-ol solution was decided upon for the first tests, using a solvent/anti-solvent 

approach to nucleate the naproxen particles. Acetone was chosen to dissolve the naproxen, for reasons 

mentioned earlier, with naproxen being at a 40 mg/ml concentration. Butan-1-ol was chosen as the anti-

solvent as naproxen does not dissolve in it and it miscs with acetone. A 1:1 ratio of solvents was chosen, 

and the acetone was dropped slowly (~1 drop per second) into the butan-1-ol under magnetic stirring. 

Unfortunately the vials used for DLS testing degrade in the presence of acetone, and the resulting 

solution wasn’t suitable for checking on the Mastersizer. Attempts to remove the acetone by 

evaporation proved fruitless and macroscopic naproxen crystals formed around the conical flask over 

the period of days to weeks. However SEM images were obtained, and these showed the particles to be 

200 nm – 2 µm in size (Figure 3.23), though how much of that is due to growth as the solvents 

evaporated is unknown as the solution itself was clear implying that the particles were sub-100 nm. 
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Figure 3.23: SEM image of naproxen nucleated from acetone into butan-1-ol, batch method 

 

In case the butan-1-ol was causing issues, and to reduce the quantity of organic solvents present, 0.01M 

HCl was swapped in as the anti-solvent. These were both tested in small scales (10-20 ml) with the 

acetone being added to the HCl, and vice versa, before being left to evaporate off the acetone. 

However, once again macroscopic naproxen crystals formed and DLS sizing could not be obtained due to 

the presence of the acetone. 

With this problem, focus switched to the ethanol as this would provide access to the DLS for sizing. A 

concentration of 10 mg/ml naproxen in ethanol was chosen after some testing, and 0.01 M HCl was 

used as the anti-solvent for this approach, without any surfactant present. Once again the naproxen-

bearing ethanol solution was dropped slowly (~1 ml per second) into the acid solution, with stirring. The 

reverse, pouring the acidic solution into the ethanol, was also tested to determine if the order had much 

effect on the resulting size of the particles. DLS results (Figure 3.24) showed a consistent particle size of 

350 nm for addition of ethanol into acid, but this increased to 380 nm when the reverse was applied. 
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Figure 3.24: DLS graph indicating size of naproxen particles nucleated from an ethanol/HCl mix; A) addition of ethanol to acid, 
particle size is 354.4 nm; B) addition of acid to ethanol, particle size is 381.6 nm 

This ethanol/acid mix was then prepared for use on the RTP. As in other RTP experiments, the feed 

tubes were set to a 60 ml/min rate, and the speed was varied from 500 rpm to 1,000 rpm and up to 

1,500 rpm. As with the bench experiments there was no surfactant present. The resulting solutions were 

cloudy and the DLS managed to get a sizing of 690 nm for the 500 rpm sample, but the remaining two 

samples flocculated and settled too rapidly for the DLS to measure correctly. The Mastersizer, however, 

did manage to measure the particles, although the d(0.5) results were all around 20 µm. It would appear 

that a surfactant would be useful in limiting the level of flocculation and keep the particle size low. 

When adding in 1% PVP to the acid solution, then run on the RTP at the above conditions, the resulting 

solutions are stable enough to measure on the DLS. At 500 rpm the particles are primarily 25 nm in 

diameter, although there are a few larger particles present and at 1,500 rpm this segregation is more 

pronounced with roughly half the particles being 25 nm in size and the other half being 315 nm (Figure 

3.25). This would appear to indicate that the higher turbulence afforded at the higher speed tends to 

produce larger particles than at lower speeds. It is likely that a similar effect to that mentioned before, 

of the PVP unwrapping occurring at a higher degree at higher speeds is creating a high proportion of 

these larger particles, due to the much smaller particle size allowing them to be encapsulated to a 

higher degree than the larger particles obtained at a higher concentration of naproxen. However, it is 
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interesting to note that Mastersizer data gives a particle size much larger than this at 8-10 µm for the 

two samples. It is possible that the mixing of the solution within the machine causes the PVP to unravel 

slightly and wrap up more particles, creating a larger agglomerate particle to be measured by the 

Mastersizer. 

 

Figure 3.25: DLS size profiles for naproxen nucleated in HCl from ethanol with PVP present at: A) 500 rpm; and B) 1,500 rpm 

A hybrid nucleation of naproxen with one of the enteric polymers was part of the research goals, so 

each of the polymers were tested for their ability to dissolve in ethanol. These results were shown 

earlier in Table 2.2 and further experimentation showed that none of the polymers behaved suitably for 

this part of the project and so the focus switched back to the acid/base approach used initially as each 

coat could dissolve in the basic solutions chosen in a greater degree than in ethanol. Due to this shift in 

focus, further optimisation of this solvent/anti-solvent approach was neglected in order to concentrate 

on aspects of the project that showed the best route to the final goal. 

3.3 HYBRID NUCLEATION OF NAPROXEN WITH POLYMER 

One of the main goals of this project was to create a one-pot process to both produce naproxen 

nanoparticles, and coat them with an enteric polymer. To this end both the naproxen and the coat of 

choice would need to be dissolved into the basic solution, so that when they are introduced to the acidic 

solution they both nucleate and grow into useable particles. Using the turbulent flow conditions present 
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on the RTP and SDP should help to keep the particles small, while the other parameters would then help 

to control the final particle size. If this is achievable, then the milling process would be able to be 

skipped entirely, and reduce the number of steps required between start and finish, and so ensure that 

any waste is minimised. 

3.3.1 RTP PROCESSING 

The RTP experiments used a similar setup to the nucleation of just the naproxen, except with 0.1 mg/ml 

HAS added into basic solution. Briefly, this was a 0.01 M HCl solution with 1% 40 kD PVP as one solution; 

a 0.01M NaOH solution with 1 mg/ml naproxen and 0.1 mg/ml HAS was the second solution. These were 

then fed onto the RTP at 60 ml/min, where the tube was rotating at between 500 and 1,700 rpm. The 

results from this nucleation and growth are in Figure 3.26, where a trend of increasing particle size with 

increasing speed is present. This trend is observed in both Mastersizer and DLS data, which is in contrast 

to the downwards trend observed for just the naproxen nucleation. This can be explained on the HAS 

polymer being untangled at higher speeds, allowing it to encompass a larger quantity of naproxen more 

easily, leading to a more rapid particle growth than at lower speeds where the HAS is more tangled and 

therefore having a lower surface area for contact with the naproxen.  

 

Figure 3.26: Size of naproxen/HAS nucleated and grown particles on the RTP, 1% PVP, 1 mg/ml naproxen, 0.1 mg/ml HAS, 60 
ml/min feed rate 

 

This experiment was repeated except without the presence of PVP; the resulting solutions settled 

rapidly and DLS was unable to return any sufficiently usable data for the particle sizes. It would appear 
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that even the presence of the HAS polymer was not sufficient to ensure the particles stability in 

suspension. A higher flow rate was also explored to see if that would have an effect on the overall 

particle size, as it did with the naproxen nucleated particles. With 1% PVP and the 1 mg/ml naproxen 

and 0.1 mg/ml HAS, they were fed onto the RTP at 120 ml/min. The resulting solution was initially clear 

coming out of the RTP, but rapidly turned cloudy. This led to the belief that the particles were initially 

created small then growing post processing like with just naproxen, which is supported by the DLS data 

which showed peaks at around 100 nm and 1 µm with standard deviations ranging from a few hundred 

nanometers to several microns. SEM image of this sample (Figure 3.27) shows large crystalline material 

around 1 µm in size, with several smaller particles visible in the background.  

 

Figure 3.27: SEM image of naproxen and HAS nucleated and grown on the RTP, 120 ml/min feed rate, 1% PVP, 1000rpm sample 

 

In order to study the effect this nucleated and grown material has on the overall particle’s dissolution 

properties, a dissolution experiment was performed, Figure 3.28. This is tested by first drying the 

samples to obtain a powder. This would then be packaged into gelatine capsules of size 3. Due to the 

need to compare these particles with milled naproxen and the milled naproxen powder being only 10% 

naproxen with 90% lactose, the SDP naproxen samples had to also meet this ratio to ensure a 

compatible result and so the dried SDP samples were mixed with lactose at 1:9 ratio of naproxen 
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particles to lactose and added to the capsules. These capsules would then be readied on the dissolution 

apparatus. Six glass vessels would be filled with the relevant solutions, either a 0.01M HCl solution to 

mimic the acidic conditions in the stomach, or a pH 7.4 phosphate buffer solution that would mimic the 

intestinal tract conditions. Paddles would ensure the solutions were kept mixed and the capsules were 

placed inside metal springs to ensure they remained at the bottom of the vessels. Then, once the 

capsules were added, a program would initiate removal of aliquots of the solutions at pre-chosen time 

periods. These aliquots would then be scanned by UV/vis at 270 nm and then returned to the main 

solution. Once the 1 hour time period had finished, the absorbances would then be collected and 

graphed to provide a visual indication of the level of naproxen dissolved over the 1 hour period. 

The results show that both the naproxen samples (with and without the HAS) showed a significant 

decrease in dissolution of the naproxen in acidic environments. This effect is likely due to the much 

larger particles when compared with the milled naproxen (~20 fold difference) since the surface area of 

these particles will be significantly less, leading to a much slower dissolution rate. However, the HAS 

nucleated and grown sample does have a lower dissolution rate than the naproxen alone, which 

indicates that there is still some protective effect being provided by the HAS. Within the pH 7.4 

environment, both have a reduced dissolution rate compared with the milled naproxen, potentially an 

effect again of the size disparity. There may also be an effect from incomplete powderisation of the 

recovered material, leading to larger dried flakes of the material that would in turn reduce the 

dissolution rate. Though the HAS nucleated and grown sample appears to have a lower dissolution rate 

under these conditions, the fact that the percentage dissolved crosses over the naproxen alone sample 

would indicate that this depression in rate is due to the aforementioned crushing issues. 
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Figure 3.28: Dissolution profile for naproxen particles nucleated on the RTP, and naproxen/HAS nucleated and grown on the RTP 

 

3.3.2 SDP PROCESSING 

Operation of the SDP is the same as mentioned earlier. In this set of experiments, the basic solution is 

0.01 M NaOH with naproxen at 1.5 mg/ml and HAS at 0.1 mg/ml in concentration. These two solutions 

were then passed through the SDP at a 60 ml/min feed rate and then collected at various speeds (500, 

1000, 1500, 2000, 2500 rpm). The particle size was on average 2 µm with a slight downwards trend from 

2.4 µm to 1.7 µm from 500 rpm to 2,500 rpm respectively (Figure 3.29). This is roughly similar to the 

sizes achieved without the HAS being present and this nice reduction in size with increasing speed could 

be due to the enteric polymer behaving as a surfactant as well as a coating polymer. 
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Figure 3.29: DLS sizes of naproxen/HAS particles nucleated and grown on the SDP, 1.5 mg/ml naproxen, 0.1 mg/ml HAS, 60 ml/min 
feed rate 

 

Due to this nucleation and growth of the naproxen and HAS polymer, there was a chance that the HAS 

did not coat a naproxen particle, but was incorporated within the structure, and so would provide little 

protection in acidic environments. If this was the case then the nucleation and growth would be useless 

for the purposes of this project and another route would need to be taken. To test this, dissolution 

studies were performed to determine the level of naproxen that was released from the particles. 

This is tested by first drying the samples to obtain a powder. This would then be packaged into gelatine 

capsules of size 3. Due to the need to compare these particles with milled naproxen, and the milled 

naproxen powder being only 10% naproxen with 90% lactose, the SDP naproxen samples had to also 

meet this ratio to ensure a compatible result, and so the dried SDP samples were mixed with lactose at 

1:9 ratio of naproxen particles to lactose and added to the capsules. These capsules would then be 

readied on the dissolution apparatus. Six glass vessels would be filled with the relevant solutions, either 

a 0.01M HCl solution to mimic the acidic conditions in the stomach, or a pH 7.4 phosphate buffer 

solution that would mimic the intestinal tract conditions. Paddles would ensure the solutions were kept 

mixed, and the capsules were placed inside metal springs to ensure they remained at the bottom of the 

vessels. Then, once the capsules were added a program would initiate removal of aliquots of the 

solutions at pre-chosen time periods. These aliquots would then be scanned by UV/vis at 270 nm and 

then returned to the main solution. Once the 1 hour time period had finished, the absorbances would 
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then be collected and graphed to provide a visual indication of the level of naproxen dissolved over the 

1 hour period. 

As can be seen in the dissolution profiles (Figure 3.30 3.30), in acidic conditions, the control sample of 

just the milled naproxen (~150 nm) dissolved rapidly as would be expected from a small particle. 

However, the naproxen particles formed on the SDP (~2 µm) have reduced dissolution, almost to zero. 

Though some depression would be expected due to the size of the particles, and can be seen with the 

red, dotted line, with the addition of the HAS, this has been reduced even further. When the particles 

are subjected to the buffer solution, once again the control sample of the milled naproxen dissolved 

immediately, while the two SDP samples showed a release to almost 100% over the hour of the 

experiment. The coated naproxen appears to have a faster release rate, but this may just be an artefact 

if inconsistent crushing of the powder that failed to produce a consistent form. 

 

Figure 3.30: Dissolution profiles for nucleated naproxen and naproxen with HAS nucleated and grown; a) in HCl, b) in pH 7.4 
phosphate buffer 
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CHAPTER 4: NAPROXEN; FURTHER EXPLORATION USING VFD 

4.1 INTRODUCTION 

With the development of the processing of naproxen on the RTP and SDP sufficiently explored, a third 

route was unveiled. A modification of the RTP, this new process promised a range of new applications 

and results. Called the vortex fluidic device (VFD) it worked similarly to the RTP, with the difference that 

the angle of operation could be changed to add further ability to control the experiment.93 This slight 

adjustment allows for a larger degree of turbulence than previously seen, which would open up the 

possibility of a larger degree of control over the particle sizes created. This would hopefully then be able 

to generate particles of a smaller size than what was achieved on the RTP and SDP, even to a 

comparable size with the milling process, using viable quantities of naproxen. 

In continuing with the theme of the research the goal was to obtain nanoparticles of naproxen and then 

apply an enteric polymer as a coat around the created particle. By taking on the information gleaned 

from working with the RTP and SDP and applying it to the VFD, a rapid route to an optimised process 

was hoped for. However, the variations between the VFD and RTP would lead to a number of challenges 

in setting up results that could be compared between the two machines. Due to the novelty of the VFD, 

full knowledge of the workings on the machine were not available until various experiments from 

members throughout our research group showed up certain trends and oddities. Feedback from these 

experiments helped tune everyone’s results to the required end, and occasionally required a shift in 

application of the experiments. 

The VFD itself consists of a framework that holds the support for the glass tubes used, along with the 

motor that provides the spinning capabilities. This is driven by a controller that allows for setting the 

speed of the tube, as well as adding a pulse effect to the speed. The tube can be spun from 1,000 rpm 

up to 9,000 rpm, with the pulsing allowing for a maximum of a 1,000 rpm variance over a 3 second cycle. 

The glass tubes that contain the solutions during processing are 10 mm diameter NMR tubes; these are 

either left as-is for use in confined mode or modified with a lip for continuous mode. Confined mode is 

the name given when the VFD is used without a flow of liquid through the tube. In this operation the 

tube is capped after addition of ~1-2 ml of solution is added and then allowed to run for a period of 
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time. Due to the angle the VFD operates at, combined with the low volume, the liquid remains within 

the tube, under constant turbulent flow. A gas can be added during this operation either beforehand 

and sealing it shut, or applying a constant flow during operation. In typical continuous flow operation, a 

Teflon cap is secured over the end of the entire apparatus, with holes to allow several metal feed tubes 

to be inserted. These are secured with the bottoms of the tubes ~2 cm from the bottom of the glass 

tube. The tops of these metal feed tubes are attached to plastic tubes that are placed within a peristaltic 

pump to provide the flow of liquid needed. This pump typically operates around a 1-2 ml/min feed rate, 

with the one pump moving liquid through two separate feed tubes. The liquid that exits the glass tube is 

collected and exits via a small tube on the underside of the VFD where the solution can be 

collected.93,95,96 

4.2 COATING OF MILLED NAPROXEN 

The first step in the comparison of the VFD with the RTP and SDP is to replicate that coating of the 

milled naproxen. Based on previous results on the RTP and SDP and the mode of action it was not 

expected that there would be any significant change in the results between the various apparatus. As in 

the previous experiments, a 0.01 M HCl solution containing 1% PVP was used to suspend 10 mg/ml of 

naproxen nanoparticles. A 0.01 M NaOH solution containing 0.1 mg/ml HAS provided the coating. The 

VFD was situated at a 45° angle, relative to the horizontal as this allows for the optimum level of 

turbulence due to the interaction of the centrifugal force and gravity on the liquids within the tube. A 3 

ml/min feed rate was used (initial reading of the dial on the peristaltic pump was presumed to read in 

ml/min which would grant a 30 ml/min feed rate, but it was later determined that that this reading was 

the speed of the pump, and was back-calculated to a feed rate of 3 ml/min) to feed the two solutions 

into the bottom of the glass tube. Speeds of 1000, 2000, 3000, 4000 and 5000 rpm were chosen for this 

initial test since this first VFD was experimental, the lipped tubes required being in short supply and 

several other researchers had broken tubes at higher speeds prior to this experiment. As can be seen in 

Figure 4.1 the particle size remained relatively consistent, around the 325 nm mark. This was expected, 

and very little difference can be seen with the original, uncoated naproxen nanoparticles (the 0 rpm 

value on the graph). 
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Figure 4.1: DLS size data for milled naproxen coated with HAS on the VFD at 45° at varying speed with a 3 ml/min feed rate 

 

After a few experiments and a new VFD, the 3 ml/min feed rate was proving problematic with solutions 

not being added at a consistently comparable rate, so a reduction to 1 ml/min was needed. Again, a set 

of results were obtained, this time all the way up to 9,000 rpm as the prior issues with high speeds had 

been fixed by this time (Figure 4.2). Again the result at 0 rpm indicates the original, uncoated milled 

naproxen nanoparticles. There is a rough similarity in particle size over the original as expected, though 

there is some variance. It’s possible that this is due to inconsistencies in the flow of liquid between runs, 

or the placement of the feed tubes within the glass tube itself. Of more note is that whereas before only 

a single particle size was determined, there is now a difference between the measurements by intensity 

and by number. This indicates that the majority of the particles are actually smaller at around 150-200 

nm in size, with a few larger ones at 300-350 nm. This will be due to the milled naproxen size 

distribution. 
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Figure 4.2: DLS size date for milled naproxen coated with HAS on the VFD at 45° at varying speed with a 1 ml/min feed rate 

 

Related work with milled naproxen on the VFD was prepared as a paper entitled: ‘Controlled coating of 

milled drug nanoparticles using vortex fluidics’ which includes some of the above information, along 

with various characterisation and a look into a comparison with batch processing to the same end. 

 

CONTROLLED COATING OF MILLED DRUG NANOPARTICLES USING VORTEX FLUIDICS 
Ben R Edwards,a Colin L Raston*a,b  

ABSTRACT 

A vortex fluidic device (VFD) is effective for thin layer polymer coating of nanoparticles of a model drug, 

naproxen ca 200 nm in diameter, pre-formed using a dry milling process. The intense micro-mixing and 

turbulent flow present on the VFD allows for a homogeneous coating of the drug nanoparticles with a 

smaller proportion of an enteric polymer (hypromellose acetate succinate (HAS)) than is typically used 

when creating drug nanoparticles within a polymer. The thin layer, ~ 40 nm, protects the particles in 

acidic environments, which is important for oral treatment, where side effects of release of the drug in 

the stomach can be avoided, without hindering release as the pH increases in the intestine.  

1. INTRODUCTION 
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Naproxen is a non-steroidal anti-inflammatory drug (NSAID) which is widely used as a pharmaceutical as 

well as a model drug for testing new drug protocols in production. NSAIDs often require some form of 

protection for oral dosage formulation to reduce the rate of dissolution of the particles in the acidic 

environment of the stomach, where it can cause unwanted side-effects such as stomach ulcers, while 

retaining the ability to release the drug within the less acidic environment of the intestines.1-3 In general, 

enteric coating polymers are applied to tablets of the drug for circumventing dissolution/release in 

acidic conditions, yet allowing dissolution once the particles reach the intestine.1, 2, 4, 5 However, the use 

of such large tablets is problematic because they can be resistant to the mechanical, enzymatic and 

acidic breakdown within the stomach which is responsible for the breakdown of food particles prior to 

their release into the intestines.6 When food is present in the stomach, particles greater than 0.5 mm in 

size are retained until no more food is detected,5, 7-10 and the large tablets of a drug can remain within 

the stomach for up to 4 h after ingestion, if taken with food.8, 11 Generating nanoparticles of a drug 

which are then individually coated can overcome this issue and thereby reduce the delayed release of 

the drug,10, 12 which can be useful for patients who have poor memory recall. 

Traditionally, wet milling has been used to generate nanoparticles,13 with dry milling usually considered 

ineffective,14 even though wet milling usually involves the use of organic solvents and extensive milling 

times.15, 16 Dry milling in the presence of excipients, for example lactose in the case of milling naproxen, 

provides access to particles down to a few hundred nanometers.17 Varying quantities of excipient are 

used in the milling process (depending on drug and particle size required) along with a small fraction of 

a surfactant, where here an excipient is a material that does not interact with the active material 

beyond separating them, while the surfactant attaches to the active material. The use of excipients 

ensures that the particles formed are sufficiently separated from each other to reduce the chances of a 

collision and merging of the drug particles during milling, with the surfactant enhancing this separation 

effect. While this process takes under an hour, wet milling can take days to achieve a similar particle 

size, for example Rogers et al milled 40% naproxen with 60% polyvinyl pyrrolidone with deionised water 

for 24-72 h, achieving a particle size of 240 nm.15 
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Figure 1: Structure of: (A) naproxen and (B) hypromellose acetate succinate 

Herein we report the use of a vortex fluidic device (VFD), Figure 2, for coating of pre-formed 

nanoparticles of naproxen nanoparticles prepared by the aforementioned dry milling method involving 

the use of excipients and a small proportion of a surfactant. The VFD is a relatively new microfludic 

device for controlling organisation of matter, with reports thus far on (i) the controlled disassembly of 

hydrogen bonded molecular capsules, for then encapsulation of the anti-cancer drug carboplatin,18 (ii) 

the top-down exfoliation of graphite into graphene,19 and similarly for boron nitride,19 and the attaching 

of the graphene to single algal cells,20 and (iii) the controlled growth of palladium nanoparticles on 

carbon nano onions which relates to high mass transfer of the hydrogen gas reducing agent within the 

dynamic thin films.21 The VFD allows for continuous flow22 or confined flow processing modes.18-21 The 

former involves delivering solutions through jet feeds to the bottom of a 10 mm diameter tube, with the 

turbulence dominated by the viscous drag as the liquid whirls to the top of the tube. For the confined 

mode small quantities of liquid, < 2 ml are contained within the same diameter tube, with intense sheer 

present for tilt angles θ > 0°, with the instability of the liquid arising from the cross vector of gravity and 

centrifugal force.18-22 Both modes of operation of the VFD open a myriad of opportunities for preparing 

nanoparticles, in the present study for the enteric coating of naproxen under continuous flow under 

homogeneous micromixing conditions. 
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Figure 2: Schematic of the VFD showing key features and liquid flow 

Hypromellose acetate succinate (HAS), Figure 1B, was selected as the candidate for coating naproxen 

nanoparticles because of its superior dissolution behaviour compared to other polymers tested 

(hypromellose phthalate, cellulose acetate phthalate, polyvinyl acetate phthalate and Acryl-Eze®). HAS 

dissolves in basic conditions and precipitation in acidic conditions, while the other polymers only 

provided one or the other to lesser degrees. Polyvinyl pyrrolidone was chosen as the surfactant for 

generating colloidal suspensions of the milled naproxen particles as it is non-toxic to humans and is 

already used in products ingested by humans, as well as being readily available.  

We have previously used related continuous flow process intensification methods, notably a spinning 

disc processor (SDP)23-25 and a rotating tube processor (RTP),26, 27 for top down and bottom up 

fabrication of nanomaterials, as well as coating pre-formed nanoparticles. For the latter, this includes 

coating carbon nanotubes with lanthanum phosphate, and various metals.28 Others have also use the 

SDP and RTP for a variety of different uses such as biodiesel production,29 synthesis of barium sulphate30 

and magnesium oxide31 particles, rearrangement of α-pinene oxide32 as well as various polymerisation 

reactions.33, 34 The SDP, RTP and VFD under continuous flow conditions, have different jet feeds for 

controlling the flow of liquids onto a rapidly rotating surface. The SDP has short residence times for an 

infinitesimally small volume of liquid moving across the rotating disc, typically less than a second for a 

10 cm disc, and this can be an issue as the precipitation of the coating on preformed nanoparticles may 

be incomplete during this period, and thus uncontrolled coating. The RTP developed thus far has a 6 cm 

diameter rotating tube, and is a special case of the VFD where θ = 0°, which itself has a much smaller 

tube, with a diameter of 10 mm. The cost of constructing the versatile VFD is considerably less than that 
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of the RTP, and the amount of liquid required for continuous flow studies is dramatically reduced from 

ca 100 ml for the RTP down to less than 5 ml.  

In keeping with green chemistry principles,35 benign reagents were used in the present study, with no 

toxic waste being generated. The RTP has been used to generate small nanoparticles (ca 20-200 nm) of 

the drug meloxicam through a precipitation method involving an organic solvent, with fine control over 

the size of the particles by varying the processing conditions (with the 2 flow rates set to 0.3 and 0.6 

ml/s for the organic and aqueous solutions respectively, and a rotational speed of 200 - 1500 rpm).26 

However, these particles were achieved through the use an organic solvent which can be difficult or 

costly to remove from the final product to ensure FDA standards of quality are reached.  The use of 

organic solvents is avoided herein using an acid/base nucleation and growth method, with naproxen 

readily dissolved in base, but insoluble in acidic media. A similar strategy has been used for controlling 

the growth and size of Meloxicam and curcumin nanoparticles, < 100 nm and < 50 nm respectively, 

using the RTP.36, 37 

2. EXPERIMENTAL 

Hypromellose acetate succinate (HAS) from Shin-Etsu, polyvinyl pyrrolidone 40kD (PVP) from Sigma-

Aldrich, and lactose monohydrate from Meggle, and were all used as received. Ball milled 315±4 nm 

naproxen nanoparticles (10% w/w in a lactose matrix) were prepared as previously described.17 

The VFD was constructed in-house, and consists of a 10 mm diameter glass tube modified with a 90° lip 

at the open end for continuous flow mode. The speed of the tube was controlled in the range 1,000 rpm 

up to 10,000 rpm. Continuous flow operation was achieved with a peristaltic pump, with the solutions 

directed into two stainless steel pipes as jet feeds directed at the bottom of the tube. 

Enteric coating of milled naproxen on the VFD 

Milled naproxen nanoparticles (10 mg/ml) were suspended in a 0.01 M HCl solution with 1% PVP (w/w) 

as a surfactant. HAS as the coating polymer was dissolved in 0.01 M NaOH solution to a concentration of 

0.1 mg/ml. These two solutions were then fed into the closed end of the VFD tube for intense 

micromixing on the VFD. The final pH of the solution was targeted at 3-4 to ensure  that the 

naproxen nanoparticles did not dissolve. Feed rates onto the VFD were 1 ml/min. 
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Enteric coating of milled naproxen in batch 

Naproxen nanoparticles were suspended at 10 mg/ml in 0.01 M HCl containing 1% w/v of PVP 

surfactant, and magnetically stirred while a solution of 0.1 mg/ml of HAS in 0.01 M NaOH was added 

slowly at approximately 0.5 drops per second. The volume of each solution was equivalent, and prior to 

testing and characterisation, the nanoparticles suspension was centrifuged at 3,250 g and dried in vacuo 

desiccator to afford a dry powder.  

Characterisation of nanoparticles 

The mean hydrodynamic diameter of the particles was established in acidic suspension at pH 2 using a 

Zetasizer NANO-25 dynamic light scattering instrument (DLS) (Malvern Instruments, Malvern). Their size 

and shape were investigated using scanning electron microscopy (SEM) on a (Zeiss 1555 VP-FESEM 

instrument) after they were coated with a thin layer of platinum, along with atomic force microscopy  

(AFM) using a Nanoman 3000 Picoforce instrument, using tapping mode and phase contrast to  

determine the thickness of the HAS coating. 

Dissolution studies of particles 

Dissolution studies were performed on a Varian VK7025 Dissolution apparatus in a USP2 (paddles) 

configuration with both a 0.01 M HCl solution to simulate gastric environments, and a 0.001 M 

phosphate buffer solution of pH 7.4 to simulate intestinal environments. The dissolution was conducted 

over a 60 minute period. Aliquots of the solutions were taken at pre-determined points throughout the 

testing period. These aliquots were analysed using a Varian Cary 50 UV/Visible spectrometer fitted with 

flow cells in a multicell changer at a wavelength of 271 nm. Two capsules containing the uncoated 

nanoparticles and two capsules containing the coated nanoparticles were tested at the same time, and 

the results were averaged for the two capsules per sample. The coated naproxen was mixed with 

lactose (25 mg of coated naproxen with 75 mg of lactose) and filled into hard gelatine capsules (size 3) 

for the dissolution tests. The uncoated naproxen powder was added directly to the gelatine capsules 

since there was already 25 mg of naproxen and 75 mg of lactose present in the sample from the milling 

process. 
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3. RESULTS  

Enteric coating of milled naproxen using continuous flow VFD 

The hydrodynamic DLS particle size of the milled naproxen was 210±4 nm by number and 315±4 nm by 

intensity, Figure 3, establishing that while there are some larger particles, they are predominantly close 

to 200 nm, as confirmed in the SEM images, Figure 4A. AFM images, Figure 4C-F, also concur with this 

sizing. Coating was performed at varying tube speeds from 1,000 rpm to 9,000 rpm, with the tube at 45° 

and a flow rate of 1 ml/min for each tube, at room temperature. The concentration of naproxen was 10 

mg/ml in the 0.01 M HCl solution, with the HAS at 0.1 mg/ml in the 0.01 M NaOH solution. Interestingly 

the mean particle sizes become significantly smaller as the processing speed increased, Figure 3, even 

though they were being coated by the same polymer and for similar concentrations. A similar reduction 

in size with increasing rotation speed was also established in passing the colloidal suspension of 

naproxen particles through the VFD at the same flow rate, but without the basic solution of HAS 

polymer. Thus the higher sheer at the higher speeds results in a significant reduction in mean size of the 

particles. 

The acidic solution containing just the preformed naproxen nanoparticles was passed through the VFD 

inclined at 45°, with the tube rotating at 7,000 rpm and then recycled through the VFD continuously for 

one hour. This was deemed necessary to establish whether the extended period of shear under 

continuous flow conditions had any effect on the size of the particles. Remarkably, the mean particle 

size dropped significantly from 300±1 nm to 223±2 nm by intensity and from 154±1 nm to 129±2 nm by 

number. In comparison, magnetically stirring a suspension of milled naproxen for 1 h resulted with no 

significant change, with a mean particle size of 310±3 nm by intensity and 117±3 nm by number. Thus 

the intense shear in the VFD results in significant reduction in mean particle size. In addition, changing 

the angle of tilt of the VFD had a negligible effect on the final particle size with all angles giving similar 

responses, and for practical reasons the tilt angle was maintained at 45° during optimisation. The low pH 

of the solution, combined with the low concentration of polymer coating in comparison with the 

naproxen, particle dissolution and re-growth would be minimal. 
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Figure 3: Hydrodynamic particle size from DLS experiments, as a function of processing speed on the VFD, θ = 45° and 1 ml/min 

feed rates 

Examination of the AFM phase images for the coated nanoparticles indicate that this coating layer is 

close to 40 nm thick (Figure 4F, arrow points to coating). 

 

Figure 4: (A) SEM image prior to coating; (B) SEM image after coating; (C) AFM height image prior to coating; (D) AFM phase image 

prior to coating; (E) AFM height image after coating on VFD; (F) AFM phase image after coating on VFD, arrow points to coating as 

indicated by a lighter colour; coating performed at 9,000rpm, θ = 45° 
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Enteric coating of naproxen using batch processing 

The batch processing was slightly different in the way the two solutions were combined. Rather than 

combining a 1:1 ratio of the acidic solution containing naproxen to the basic solution containing the HAS 

polymer continuously, the basic solution with the enteric coating polymer present was added slowly to a 

much larger volume of acidic solution containing the naproxen nanoparticles, which was being stirred. 

The process necessitates a slow addition of solution, typically over 30 minutes for a 100 ml solution 

before a representative sample of the final product was removed for characterisation. Before the two 

solutions are completely mixed the polymer ratio is low and this would lead to inconsistent results. In 

the case of the VFD, instant sampling of the product is possible, even if the overall processing time is the 

same for a similar quantity of solution. Adding the two solutions in the same way as the VFD experiment 

for the batch experiment (combining the two solutions at a similar rate) gave particles of 440 nm 

(d[3,2]) and so was not pursued further. 

Particle size of the milled naproxen is 210±4 nm by number and 315±4 nm by intensity, and after coating 

with the HAS polymer by batch it increased to 215±3 nm by number and 336±3 nm by intensity. This 

establishes that though there are several larger particles around 300 nm in size, the majority are smaller 

at around 200 nm. The size is slightly larger than the majority of the results from the VFD. Presumably 

this relates to the lower degree of homogeneous mixing using magnetic stirring compared with using 

the VFD which has intense micro-mixing. AFM imaging, Figure 5, shows several of these smaller 

particles. Comparing the phase image with the previous phase contrast for the VFD coated samples, the 

lighter areas corresponding to the coating polymer are not as uniform on the samples prepared using 

batch processing. 

 

Figure 5: AFM images of batch coated naproxen nanoparticles, (A) height map, arrow points to particle, (B) phase map, arrow 

points to same particle, showing partial coverage with polymer – lighter colour indicating polymer coverage 
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Dissolution of naproxen 

The sample processed at 5,000 rpm was chosen as a sample of the VFD coated naproxen since the 

particle size at this speed was an average of the other speeds and was at a sufficient speed for a thin 

film to be generated to the bottom of the tube (thin films are typically formed from 4,000 rpm 

upwards), with dissolution tests performed to determine the efficacy of the coating formed under shear. 

Testing was done in 0.01 M HCl solution to determine if the polymer coating was sufficiently thick/stable 

enough to protect the naproxen at low pH. The dissolution profile shows minimal dissolution for the 

coated particles, compared with the uncoated particles, indicating that the coating is effective, Figure 6. 

 

Figure 6: Dissolution profile for coated naproxen under acidic conditions (0.01M HCl): Solid, blue line for milled naproxen; Dashed, 

green line for coated naproxen using the VFD; Dotted, red line for coated naproxen using batch processing 

The comparison of dissolution of coated and uncoated particles produced through batch processing in 

0.01 M HCl is also shown in Figure 6. These results clearly show that the level of coating was effective in 

reducing the level of naproxen dissolution to only 10% of that of the uncoated naproxen nanoparticles. 

This clearly indicates that the majority of the naproxen nanoparticles are protected, preventing the drug 

from dissolution. It also appears that the VFD prepared particles have a lower dissolution profile, which 

relates to the more homogeneous coating under intense sheer. 

 

Figure 7: Dissolution profile for coated naproxen under slightly basic conditions (pH 7.4 buffer): Solid, blue line for milled 

naproxen; Dashed, green line for coated naproxen using the VFD; Dotted, red line for coated naproxen using batch processing 
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These samples were also tested in a pH 7.4 solution (buffered with Na2HPO4 and NaH2PO4), to 

determine the difference the coating made on the final dissolution rate where the drug would be 

absorbed when taken orally. The profile of the VFD processed particles shows around 90% of the 

naproxen was released, though with a slower rate than uncoated (Figure 7). This may, however, be due 

to inconsistent crushing of the cake into a powder, which would leave multiple particles compressed 

into one larger conglomerate, whereupon the outer layers of particles would need to be dissolved 

before the inner ones are accessible resulting in a depression in the dissolution rate. 

Similarly, the batch processed coated nanoparticles also released approximately 90% of the naproxen 

relative to the uncoated nanoparticles (see Figure 7). Here both the coated particle release profiles are 

similar to the uncoated particles, and thus the thin layer of enteric coating material (HAS) does not 

inhibit the release of naproxen at neutral pH. 

It is noteworthy that the simple centrifugation and drying process used herein in fabricating the nano-

particles is effective in isolating the enterically coated material, rather than using freeze- or spray-drying 

processes. The AFM images indicate that the VFD prepared particles have a more robust coating 

compared with the batch, providing respectively greater protection in acidic solutions. This is consistent 

with the polymer coating added under more anisotropic mixing using batch processing, unlike for VFD 

processing. 

4. CONCLUSIONS 

We have established that the VFD is versatile processing technology, for polymer nanoparticles, adding 

to recent applications in exfoliating laminar material and wrapping graphene around alga cells.18-21 The 

thin coatings protect the naproxen from dissolution in acid environments, and the continuous flow 

capabilities of the VFD offers scope for scaling up for high volume processing. The results for batch and 

VFD samples are slightly different, with the batch method providing a sample only after ~30 mins, while 

the VFD can provide similar quantities in a fraction of the time and without issues associated with batch 

processing, in anisotropic mixing. 
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4.3 SHEARING OF MILLED NAPROXEN 

The confined mode of operation of the VFD opens up the suggestion for using it in a similar manner to 

wet-milling. The solution remains in constant flux as the tube spins and this could act like a milling 

container with rapid dissolution and regrowth under intense sheer. Rather than add additional material 

in there to act as the balls to impact and break down the particles, the particles themselves would 

hopefully do something similar, though likely to a lesser extent than would possibly be achieved by using 

additional balls.  

Preparation for this experiment was relatively straight forward, namely a solution of 0.01 M HCl with 10 

mg/ml of milled naproxen powder along with 1% PVP. Then ~1 ml is added to the glass tube, capped and 

inserted into the VFD to be spun at various speeds at 45° inclination. The solutions was also be left in for 

protracted periods of time, to determine the effect the length of shearing has on the particle size. As can 

be seen in Figure 4.3 with increasing time under shear the particle size decreases from 250 nm to ~175 

nm.  This will be due to the longer periods of time under conditions where the particle size is reduced. 

This will be due to collisions between the particles causing flaking and fracturing of the drug 

nanoparticles, reducing their overall size. This can also be seen with the decreasing particle size with 

increasing speed, which indicates that with the more intense micro-mixing and higher shear forces at 

the higher speeds, we get smaller particles forming from these collisions. 

 

Figure 4.3: Size of naproxen particles when placed under shear on the VFD under varying speeds and for increasing time 
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In order to determine if the angle of operation has any effect on the reduction in particle size, the angle 

was varied above and below the 45° usually used. The results for this variation are shown in Figure 4.4 

with the reduction in size over time as seen with the differing speeds is still present at all angles of 

operation, except at 0° at the 20 minute mark, which likely due to complications arising without the 

cross-vector of the gravity and centrifugal forces causing the particles to begin to stick to the walls at 

this time. The effect of the different angles is very interesting though. Research within the group has led 

to the belief that 45° was the best angle for reactions of all types due to this being the point where there 

is the greatest difference between the centrifugal and gravitational forces on the solution inside. 

However, with decreasing angle, the particle size does not increase, but decreases. This is probably due 

to the two forces working in tandem causing the particles to impact with the surface of the tube more 

often, leading to greater fracture and flaking of the particles, than if they collided with each other. 

 

Figure 4.4: Size of particles when placed under shear on the VFD under varying angles and for increasing time 

 

The reduction in particle size observed was potentially due to two reasons; the aforementioned 

collisions causing physical damage to the particles, and bubble formation causing localised basic 

conditions that would dissolve part of the particles. To test this second theory, a special VFD tube was 

commissioned to allow for a vacuum to be present during operation. This would significantly reduce the 

chances of any bubbles forming, and therefore reduce any incidence of this bubble/dissolution 

phenomena, if it existed. The results are shown in Figure 4.5 and there is no difference between the 

sizes obtained under shear between being under a vacuum and being under normal air pressure. This 

would appear to devalue this theory, but further testing was done to determine this. 
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Figure 4.5: Size of particles when placed under shear on the VFD under vacuum and normal air pressure for increasing time 

 

In order to test the potential of the naproxen particles being dissolved under shear due to the bubble 

theory, UV/visible spectrography was chosen to measure this. The idea was that if the naproxen 

dissolved more under turbulent flow, then the peak for the naproxen should increase as well and using 

that we could determine if more naproxen was being dissolved or not. However, as the speed of the 

VFD increases, the thin film created would become thinner as the solution progressed up the side of the 

tube. This would naturally decrease the intensity of the peaks observed and so some form of control 

mechanism would be needed to calibrate the curves back. For this purpose an indicator was chosen, 

bromophenol blue. At the pH being used this would tinge the solution yellow, and give a peak that 

should remain constant throughout the speeds. Since the naproxen has peaks in the ultraviolet range a 

quartz VFD tube was required to ensure the signals were observed. The results of this are shown in 

Figure 4.6 where the decrease in intensity shows the behaviour of the solution under higher speeds. The 

peak system of 250 – 350 nm is due to the naproxen, while the broad peak at 450 nm is the 

bromophenol blue. The curves for 7,000 rpm and 8,000 rpm are very similar, due to the thin film at this 

point reaching the top of the tube and so the thin film generated cannot get thinner as it already covers 

the entire inside surface of the tube. 
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Figure 4.6: UV/visible spectra of milled naproxen in VFD at varying speeds for 10 min 

 

In order to see the effective difference between them without the thin film thickness affecting the 

results, a calibration was done taking the assumption that the indicator peak intensity would remain 

constant throughout all speeds due to the indicator already being dissolved and so further turbulent 

flow would not cause any further dissolution. Taking the values for modifying the 4,000 – 8,000 rpm 

indicator peaks to the same level as the 3,000 rpm peak, and applying them to the naproxen peaks gives 

a profile as seen in Figure 4.7Figure 4.7. Other experiments also give a similar no response when 

calibrated in this fashion, which would indicate that there does not appear to be any significant increase 

in dissolution for naproxen. 

 

Figure 4.7: Relative peak intensity of naproxen particles on VFD as calibrated by indicator peak, with increasing speed 
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Time may also be a factor, and so a similar experiment was run with keeping the speed at 3,000 rpm, 

but taking spectra at increasing time points. This would allow for the determination of the effect of time 

on the level of naproxen dissolved in solution. The spectra are shown in Figure 4.8 and show a 

decreasing intensity over time. Here that the indicator shown here as been changed to methyl orange as 

the bromophenol blue was not providing sufficient intensity for calibration, but the response between 

the two was exactly the same.  

 

Figure 4.8: UV/visible spectra of milled naproxen in VFD at 3,000 rpm at 5 minute intervals over 30 minutes 

 

Taking the calibration method as mentioned earlier, the above spectra was then refined to show the 

response and hence the naproxen dissolved in solution. Shown in Figure 4.9, the quantity of naproxen 

dissolved decreases with increasing time. This is interesting and means either that the naproxen is 

precipitating out and forming new particles, or is degrading such that the new molecular structure does 

not give an intensity peak in the same region. 
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Figure 4.9: Relative peak intensity of naproxen particles on VFD as calibrated by indicator peak, over increasing time 

 

4.4 NUCLEATION OF NAPROXEN 

In order to continue the comparison of the VFD with the RTP and SDP, nucleation of the naproxen wwas 

investigated. As before if sufficiently small particles could be precipitated on the VFD then the whole 

milling stage could be made redundant, and improve the system from creation to coating to recovery. 

Due to the VFD’s angle of operation, the additional turbulence created could potentially create particles 

with sizes much smaller, compared with the RTP and SDP. 

4.4.1 NUCLEATION OF NAPROXEN ALONE 

This relatively simple process of creating the naproxen particles would be done in a very similar manner 

to those obtained from the RTP and SDP. As before, the naproxen would be dissolved in a 0.01 M NaOH 

solution, and a second solution consisting of 0.01 M HCl with 1% PVP (40kD) would be used to 

precipitate the naproxen. These would then be fed into the VFD to mix at the bottom of the glass tube. 

However, in contrast to the RTP and SDP, and as explained earlier, the tube would be at a 45° angle, and 

the feed rate would be a significantly slower 1 ml/min due to the much smaller tubing required. 

The crucial aspects of this work is included in the paper, entitled ‘Continuous flow vortex fluidics 

fabrication of crystalline naproxen nanoparticles‘, below. 
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4.4.2 NUCLEATION AND THEN COATING OF NAPROXEN 

In order to further the goal of an entirely continuous flow setup, both the nucleation and coating efforts 

would have to be performed serially. The coating had already been proved to work with milled naproxen 

particles and with particles of naproxen nucleated on the VFD, it was the next step to bring these 

together. The naproxen would be dissolved in 0.1 M NaOH at 10 mg/ml and then combined with 0.5 M 

HCl with 1% PVP on the first VFD, rotating at 5,000 rpm. The resulting cloudy solution was then collected 

and pumped into a second VFD, being combined with a third solution, consisting of 0.1 M NaOH with 0.1 

mg/ml HAS. The final solution was then collected and characterized.  

The crucial aspects of this work is included in the paper, entitled ‘Continuous flow vortex fluidics 

fabrication of crystalline naproxen nanoparticles‘, below. 

4.4.3 NUCLEATION AND GROWTH OF NAPROXEN WITH POLYMER 

The nucleation and then coating of the naproxen particles worked, however the setup was complicated 

and difficult to arrange due to needing to mill the naproxen first, before preparing a suspension for the 

coating process. So, similar to the work with the RTP and SDP, both naproxen and HAS were dissolved 

into a basic solution and then nucleated and grown in an acid solution. If particles of a similar size to 

nucleation attempts with just naproxen were obtained and the dissolution profiles were similar, then 

this one-pot production of naproxen/HAS particles would be more simple to prepare and use than a 

dual VFD approach, as above. 

The crucial aspects of this work is included in the paper, entitled ‘Continuous flow vortex fluidics 

fabrication of crystalline naproxen nanoparticles‘, below. 
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ABSTRACT 

Controlled solution phase growth of naproxen particles has been established under continuous flow 

conditions using a vortex fluidic device (VFD), with particles decreasing in size from approximately 1 μm 

down to 600 nm for increasing rotational speed of a 10 mm diameter tube up to 5,000 rpm, then 

increases in size for higher speeds. This involves acid quenching of a basic solution of the drug under 

intense mixing, with the smallest spheroidal particles of 600 nm in diameter formed at 5,000 rpm for a 

feed rate of 1 mL/min, with the tube inclined at an angle of 45°. Incorporating an enteric polymer at the 

time of mixing results in a decrease in particle size relative to the polymer-free system. Sequential VFD 

processing, for the growth of particles then their immediate coating, both at 5,000 rpm with a feed flow 

rate of 1 mL/min and inclined at 45°, afforded 1.8 µm particles which have a high degree of protection 

against dissolution in acidic media. The larger size is associated with a change from spheroidal to rod 

shaped particle in using a higher acid concentration of the surfactant solution delivered to the VFD tube.   

1. INTRODUCTION 

Microfluidic platforms involving dynamic thin films on rotating surfaces are effective in controlling the 

growth of nanoparticles under continuous flow conditions.1-19 Two such process intensification devices 

have been reported in the literature, namely a spinning disc processor (SDP) and a rotating tube 

processor (RTP). The homogeneous mixing and high shear forces in these platforms are effective in the 

disassembly of capsules based on calixarenes,2 the synthesis of zinc and titanium oxide nanoparticles,3, 4 

semiconductor nanorods,5 polymerisation,6, 7 isomerisation of α–pinene oxide,8 magnetite synthesis,9 

magnesium oxide synthesis,10 barium sulphate synthesis11 and more relevant to the results reported 

herein, the formation of meloxicam nanoparticles12, 13 curcumin nanoparticles,14 and manufacture of 

chitosan nanoparticles for drug delivery.15 The vortex fluidic device (VFD),16-19 Figure 1, is a new 

microfluidic platform which can similarly operate under continuous flow conditions,18 as well as the so 

called confined mode for processing small finite volumes,16 where shear arises exclusively from the cross 
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vector of centrifugal force and gravity for a rotating tube tilted relative to the horizontal position. Under 

continuous flow conditions the VFD can also operate tilted from the horizontal position in providing 

additional shear, and we show that this is effective in controlling the growth of particles of naproxen 

with a narrow size distribution, and also coating them in a controlled way. Naproxen is a non-steroidal 

anti-inflammatory drug, Figure 2A, which often features as a model drug for drug delivery appraisal,20, 21 

and requires a protective coating to survive the low pH conditions in the stomach without causing 

adverse side effects, such as ulcers when taken orally.22 

 

Figure 1: Schematic of a vortex fluidic device (VFD); typical operational values are flow rates of liquid through the jet feeds at 1 

mL/min feed rate for speeds in the range 1,000 – 9,000 rpm and a tilt angle ɵ of 45°.18 

Similarly to other continuous flow process intensification devices based on thin films, namely the 

spinning disc processor1,3, 6-11, 15, 23,  24 and rotating tube processor,4, 14 the nucleation and growth of 

particles occurs under intense shear after two separate solutions are delivered through jet feeds to the 

closed end of a 10 mm diameter tube.2, 23 Intense micro-mixing results in homogeneously mixed 

solutions with the intense shear arising from the viscous drag caused by the interaction between the 

liquid and the surface of the tube. This has been established on the RTP in generating meloxicam 

nanoparticles,12 either using an anti-solvent approach or an acid quenching approach which avoids the 

use of organic solvents, the latter being the approach used herein. The VFD is similar to the above 

mentioned rotating tube processor, but with an additional variable in that it can be used to optimise the 

production of particles, namely the variation in orientation of the rotating tube with θ > 0°, and that the 

equipment is relatively inexpensive. 
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Figure 2: Structure of (A) naproxen, (B) hypromellose acetate succinate 

While top down dry ball-mill processing can be used to generate particles of naproxen, the size 

distribution is broad, with large portions of inert excipients required to reduce the size of the particles 

below 300 nm.25 Such excipients are easily removed by dissolution, involving  suspending the material in 

an acidic environment. This extra step can be avoided by precipitation of the particles of naproxen in 

situ as a bottom up process as in using the VFD. Ball-milling is also a batch process and can be difficult to 

scale up unlike the use of the VDF under continuous flow conditions.26 The growth of particles in situ 

offers scope for controlled coating of the drug particles with the polymer in solution. Combining the 

particle growth and coating in one stage can result in significantly less waste being generated. In 

addition, since the processing is a continuous flow process, scaling up is simplified and the facility has a 

relatively small footprint relative to traditional scaling up associated with batch processing.  

Avoiding the generation of waste is in keeping with green chemistry principles,27 which aims to replace 

traditional methods with those that use less toxic materials and/or ones that reduces the overall waste 

of the system, amongst other things. Herein benign chemicals and materials are used, with the polymer 

FDA approved for use in humans at specified concentrations, with no toxic waste being generated. In 

addition, such a system drastically reduces the time required to generate functional drug particles. 
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Coating the naproxen particles is useful to separate the effect of the enteric coating protection in acid 

from the dissolution stage once the particles reach the intestine where drug release is preferred.28-32 The 

coating reduces the rate of dissolution of naproxen particles in the acidic environment of the stomach, 

where it can cause unwanted side-effects such as stomach ulcers, without slowing the release of the 

naproxen within the less acidic environment of the intestines.29, 30 Using particles under a micron means 

that this can negate the majority of the delay that can occur if the coated drug is taken just before or 

after food.31, 33-35 This arise from the mode of operation of the stomach that prevents large objects, such 

as coated tablets, from passing through when food is present and this delays the onset of the drug, 

which can be up to four hours.35-38 

2. EXPERIMENTAL 

Naproxen was obtained from Divis, hypromellose acetate succinate (HAS) from Shin-Etsu, polyvinyl 

pyrrolidone (PVP) from Sigma-Aldrich, lactose monohydrate from Meggle, and sodium dodecyl sulphate 

(SDS) from Sigma Aldrich, and were all used as received. The VFD used was constructed in-house, and 

consists of a 10 mm glass tube modified with a lip (this to avoids the exit solution running down the 

outside of the tube) at the open end for continuous flow operation. The speed of the tube was varied 

from 1,000 rpm up to 9,000 rpm, while the angle of the tube was kept at 45°, noting that this is the 

optimised angle for greatest shear in the top down induced exfoliation of graphene and h-boron nitride 

in confined mode operation.16 A peristaltic pump delivered solutions at 1 mL/min through two stainless 

steel pipes in directing the jet feeds to the base (closed end) of the glass tube. Naproxen powder 

dissolved in 0.1 M NaOH at 10 mg/mL was in one jet feed, with a second jet feed used to deliver 0.1 M 

HCl solution with 1% PVP (w/w), to achieve a final pH of 3-4 on mixing with the liquid from the first jet 

feed. For generating the hybrid polymer coated material, 0.1 mg/mL of HAS polymer was dissolved in 

the aforementioned NaOH solution. For the nucleation and growth of the naproxen particles and 

subsequent coating, the naproxen was dissolved as above, but a 0.5 M HCl solution was used to ensure 

the final solution was acidic to compensate for the second delivery of 0.1 M NaOH. The solution was 

then fed into a second VFD immediately, and combined with a third solution comprised of 0.1 M NaOH 

and 0.1 mg/mL HAS.  

Mean particle size was established in acidic suspension at pH 2 using a Zetasizer NANO-25 dynamic light 

scattering instrument (DLS) (Malvern Instruments, Malvern). The size and shape characteristics of the 
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particles were studied using scanning electron microscopy (SEM) on a (Zeiss 1555 VP-FESEM) after they 

were coated by a thin layer of platinum. Differential scanning calorimetry (DSC) on a TA Q10 machine 

was used to determine the melt profile to ascertain if there were any changes in the nature of the 

material during processing. X-ray powder diffraction (XRD) data was obtained on a Panalytical Empyrean 

XRD instrument. A Nanoman 3000 Picoforce atomic force microscope (AFM) provided insights into the 

thickness of the surrounding coating layer, using phase contrast under tapping mode. 

3. RESULTS 

Particles of naproxen were grown using the VFD using an acid quench of a basic solution of the drug. 

The mean particle size decreased from 1 to 2 μm down to 620±30 nm on increasing the rotational speed 

from 2,000 to 5,000 rpm, then increased for high speeds, as established using DLS (Figure 3A). XRD data 

(Figure 3B) closely matches the reference pattern for naproxen which has only one established phase, 

with particles grown at different speeds having similar XRD patterns. SEM images of these particles are 

also shown, revealing a rough surface which is consistent with the rapid growth of the particles under 

intense micro-mixing (Figure 4A). The particles are around 1 µm in diameter, with the agglomeration 

associated with the drying process. They also appear to be spheroidal, whereas naproxen crystals 

formed using traditional batch processing usually form needle-like structures and the formation of the 

spheroidal particles then arises from the intense micro-mixing within the solution while in the VFD.16 

However, for higher acid content in the surfactant solution jet feed the particles become rod shaped 

(see below).  

Leaving the resulting solution over a period of several days results in regrowth of the particles into 

needle-like crystals, arising from Oswald Ripening in line with typical growth of crystals of naproxen 

using batch processing.39 AFM images of an 8,000 rpm sample indicate that there are particles of 400 

nm (Figure 4B,C) which is consistent with the DLS and SEM. As expected there is no structural variation 

evident in the phase contrast image (see below). 
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Figure 3: (A) DLS of naproxen particles generated using the VFD at different speeds; (B) XRD pattern of naproxen generated at 

7,000 rpm along with the reference XRD pattern for naproxen – all speeds gave a similar profile. 
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Figure 4: (A) SEM image of naproxen particles generated at 9,000 rpm; (B) AFM height image of naproxen particles generated at 

8,000 rpm; (C) AFM phase image of naproxen particles generated at 8,000 rpm, all at 45° tilt angle. Samples taken at 8,000 and 

9,000 rpm are similar in size and morphology. 

In generating the hybrid material in situ (particles coated with polymer, single pass VFD processing) 

there is a reduction in the size of particles sizes above 2,000 rpm (Figure 3). The wildly variant sizes 

below this speed are attributed to the fact that the vortex that appears at higher speeds has not fully 

formed until around 3,000 to 4,000 rpm. SEM images (Figure 5A) match well with the DLS data, where 

there are spheroidal, but they now appear smooth with less surface roughness, as expected with the 
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HAS present on the surface of the particles. In the phase contrast AFM image, Figure 5C, the lighter 

areas where the polymer is located is not restricted to the surface of the particles, but rather laced 

throughout. This would be expected with both the simultaneous growth of naproxen particles and 

polymer coating. 

 

Figure 5: Images of the single pass in situ generated naproxen/HAS material; (A) SEM; (B) AFM height image; (C) AFM phase 

contrast image, with all the material generated at 9,000 rpm at 45° tilt angle. 
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those obtained by simultaneous growth of the particles. Particle size of the naproxen itself (see above) 

was 885±18 nm and the coated particles were 1.84±0.17 μm, as measured by DLS and then confirmed 

using SEM and AFM (Figure 6). This implies that during the coating stage the naproxen particles 

aggregate. Prior to coating the particles are rod shaped (SEM) rather than spheroidal as established 

above. However, here the HCl concentration was 0.5 M rather than 0.1 M, which was needed to avoid 

re-dissolving of the naproxen particles when the second basic solution was added. The AFM phase 

images, Figure 6D, shows the material is rather uniform, as expected using continuous flow processing 

where all reactants are treated the same. However, after coating there is a brighter area around the 

edges of the particles, indicating different material, ie. the HAS polymer, Figure 6F. The results here also 

establish that the shape of the naproxen particles can be changed by varying the amount of acid in the 

surfactant solution delivered through one of the jet feeds. Batch growth and coating of naproxen 

particles lead to larger particles with the coating not as consistent.  
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Figure 6: Images of particles for sequential VFD processing: (A) SEM (scale bar = 1 µm), 1st pass; (B) SEM  (scale bar = 2 µm), 2nd 

pass; (C) AFM height image, 1st pass; (D) AFM phase image, 1st pass; (E) AFM height image, 2nd pass; (F) AFM phase image, 2nd 

pass, with the 1st pass being exclusively naproxen and the 2nd pass being naproxen/HAS composite material. 

Dissolution testing of the particles was performed in conjunction with milled naproxen (ca 300 nm), 

prepared by dry ball-milling at 10% with lactose present, and the bulk naproxen used (ca 25 μm). This 

was done to ascertain any differences between the size of the particles and the effect of the coating. In 

acidic environments, Figure 7, very little of the coated drug particles dissolved. Bulk naproxen had a 

similar slow release rate, with the large particle size and thus smaller relative exposed surface area 
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hindering dissolution (Figure 7). However in a pH 7.4 environment, the coated naproxen resulted in over 

90% of the drug being dissolved, with a comparable release rate to the milled and bulk naproxen 

powders. The two-stage profile can be attributed to poor powder consistency originating from the 

drying process, noting that after initial collection the dried material formed ‘sheets’ which needed to be 

broken up. To avoid potential damage to the integrity of the particles, crushing to a fine powder was not 

possible although mechanical breaking up of the ‘sheets’ was performed in order to obtain a powder. 

Thus particles within the centre of such a large grouping of particles are initially protected against 

dissolution. Each dissolution test involved two capsules being added with multiple runs to ensure 

consistency. 

 

Figure 7: Dissolution profiles of naproxen particles suspended in water at pH 2, and a phosphate buffer at pH 7.5; milled naproxen 

(black, solid line), bulk naproxen (light grey, dotted line), naproxen/HAS coated particles (dark grey, dashed line). 
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Figure S1 (Appendix A2) shows the dissolution profiles for naproxen particles alone at 7,000 rpm, and 

for the in situ growth of naproxen and HAS at the same speed. In the acidic dissolution profile, both 

have a similar curve to that of the naproxen/HAS particles in Figure 7. This is despite the bulk naproxen 

having no protective layer, and thus here the larger size of the bulk naproxen hinders dissolution. The 

buffer dissolution profiles for both are very similar and similar also to the naproxen/HAS particles in 

Figure 7. However in the same 10 minute period, all three samples reached their second stage of 

dissolution, the naproxen/HAS from sequential growth/coating reached almost double (65% vs 40%) 

that of the naproxen particles and in situ naproxen/HAS particles. This presumably is due to a more 

homogenous coating of the polymer around the particles, ensuring that as the HAS polymer dissolves 

first the remaining naproxen particles are separated from each other and unveiled at the same time. 

The bulk naproxen has larger particles, which reduces the overall surface area and thus dissolution rate, 

while with the in situ particles the polymer may be heterogeneously mixed through the particles which 

would reveal less naproxen for dissolution. 

DSC was performed on naproxen/HAS samples both on the single VFD particle growth sample and the 

dual VFD particle growth/coating sample, affording the curves shown in Figure 8. The curve of the 

sequential VFD sample has peaks very similar to that of bulk naproxen, with a sharp peak at 156°C and a 

broader peak at 283°C. The single VFD sample has a sharp peak at 151°C and the broad peak at 271°C. 

This slight deviation can be attributed to the simultaneous growth of the naproxen particles and their 

enteric coating changing the structure slightly.40 The fact that the sharp peak remains indicates that the 

particles are still crystalline in the same phase, even when precipitated with the polymer at the same 

time. 

 

Figure 8: DSC curve of the single VFD sample (black, solid line) and the sequential VFD sample (grey, dotted line). 
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Powder XRD of the sequential and in situ samples gives peaks that align with bulk naproxen (Figure 9). 

However the single VFD sample has peaks at different intensities than the dual VFD and standard 

naproxen, resulting from the inhibition of crystallization from HAS although full inhibition is not possible 

with the very low concentration present.41 This also accounts for the difference in the DSC curves, with 

the HAS causing the shift in the DSC peak. 

 

Figure 9: Powder XRD spectra for the sequential VFD (black line) and single VFD (grey line) samples. 

4. CONCLUSIONS 

In conclusion, we show that particles of naproxen < 2 microns are readily accessible using an acid – base 

aqueous process involving a novel continuous flow vortex fluidic device. The spheroidal particles are 

unstable towards regrowth into large needles as bulk naproxen. The regrowth can be suppressed by 

coating the particles with a polymer either in situ or on passing colloidal suspensions of the particles 

immediately through another VFD unit in series. However, we can force the particles to grow into rod 

shapes by increasing the acid concentration of the surfactant solution. These approaches for control in 

particle size and perturbation of the naproxen phase, along with the efficiency of the polymer coating in 

protecting the particles under acid conditions, but not so at physiological pH, sets the scene for other 

drugs particles. 
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CHAPTER 5: PROGESTERONE; COMPARISON USING RTP, SDP AND VFD 

5.1 INTRODUCTION 

The research thus far has been based on one drug type and formulations as a model system for 

nanofabrication. However one of the goals for this project was to determine the efficacy and efficiency 

of any protocols formulated on other drugs and drug types. To this end, progesterone was chosen as a 

second model drug; unlike naproxen it is pH independent, and is part of a different classification of 

drugs. If success could be achieved with progesterone as well as with naproxen, these protocols would 

then be shown to be widely applicable with all manner of drugs. 

By using the methodologies established for naproxen, similar aspects could then be used for 

progesterone when processed on the RTP, SDP and VFD. Comparisons between the two drugs could 

then be obtained to determine if the processes could indeed be applied to a wider variety of drugs, or if 

they were specific to just one. To this end, most of the parameters and conditions from the naproxen 

work remained the same, bar a few differences which are explained in the individual sections. 

5.2 MILLING PROGESTERONE 

Much as was done with naproxen, progesterone was milled under the same conditions to determine the 

consistency of the process. In brief, this was a dry milling process with no liquids present for the 

duration of the milling. A 10% loading of the progesterone was used, which equated to 0.5 g of material 

per milling container. To this was added 4.45 g of an excipient (both lactose and manitol were used to 

determine if there were any differences between them) and 0.05 g of SDS to act as a surfactant during 

the milling. This created a 5 g mix in total, which was duplicated in a second milling container to ensure 

balance on the mill; a Spex mill was used that required 2 similarly weighted containers for the milling 

process. Addition of 12 stainless steel balls (3/8” in diameter) to each container provided the hard 

surface required to initiate the milling, which proceeded for 30 minutes. The material was then sieved 

and stored in stoppered glass vials under desiccation until required. 

Since there was no prepared formula for the milling of progesterone from the industry partner, 

conditions similar to the naproxen work was chosen as a starting point, and milling was done at varying 
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times. These times and their resulting particle sizes are recorded in Table 5.1, for both sets of samples. It 

should be noted that in order to save material and time, milling was performed for 10 minutes, stopped 

and a sample removed, before being returned to the milling apparatus to mill for another 10 minutes. 

This proceeded until all relevant time periods had been achieved and the remaining material kept as a 

60 min sample. This processing setup may account for the abnormal results occurring around the 30-40 

min mark. However, likely due to the extra 10 min of uninterrupted milling time, the 60 min samples 

were suitably consistent enough for further use (only one peak being visible on the Mastersizer curve, 

rather than the multiple peaks prevalent on earlier time periods). SEM images of the 1 hour milled with 

lactose sample (Figure 5.1) shows a similar particle size to that determined by DLS. 

Table 5.1: Size of milled progesterone, for various milling times 
 Size (nm) (d(0.5)) Size (nm) (d(0.8)) 
Progesterone with lactose   
10 min 506 6,824 
20 min 288 546 
30 min 15,369 197,822 
40 min 315 5,111 
60 min 159 293 
Progesterone with manitol   
10 min 650 3,300 
20 min 284 863 
30 min 3,848 17,414 
40 min 12,292 271,476 
60 min 220 1,317 

 

 

Figure 5.1: SEM image of progesterone milled with lactose after 1 hour 
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Beyond this simple measure of size, further characterisation work was done. Progesterone has multiple 

forms, ie polymorphs; different forms mean possibly enhanced effects over a more common form, but it 

leaves the possibility that one form could change into another and render the drug ineffective or toxic. 

Progesterone has two known forms, with Form 1 being the most common form and Form 2 being rarer 

and harder to fabricate. To determine whether the milled progesterone has undergone a change from 

Form 1 to 2 or remained the same, two different techniques were chosen: Differential Scanning 

Calorimetry (DSC) and powder X-ray diffraction (XRD). With DSC the melting point can be established, 

with progesterone of Form 1 was 130 °C while Form 2 melts at 126 °C. As can been seen in Figure 5.2 

the two milled samples have a significantly different melting point to that of bulk progesterone which is 

in Form 1. Although the milled samples’ peaks are under 126 °C, this can be attributed to the presence 

of the lactose/manitol causing a depression. Additionally, smaller particles are also known to have 

depressed melting points compared with the bulk material and this may have also contributed to the 

shift to lower temperatures. 

 

Figure 5.2: DSC graphs of progesterone and the two milled progesterone, showing differences in melting point 

 

In order to see if differing ratios of progesterone and lactose in the milling process would affect these 

curves, additional progesterone samples were milled at 50% and 99% loadings (similar conditions to the 

10% samples prepared above) and their DSC curves are shown in Figure 5.3. Clearly, with increasing 
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quantities of lactose the melting point of the material drops, leading to the gradual change between the 

two different forms, likely due to the separation of the progesterone particles preventing the 

thermodynamic equilibrium to shift the form back. 

 

Figure 5.3: DSC graphs of varying ratios of progesterone milled with lactose, showing varying degrees of depression of the melting 
point 

 

To ensure that the drop observed in the melting point is not purely the work of the decreased particle 

size, XRD was used to confirm the changes to the form. The results are shown in Figure 5.4Figure 5.4, 

along with comparison curves for lactose and the two forms of progesterone. Unfortunately, due to the 

milled progesterone only being 10% with the remainder being composed of lactose, the lactose peaks 

dominate the XRD pattern. Methods for removal of the lactose could alter the crystal structure of the 

progesterone and so would give misleading results, leading to using the milled product as is. However 

the peaks do match Form 2 better than Form 1, such as at 2θ 10.4 and 28.8, while at a 2θ of 14.2 there 

is an absence of a peak that would be present if the crystal structure is Form 1. 
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Figure 5.4: XRD patterns for coated progesterone, lactose, and the two forms of progesterone; progesterone reference patterns 
use the left axis, lactose and milled progesterone patterns use the right axis 

 

5.3 COATING OF MILLED PROGESTERONE 

In order to determine the efficacy of the coating system used for the naproxen being applied to other 

drugs, progesterone was the drug of choice to determine any differences or similarities. The milled 

progesterone in lactose (10% loading) was used exclusively for this, primarily as this would match the 

naproxen work for ease of comparison. The typical solution setup for this would be 10 mg/ml 

progesterone nanoparticles suspended in 0.01M HCl with 1% 40 kD PVP as a surfactant. The other 

solution would then be 0.01M NaOH with 0.1 mg/ml HAS dissolved within. These would then be mixed 

together depending on which apparatus they were being processed on. 

With the RTP, the solutions were fed into the tube at 60 ml/min using centrifugal pumps, where they 

would mix and then be collected at the other end of the tube. Speeds chosen for this were typically 500, 

1000, 1500 and 1700 rpm in order to get a selection of samples from across the RTP speed range, as in 

the naproxen work. The results are shown in Figure 5.5, with the 0 rpm sample being the original 

material prior to processing. Clearly, the particle size remains constant throughout the various speeds, 

around 300 – 350 nm when measured by intensity (indicating a smaller proportion of larger particles) 

and around 150 nm when measured by number (indicating the size of the greater proportion of particles 

present). As usual for this coating technique, no large increase in particle size was expected due to the 
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significantly lower proportion of coating polymer in comparison to the progesterone. The SEM image 

(Figure 5.6) shows a few particles around 100 nm in size, similar to that measured on the DLS. The 

particles appear to have a smooth surface, typical of a polymer surface. 

 

Figure 5.5: Size of progesterone particles after coating with HAS polymer on the RTP, 60 ml/min feed rate 

 

Figure 5.6: SEM image of progesterone particles after coating with HAS polymer on the RTP, 60 ml/min feed rate, 500 rpm sample 
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When the same experiment was performed using the SDP, results were variable. Using a typical setup of 

a 60 ml/min feed rate performed by peristaltic pumps onto the centre of the disc, with speeds varying 

from 500 rpm to 2,500 rpm at 500 rpm increments, the intensity measurements were much larger than 

would be expected. As with the RTP results, the 0 rpm sample (control) is for the original progesterone 

material. Measurements were made downwards from 2,500 rpm and as can been seen, particle sizes for 

all samples are slightly smaller than the original material (Figure 5.7). This can be attributed to the 

greater sheer of the SDP over the RTP, and the impact of the solution with the walls of the container 

after leaving the disc. SEM images of the 2,500 rpm sample (Figure 5.8) show particles with similar 

dimensions to those measured on the DLS. 

 

Figure 5.7: Size of progesterone particles after coating with HAS polymer on the SDP, 60 ml/min feed rate 
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Figure 5.8: SEM image of progesterone particles after coating with HAS polymer on the SDP, 60 ml/min feed rate, 2,500 rpm 
sample 

 

The VFD was also used to determine if the higher turbulence and mixing effects would change the 

overall particle size, or whether it would remain the same as with the RTP. Solutions were fed in at 1 

ml/min by the peristaltic pump, and collected from the top of the tube, with samples taken from speeds 

at 1,000 rpm intervals from 1,000 to 9,000 rpm. The VFD was kept at a 45° angle during operation and 

samples collected were immediately measured on the DLS. The results shown in Figure 5.9Figure 5.9 

show that the particle size varies slightly (the 0 rpm result (control) is the original material prior to 

processing); the measurements by number, calculating the size of the highest proportion of particles 

present, remains fairly constant at around 150 – 200 nm with a slight downwards trend, while the 

intensity measurement, skewed towards less, but larger particles, show a size drop from 300 nm down 

to 250 nm. This drop can be attributed to the shear forces and turbulent flow causing the base 

progesterone particles to be worn down to below their initial particle size. An absence of a large growth 

of the particles would imply that as with the naproxen, the enteric polymer being applied is being 

coated in a thin layer, which would be expected due to the much smaller proportion of polymer present 

with regards to the progesterone. The SEM image of the 4,000 rpm sample (Figure 5.10) shows particles 

approximately 200 nm in size, matching with the number measurement from the DLS, though the 
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particles do not appear to be as smooth as in the RTP images. The TEM image of the 9,000 rpm sample 

(Figure 5.11) show particles on the order of 150 nm, similar to that measured by DLS, with what appears 

to be a different, thinner material around the edge of the particles, presumably the HAS coating. 

 

Figure 5.9: Size of progesterone particles after coating with HAS polymer on the VFD, 1 ml/min feed rate and θ = 45° 

 

Figure 5.10: SEM image of progesterone particles after coating with HAS polymer on the VFD, 1 ml/min feed rate and 45°, 4,000 
rpm sample 
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Figure 5.11: TEM image of progesterone particles after coating with HAS polymer on the VFD, 1 ml/min feed rate and 45°, 9,000 
rpm sample 

 

To determine if progesterone particles undergo a similar behaviour to that of naproxen when left under 

turbulent flow conditions without a coating polymer being added, a portion of progesterone was 

suspended in 0.01M HCl at a 10 mg/ml concentration and left to recycle through the VFD under 

continuous flow at 45° for 1 hour. This process involves the resulting solution after processing being 

added to the initial solution (the volume is kept low, around 5 ml, to ensure that there is minimal 

solution left in the stock vial to ensure all the solution is processed) to be sent back for processing. This 

resulted in the particles changing from 373±0.4 by intensity and 183±0.4 by number to 237±2 by 

intensity and 183±2 by number. The smallest particle size does not change, indicating that this 

processing has no effect on these particles, but the intensity size drops by 140 nm, indicating that the 

few, larger particles are being reduced in size, similar to the naproxen work. However, as the SEM image 
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shows (Figure 5.12), there are particles that are much smaller than this in evidence, between 10 – 50 nm 

in size. 

 

Figure 5.12: SEM image of milled progesterone recycled for 1 hour on the VFD, 7,000 rpm rotating speed 

 

Dissolution studies were also tested on various samples so as to compare with the naproxen work. As 

with the naproxen, between the different process intensification equipment and the speeds thereon, 

the results were very similar. A sample is shown in Figure 5.13 for milled progesterone coated on the 

RTP at 1,000 rpm. As you can see, milled progesterone on its own dissolves rapidly and completely, 

while the bulk progesterone only reaches 20% dissolution in the same 60 min time frame, which will be 

due to the much larger particle size hindering the total surface area available for dissolution. The milled 

progesterone that has been coated with HAS has significantly reduced the dissolution rate, down to 

12%, indicating the coating is working as intended and preventing dissolution in acidic environments 

much like the naproxen. 
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Figure 5.13: Dissolution profile of milled progesterone coated with HAS on the RTP, 60 ml/min feed rate at 1,000 rpm, compared 
with bulk progesterone and plain milled progesterone. Media is 0.01 M HCl. 

 

5.4 NUCLEATION OF PROGESTERONE 

Nucleation of progesterone is not possible using an acid/base system used for naproxen due, to pH not 

significantly effecting its dissolution properties. So, a suitable organic solvent would have to be searched 

for to use a solvent/anti-solvent approach, and a number of solvents were explored, similar to those 

looked at for the enteric polymers and naproxen earlier. Table 5.2 shows the results of attempts to 

dissolve progesterone in them. Based on these results and experiences with naproxen and the organic 

solvents, ethanol was chosen as the solvent of choice. This would link with the naproxen work and be 

easy to work with. 

Table 5.2: Behaviour of progesterone in organic solvents 
Acetone Butan-1-ol Diethyl Ether Ethanol Ethyl Acetate Pentane Propan-1-ol 

√ ~ √ √ √ x √ 
Green (√) indicates complete dissolution, yellow (~) indicates partial dissolution, red (x) indicates no dissolution 

 

Because of the change in nucelation type, a slightly modified version of the experiments used before 

would have to be used; now the solvent would no longer be completely removed, and so some 

progesterone will remain dissolved in the remaining ethanol. The anti-solvent would be an aqueous 

solution and initially 0.01 M HCl was chosen as this would match up with the naproxen work. However, 

since the low pH would not be required for progesterone to be nucleated, several tests were done to 
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determine if there would be any difference between using 0.01 M HCl and using just plain distilled 

water. With no observable differences being noted, further work was done with just distilled water as 

the anti-solvent to reduce possible contamination of the sample by the chlorine in the HCl, and hence 

the presence of any NaCl crystals that may form while drying for further characterisation work. As with 

previous experiments on the process intensification equipment, PVP was used as a surfactant, typically 

at 1%; however it appeared that the presence of PVP actually caused an increase in the particle size, and 

was therefore excluded for parallel experiments so the differences could be shown. The solvent of 

choice was ethanol due to its ready availability and low cost, as well as being a solution that could easily 

dissolve progesterone in significant quantities. Propan-1-ol was tested initially, but provided similar 

results to the ethanol trials and so was discarded for future experiments to ease the overall experiments 

and reduce overhead for comparing experiments. Into the ethanol, the progesterone was dissolved, in 

one of two different concentrations: 5 mg/ml and 20 mg/ml. The reasons for these two concentrations 

are explained in the following sections in more detail. 

5.4.1 NUCLEATION ON THE RTP 

In the initial testing progesterone up to 5 mg/ml dissolved in ethanol. In order to sufficiently nucleate 

the progesterone it was determined that approximately 3x more aqueous solution was required; a 1:3 

ratio of ethanol to water. Due to the RTP using multiple pumps to feed the solutions into the tube, this 

was not an issue. As with previous work, the RTP was used under the following conditions: several 

hundred millilitre solutions would be prepared to provide sufficient solution to obtain samples at four 

different speeds, being 500, 1000, 1500, and 1700 rpm. Due to the 1:3 ratio required, this led to 

solutions of 100ml for the ethanol/progesterone and 300ml for the water/PVP; this also required a 

modification of the feed rates, and to so keep the total volume processed the same as with the 

naproxen work, the feed rates became 30 ml/min for the ethanol/progesterone and 90 ml/min for the 

water/PVP. 

Much like with the naproxen work, tests were performed to determine the efficacy of a surfactant, and 

1% PVP was used to keep any changes to a minimum to allow for direct comparisons between the two 

drugs. However, unlike the naproxen the progesterone showed behaviour where the surfactant actually 

hindered the formation of smaller particles (Figure 5.14). With the presence of PVP the particles formed 

were around 0.6 - 1 µm, with a large degree of error caused by flocculation of the particles in the period 
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of time after processing on the RTP. Conversely the absence of PVP allowed for particles of 200 nm to be 

formed, with very little variance. It’s likely that this is due to the PVP interacting with the progesterone 

as it forms and wrapping up several particles together, forming a larger agglomeration tied up with the 

PVP. The SEM image of the 500 rpm sample with PVP (Figure 5.15) particles that are approximately 1 µm 

in size, which is larger than the 0.5 µm measured by DLS. However, it does appear that there are smaller 

particles within these, which may indicate that the progesterone is making smaller particles, which is 

then wrapped up in a PVP matrix. This might explain the difference in size by SEM and DLS, as it is 

possible that in solution some of the PVP expands and dissolves slightly, causing the overall particle to 

have a smaller hydrodynamic diameter. 

 

Figure 5.14: Size of progesterone particles precipitated on the RTP at 5 mg/ml concentration at a 1:3 feed rate, with and without 
PVP (40 kD), water as anti-solvent 
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Figure 5.15: SEM image of progesterone particles precipitated on the RTP at 5 mg/ml concentration at a 1:3 feed rate, with 1% 
PVP (40 kD), water as anti-solvent, 500 rpm sample 

 

Since the 40 kD PVP was used initially, again the different weights of PVP were tested to see what effect 

that had on the overall progesterone particle size. Once again the 10 kD and 360 kD PVP weights were 

used to compare with the 40 kD, and all used at 1%. As can be seen in Figure 5.16Figure 5.16 the 10 and 

40 kD PVP gave similar results with regard to the particle sizes, though the 10 kD having a much smaller 

error. What is interesting is that the 360 kD showed particles much reduced in size, almost on the same 

level as particles created without any PVP. This decrease is size is possibly due to the large chain length 

of the PVP hindering its ability to adequately contain the small progesterone particles and so not cause 

as much agglomeration as with the smaller PVP chain lengths. The SEM image of the 1,700 rpm sample 

(Figure 5.17) shows several particles just smaller than the DLS measured size, with much smaller 

particles observable at the sides. These particles also appear to be crystalline, similar to the small 

particles observed in the spherical particles visible in Figure 5.15. 
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Figure 5.16: Size of progesterone particles precipitated on the RTP at 5 mg/ml concentration at a 1:3 feed rate, at varying PVP 
weights, water as anti-solvent (PDI for 360 kD PVP for increasing speeds: 0.422, 0.272, 0.836, 0.380) 

 

Figure 5.17: SEM image of progesterone particles precipitated on the RTP at 5 mg/ml concentration at a 1:3 feed rate, with 360 kD 
PVP, water as anti-solvent, 1,700 rpm sample 

 

Up to this point, the feed rates have been asymmetrical. When this work proceeds to the VFD, the feed 

rates will have to be similar as one pump propels the solutions down both feed tubes. In preparation for 
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to 20 mg/ml, though initially the feed rates were kept at 1:3 to determine if this increased concentration 

would have an effect on the final particles produced. As can been seen in Figure 5.18, with 40 kD PVP 

present the particle sizes are very similar to at 5 mg/ml, and so there would appear to be no significant 

issues with increasing the concentration for purposes of cross-examination. The 0 rpm point (control) 

indicated on the graph is for a batch methodology where the same solution of ethanol and progesterone 

was poured into a solution of triple the volume with water and PVP. It would appear that this method 

gives similar size particles, but it must be mentioned that the RTP can provide a continuous flow 

environment, where pouring and shaking in a vial fails. In comparison, when run without PVP present, 

once again the particle size is significantly reduced to around 250 nm in size. There appears to be a slight 

trend from 200 nm at 500 rpm up to 300 nm at 1,700 rpm. This is likely due to the centrifugal force 

generated being higher at the faster speeds, and this causes the particles to be forced against the side of 

the tube, slowing down and allowing more material to be nucleated around it during processing. Again 

the batch method gives a slightly larger particle size (360 nm) which can be attributed to the poor 

mixing properties of shaking the vial after addition of the ethanol/progesterone solution. 

 

Figure 5.18: Size of progesterone at 20 mg/ml concentration at a 1:3 feed rate ratio, water as anti-solvent with 1% PVP (PDI for 
increasing speeds: 1.000, 0.610, 0.506, 0.067, 0.330) 

 

As another surfactant, didodecyldimethylammonium bromide (DDMB) was tested to determine if 

another surfactant could provide better results for the formation of the progesterone particles, since 

another researcher was using this compound in a similar manner for another drug, with reasonable 
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results. However, the DLS data showed peaks everywhere, with none matching up between 

measurement runs. 

The final preparation for progressing onto the VFD required testing with both solutions being fed at the 

same speed onto the RTP. The speed chosen was 60 ml/min to match up with the naproxen work with 

the ethanol and water solutions both being kept at equal volumes during processing. The results from 

this with and without PVP are shown in Figure 5.19. For this new ratio of ethanol and water mixing, the 

solution with PVP present appears to present a more stable situation with regards to size than the 

solution with PVP absent. It’s possible that with the reduced quantity of water present the equilibrium 

of progesterone between the two solutions is altered and favouring more progesterone dissolved in the 

ethanol. Then due to this larger discrepancy, progesterone could dissolve/precipitate more often after 

processing, leaving a few larger particles. When PVP is present, its helps to stabilize the particles formed 

and reduce the chances of such growth. Once again the 0 rpm result is for the batch experiment, 

generated by simply pouring in the ethanol solution to the water and shaking. The reduced particle size 

over the RTP samples is possibly due to the time frame it was measured in; the batch sample was 

measured immediately, while the RTP samples were measured after 30 minutes or so as other samples 

also created were also being measured first. 

 

Figure 5.19: Size of progesterone at 20 mg/ml and with a feed rate of 60 ml/min for both solvent and anti-solvent solutions, water 
as anti-solvent 
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At this point, the only PVP concentration being used was 1%, so this was increased to 5% to determine 

the effect such a large proportion of PVP would have on the particle size; would the size increase above 

and beyond what was obtained with 1% and what would the effect on the different ratios be? 

Conditions were exactly the same as mentioned above for both the 1:3 and 1:1 ratios of solution, bar 

the aforementioned increase of PVP. At 1%, for the 1:1 ratio, the particle size was roughly 600 nm, but 

at 5% PVP again the particle size is around 600 nm, although the 1,000 rpm has increased from 500 nm 

up to 900 nm (Figure 5.20). This would seem to indicate that the protective nature of the PVP with 

regards to the particle size changing due to the solution interactions is sufficient at 1%, with 5% not 

providing as large an increase as the quantity increase would be expected of. However, for the 3:1 ratio, 

at 1% the particles were roughly 1 µm in size, although the 500 rpm sample was down at 500 nm. At 5% 

PVP however there is a split of particles formed at lower speeds (500, 1000 rpm) being around 1 µm in 

size, while those at higher speeds have a reduced particle size of 600 nm. This is the inverse of what 

happened when only 1% was present, and it’s possible that this higher degree of PVP present is acting as 

a lubricant and allowing the particles to not be affected by the centrifugal force holding them to the 

sides of the tube as much, thereby reducing the chance of the particles growing in size from further 

deposition of progesterone. 

 

Figure 5.20: Size of progesterone at 20 mg/ml with 5% PVP present, feed rate of 30/90 ml/min (3:1) or 60 ml/min for both feed 
rates (1:1) and water as the anti-solvent 
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A higher concentration of the higher weight PVP was also tested at the 1:1 ratio, to determine if there 

was any difference to be gotten from this. 360 kD PVP had reduced the particle size for the 1:3 ratio at 

1%, so it was expected that some drop in size would be observed. As you can see in Figure 5.21, when 

measured by intensity the particle size was significantly larger than when using 40 kD PVP. However this 

is skewed towards fewer, larger particles and from the number results we can see that proportionally 

there are significantly more particles that are around 15 – 20 nm in size. The SEM image of the 1,700 

rpm sample (Figure 5.22) shows ridged spheres with approximately the same size as the intensity 

reading by DLS. These ridges are likely caused by the spheres being hollow, which then collapse once 

dried. This would indicate that the larger particle size observed on DLS is not a suitable measurement for 

these particles, as they are likely micellular-like structures created by the PVP, with the progesterone 

particles being much smaller and contained within these. 

 

Figure 5.21: Size of progesterone at 20 mg/ml with 5% PVP (40 kD and 360 kD weights), feed rate of 60 ml/min for both feed rates 
and water as the anti-solvent 
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Figure 5.22: SEM image of progesterone at 20 mg/ml with 5% 360 kD PVP, feed rate of 60 ml/min for both feed rates and water as 
the anti-solvent, 1,700 rpm sample 

 

Interestingly, ζ-potential measurements (Figure 5.23) show a change in the surface charge as the speed 

of the RTP increases from 500 rpm to 1,700 rpm, with the charge dropping from -2.5 mV down to -0.9 

mV. This would appear strange at first as both PVP and progesterone do not have any pH sensitive 

groups; however it is possible that at the higher speeds there is more PVP being wrapped around the 

progesterone particle, and this pushes water further away from the surface of the particle, and so when 

the ζ-potential measurements are made, there are less water molecules in the area being measured 

around the particle, and hence the drop in potential. 
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Figure 5.23: Zeta potential of 20 mg/ml progesterone with 5% 360 kD PVP 

 

5.4.2 NUCLEATION ON THE SDP 

The SDP was also looked at for the formation of progesterone particles, much as was done with the 

naproxen. Due to the more intense mixing of the SDP it was expected that the particles produced would 

be smaller again than the RTP samples. As with the RTP, the naproxen acid/base system didn’t work so 

the ethanol/water solvent/anti-solvent system was again used. The same conditions as the RTP were 

used; briefly, 5 - 20 mg/ml progesterone was dissolved in ethanol, and then added to 0.01 M HCl or 

water as the anti-solvent, with or without PVP present. Initially, the 1:3 ratio with 0.01 M HCl as the anti-

solvent was used, with 1% 40 kD PVP present and the particle sizes are shown in Figure 5.24. As you can 

see, the sizes are all under 1 µm and are roughly smaller than those observed with the RTP. Of note is 

that the trend here is for reduced particle size with increased speed of the disc, which is what we would 

have expected, yet is opposite that which was observed for the RTP. The logical answer is that on the 

SDP, due to the shorter residence time (~1-2 s for the SDP versus 10-30 s on the RTP) the particles are 

not forced onto the surface of the disc as the centrifugal forces operate perpendicular to the plane of 

the disc. Therefore the PVP cannot entangle several particles, leading to the reduced particle size due to 

the increased turbulent flow and intense micro-mixing. The SEM image of the 2,500 rpm sample (Figure 

5.25) shows larger particles around 6 µm incorporating several smaller particles around the 400 nm that 

is similar to DLS measurements which indicate that particles of this size are present. This would imply 
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that the PVP here is wrapping up the progesterone particles into a big ball as the solvent dries, 

encapsulating many progesterone particles. 

 

Figure 5.24: Size of progesterone at 5 mg/ml, 1:3 ratio and 1% PVP, 30/90 ml/min feed rate with 0.01M HCl as anti-solvent 

 

Figure 5.25: SEM image of progesterone at 5 mg/ml, 1:3 ratio and 1% PVP, 30/90 ml/min feed rate with 0.01 M HCl as anti-solvent, 
2,500 rpm sample 
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progesterone to 20 mg/ml to ensure particles were obtained from the processing. The results from 

these conditions on the SDP between 500 and 2,500 rpm are shown in Figure. Once again the trend of 

having no PVP present having the smaller sized particles continues, as with the downwards trend of 

particle size with increasing speed as seen with the 1:3 ratio at 5 mg/ml concentration. However, with 

PVP present, the particle size is larger again than the results obtained for the RTP under similar 

conditions (Figure 5.26). This may be due to the slightly different turbulent flow affecting or being 

affected by the PVP, causing the particles to spend more time on the disc and so accumulate more 

material, increasing the particle size. Per the 500 rpm sample, it’s possible that the PVP result is lower 

than expected as samples are run backwards from 2,500 rpm (ie, 2,500 rpm is run first, then 2,000 rpm, 

and so on) and it’s possible that the solutions were running low causing less material to be present 

during processing. 

 

Figure 5.26: Size of progesterone at 20 mg/ml, 1:1 ratio and 1% PVP, 60 ml/min feed rate with water as anti-solvent 

 

The flow rate was increased to 120 ml/min to ascertain the effect of a fast flow rate. Experience within 
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milled progesterone size. The results of these experiments both with and without PVP are shown in 

Figure 5.27 and show some interesting behaviour. The PVP samples appear to have a similar particle size 
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the solution having a much lower residency time on the disc and so there is insufficient time for the 
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polymer to wrap up several progesterone particles and increase in size. However, unlike earlier SDP 

experiments, the size increased with increasing speed, rather than decreasing, both with and without 

PVP present. The increased flow rate, combined with the faster speed of the disc, is causing some 

solution to splash upwards upon introduction to the disc surface, leaving solution to not be under the 

turbulent flow and so allow particles to grow slightly larger. The SEM image of the sample taken at 1,500 

rpm with PVP (Figure 5.28) shows lots of particles around the 100 nm and smaller mark. Though this is 

significantly less than the 500 nm indicated in Figure 5.27, DLS data shows that there are particles under 

100 nm when measured by number, which matches the particle sizes in the SEM image.  

 

Figure 5.27: Size of progesterone at 20 mg/ml, 1:1 ratio and 1% PVP, 120 ml/min feed rate with water as anti-solvent on the SDP 
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Figure 5.28: SEM image of progesterone at 20 mg/ml, 1:1 ratio and 1% PVP, 120 ml/min feed rate with water as anti-solvent on 
the SDP, 1500 rpm sample 

 

For the above samples formed at 120 ml/min, zeta potential was also performed to ascertain the 

stability of the particles (Figure 5.29). All were under |30| mV in strength and are therefore not stable 

for lengthy periods of time. The samples made with PVP have a slightly lower zeta potential than those 

without PVP, which may be due to the presence of the PVP molecules around the outside of the 

particles which would alter the surface charge slightly. This would be suggested by the fact that the zeta 

potential remains constant from 1,000 rpm to 2,500 rpm. With regard to the no PVP samples, it appears 

that there is an trend towards a lower zeta potential with increasing speed. This would seem to match 

with earlier results, and be due to the increasing particle size causing a difference in the volume of 

water surrounding it during measurements. 
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Figure 5.29: Zeta potential of 20 mg/ml progesterone with 1% PVP, 120 ml/min feed rate with water as anti-solvent on the SDP 

 

5.4.3 NUCLEATION ON THE VFD 

To finish the comparison with the naproxen, the progesterone experiments would have to be performed 

on the VFD. Using continuous flow, with the VFD set to 45° and a flow rate of 1 ml/min, two solutions 

were fed into the tube; one of progesterone in ethanol and the other distilled water. Initially an attempt 

was made to keep to the 1:3 ratio of ethanol solution to water, with 5 mg/ml of progesterone in 

ethanol, but since the VFD was not set up to handle two different flow rates one portion of the water 

was added just prior to processing to even out the volumes. This was not ideal, but allowed a rough 

comparison with the earlier work at this ratio. Tested both with and without the presence of 1% PVP, 

the results are shown in Figure 5.30, showing at low speeds the presence of PVP is beneficial, keeping 

the particles smaller than without its presence, possibly an effect from the addition of the water prior to 

processing as this is not observed in other experiments. However, with increasing speed the samples 

without PVP showed a declining size, while the samples with PVP stayed roughly the same. However 

these samples with PVP began to show flocculating at speeds greater than 5,000 rpm and the size 

results for these samples are not reliable – in fact the 8,000 and 9,000 rpm samples are not included as 

the size data was giving very varied sizes with each measurement and large overall compared with the 

other results . When 10 kD PVP was used instead of the typical 40 kD PVP, and tested at 5,000 rpm, the 

particle size was determined to be 239 nm. 
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Figure 5.30: Size of progesterone on VFD at 5 mg/ml concentration, at 10 ml/min feed rate with water as anti-solvent. 1:3 ratio, 
with 1 part water added to ethanol solution just prior to processing. 

 

Following this, it was determined that using a 1:1 ratio would be much better overall and avoid early 

precipitation of the progesterone. Using the data that was gathered from the earlier RTP and SDP 

experiments, a 20 mg/ml concentration was chosen, with water as the anti-solvent of choice. Testing 

without PVP present gives a nice curve from larger particle size at 1,000 rpm down to a smaller particle 

size above 4,000 rpm (Figure 5.31). From this curve it can be said that the turbulent flow at lower speeds 

is roughly analogous to the other process intensification equipment, yet once it reaches around 4,000 

rpm the turbulent flow has become much greater. The plateau after this period would seem to indicate 

that greater turbulence does not contribute greatly to the particle size. However, when PVP is included, 

we see a similar outcome to the other process intensification techniques; the PVP tends to give much 

larger particles than that seen without it. Once again though we see the downwards trend in size with 

increasing speed as for those made without PVP, when observed by intensity. When measured by 

number however the particle size remains constant around 20 nm in diameter. The SEM image of the 

9,000 rpm sample without PVP (Figure 5.32) shows multiple 300 nm particles, consistent with the DLS 

measurements, also showing the particles as rounded and smooth. 
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Figure 5.31: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
using 1% PVP 

 

Figure 5.32: SEM image of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-
solvent, no PVP, 9,000 rpm sample 

 

When PVP is present in this setup, the results are not as clear as when measured by intensity, quite 

often a double peak system was recorded, and this is shown in Figure 5.33. The graph plots the two 
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0

200

400

600

800

1000

1200

1400

0 2000 4000 6000 8000 10000

Si
ze

 (n
m

) 

Speed (rpm) 

PVP (Intensity) PVP (Number) no PVP

147 
 



there is also a change in the peak percentages. The larger particles become scarcer, while the smaller 

particles become more prevalent, as the speed increases. This can be explained by the greater turbulent 

flow causing there to be a thinner thin film along the surface of the rube, which creates a reduced 

volume within which to create particles. It also reduces the residency time (the time spent inside the 

tube for a given particle) on the tube and these combine to force the particles to finish growing sooner, 

leading to smaller particles. 

 

Figure 5.33: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
using 1% PVP – plot of size by percentage present 

 

The PVP concentration was also increased to 5% to determine if this made any additional difference to 

the particle size, with the results shown in Figure 5.34. Increasing the concentration of PVP 5-fold has 

overall increased the particle size being formed, above and beyond that of 1% PVP. With the increased 

PVP present this size increase would be expected following on from the 1% PVP results, though the size 

increases would indicate that either there are several particles being wrapped up inside the PVP, or the 

greater quantity of PVP means that there is more PVP around each particle and is thus increasing the 

detectable particle size. 
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Figure 5.34: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
using 5% PVP 

 

To determine the effectiveness of another surfactant, DDMB, was used and the results can be seen in 

Figure 5.35 in comparison to the result earlier without PVP present. As can be seen, the DDMB result is 

very similar to the sample without PVP present, indicating that it is having a different effect to PVP on 

the particle formation process. However, this includes an additional material into the experiment to 

achieve a similar effect to the absence of the DDMB and so was not included as part of the optimization.  

 

Figure 5.35: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
using 1% DDMB 
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seconds, which induces further turbulence into the liquid flow, with the intention to decrease the 

particle size further. However, this did not occur, with the particle size increasing dramatically (Figure 

5.36). Lower speeds appear to be affected the most with sizes up into the micron range and large errors 

in the size measurement, with the particle size decreasing with increasing speed. It is likely that the 

increased turbulence is causing further collisions between the particles that are formed, causing them to 

agglomerate and fuse together, increasing the particle size, while without pulsing these particles would 

not have collided as much, and so would remain relatively separate. 

 

Figure 5.36: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
with an approximate 1,000 rpm variation occurring over 3 s 

 

Another variable that the VFD can alter that is unique to it is the angle of operation. Typically this angle 
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45°) is shown in Figure 5.37Figure 5.37, with the 45° being the reference with no PVP sample used in 

previous graphs. As can be seen, the 5° angle provided a similar response to the 45° samples, however 

they are slightly larger at all speeds. This is expected given that the turbulence in the liquid is expected 

to be reduced at this angle of operation. Interestingly, at 30°, though there are several speeds at which 

the particle size lies between the others, the majority of the sizes lie outside this. In general, at 30° there 

0

500

1000

1500

2000

2500

0 2000 4000 6000 8000 10000

Si
ze

 (n
m

) 

Speed (rpm) 

pulsing

no pulsing

150 
 



appears to be little speed dependency for the size, with both slow and fast speeds giving similar particle 

sizes. 

 

Figure 5.37: Size of progesterone on VFD at 20 mg/ml concentration, 1:1 ratio at 10 ml/min feed rate with water as anti-solvent, 
angle of operation varying between 5° and 45° 

 

5.5 CO-NUCLEATION OF PROGESTERONE AND NAPROXEN 

With success for both naproxen and progesterone and fairly similar results, co-nucleation (nucleation of 

the two drugs simultaneously) of the two looked interesting. Co-nucleation of drugs is becoming more 
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multi-targeted drugs. With some evidence that the presence of progesterone helps to enhance the 

effects of naproxen, these two being combined was potentially very good. With the VFD being the best 
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experiments to generate these particles. As progesterone would not dissolve as readily in basic 

conditions as it would in ethanol, the solvent/anti-solvent approach was chosen for this aspect. To this 

end a total concentration of the two drugs was to be 20 mg/ml as this was a sufficient concentration for 

the progesterone to nucleate out in at the 1:1 ratio that would be required. This would then be split 

between the two drugs depending on the ratio chosen. A surfactant, PVP, would also be investigated as 

its presence led to smaller particles with naproxen, but larger ones with progesterone; depending on the 
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ratio of the two drugs, the effects of the surfactant would be expected to switch between beneficial and 

detrimental. 

Initially, a 1:1 ratio of the two drugs was taken, giving both at 10 mg/ml concentration in the ethanol, 

which was then mixed with water at a 1:1 ratio on the VFD to form the particles. This was tested both 

with and without 1% PVP, as well as pulsing with PVP present, with the results shown in Figure 5.38. 

With the PVP present, the sizes appear to have no particular trend, but with PVP absent, we see a curve 

of decreasing size with increasing speed; this is similar to the progesterone results, and so would be the 

primary drug at this ratio for the effects that it produces. However, the particles are larger than with 

pure progesterone, which will be from the presence of the naproxen which did not create such small 

particles when formed on the VFD. With pulsing of the solution, with PVP present, a trend appears of 

decreasing size with increasing speed, although the trend is not as nice as without PVP present. The SEM 

image of the 1,000 rpm sample with PVP and pulsing (Figure 5.39) shows multiple larger collapsed 

spheres around 2 µm in diameter. This is much larger than the 500 nm measured by DLS which would 

indicate that such measurements are not entirely accurate with regard to this naproxen/progesterone 

ratio – either the measurements are wrong, or further changes to the composition are made during 

drying. 

 

Figure 5.38: Size of naproxen/progesterone on VFD at 10/10 mg/ml concentration, 1:1 solvent ratio at 10 ml/min feed rate with 
water as anti-solvent (PDI for increasing speeds for; 1% PVP: 0.276, 1.000, 0.106, 0.189, 0.462, 0.309, 0.175, 0.227, 0.196; no PVP: 
1.000, 0.350, 0.142, 0.014, 0.197, 0.005, 0.198, 0.118; 1% PVP with pulse: 0.391, 0.255, 0.317, 0.377, 0.578, 0.662, 1.000, 0.440, 
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Figure 5.39: SEM image of naproxen/progesterone on VFD at 10/10 mg/ml concentration, 1:1 solvent ratio at 10 ml/min feed rate 
with water as anti-solvent, 1% PVP, pulsed, 1,000 rpm sample 

 

To further examine this, different drug ratios needed to be created, first a 1:2 naproxen/progesterone 

mix (6.7/13.3 mg/ml) and then a 1:3 naproxen/progesterone mix (5/15 mg/ml). The results of the 

progression from 1:1 to 1:3 is shown in Figure 5.40 with no PVP present. Each as the curve of decreasing 

size with increasing speed, as would be expected from the prevailing progesterone characteristics. The 

1:2 ratio has the best conditions for achieving the smallest particle size, with the sizes increasing again 

with the 1:3 ratio. This may be due to the molecular weights (230 for naproxen vs 314 for progesterone) 

where it is approximately 1.5 naproxen molecules for 1 progesterone molecule, and so the 1:2 ratio 

allows for an even mix of the two when forming the co-crystal. The SEM image of the 5,000 rpm sample 

at the 1:2 ratio (Figure 5.41) shows several particles of 500 nm along with one or two larger particles, a 

good match with the DLS data for that sample. These particles are elliptical, with a smooth surface, with 

no obvious differences that would indicate a delineation between individual areas of the two drugs 

which would lead to the conclusion that these particles are a mixture of the two. The AFM image (Figure 

5.42) shows particles formed at the 1:2 ratio of naproxen to progesterone. There are several larger 

groupings each containing smaller particles consistent with the DLS results. The phase image shows 

mostly one material, with another being visible around the edges (brighter areas). Due to progesterone 
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being the predominant material in this sample, this would mean that these brighter areas are the 

naproxen, indicating that the naproxen is bound within the progesterone and only smaller areas are 

accessible on the surface. 

 

Figure 5.40: Size of naproxen/progesterone on VFD at 10/10, 6.7/13.3, 5/15 mg/ml concentration, 1:1 solvent ratio at 10 ml/min 
feed rate with water as anti-solvent on the VFD (PDI for 1:1 ratio for increasing speed: 1.000, 0.350, 0.142, 0.014, 0.197, 0.005, 

0.198, 0.118) 

 

Figure 5.41: SEM image of naproxen/progesterone on VFD at 6.7/13.3 mg/ml concentration, 1:1 solvent ratio at 10 ml/min feed 
rate with water as anti-solvent, 5,000 rpm sample 
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Figure 5.42: AFM image of naproxen/progesterone on VFD at 6.7/13.3 mg/ml concentration, 1:1 solvent ratio at 10 ml/min feed 
rate with water as anti-solvent, with 1% PVP, 5,000 rpm sample 

 

The powder XRD of the 1:2 naproxen/progesterone particles is shown in Figure 5.43 and indicates that 

in the sample, there is the presence of progesterone, with several peaks overlapping between the two 

curves. Similarly for the naproxen, peaks matchup between the two, expected given the presence of 

both drugs in the final material and confirmation that they are both in the same particle. There are no 

differentiation from the reference peaks for naproxen and progesterone and those observed for the co-

nucleated particles, which would indicate that this did not cause a change in phase for the two 

materials. 

 

Figure 5.43: XRD of 1:2 naproxen/progesterone co-nucleated particle on VFD sample 
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The inverse experiments with a naproxen/progesterone ratio of 2:1 and 3:1 were made, however the 

samples proved to be very unstable and flocculated significantly. This caused the size readings to be 

varied and untrustworthy, and so they are not included here. 

This co-nucleation was also tested on the RTP, to determine if there are any similarities between the 

RTP and the VFD, or whether there is any correlation between the differences between the two for the 

two drugs. Run at the 1:1 ratio for the two drugs along with 1% PVP present, this gives similar conditions 

to the initial co-nucleation reactions. These results are shown in Figure 5.44 and with PVP present are 

fairly similar to the VFD work for the co-nucleation. The particles show a slight trend of decreasing 

particle size with increasing speed, and the sizes are around the 600 nm range, similar to the 5,000 rpm 

and up samples on the VFD. This is similar to the earlier work with just progesterone, and so is a good 

confirmation that progesterone is the determining factor of the properties at this stage. What is 

interesting is that when measured by number, the particle size drops dramatically down to 20 – 10 nm, 

meaning that the majority of the particles are this small, and only a small fraction are 600 nm. When 

PVP is removed from the solution, the particle size increases over those samples with PVP present, 

which is behaviour more similar to naproxen. This may indicate that progesterone forms first and 

naproxen then forms around this, so that the progesterone formation controls the size of the particles, 

while the surface of naproxen controls the behaviour of the combined particle towards PVP and other 

surfactants. The SEM image of the 500 rpm sample with PVP (Figure 5.45) shows the large collapsed 

spheres that have been observed in other experiments, likely due to the PVP present. There are much 

smaller particles visible on the right which would match up with the data for the smaller particles, as 

measured by DLS.  
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Figure 5.44: Size of naproxen/progesterone on RTP at 10/10 mg/ml concentration, 1:1 solvent ratio at 60 ml/min feed rate with 
water as anti-solvent 

 

Figure 5.45: SEM image of naproxen/progesterone on RTP at 10/10 mg/ml concentration, 1:1 solvent ratio at 60 ml/min feed rate 
with water as anti-solvent, with 1% PVP, 500 rpm sample 
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CHAPTER 6: TURMERIC AND CURCUMIN; MILLING AND FORMULATION 

6.1 INTRODUCTION 

Turmeric is a natural product found in tropical climates, typically around India and in Jamaica. The root, 

or rhizome, similar in look to ginger, of which it is a family member is the part of the plant that is used in 

cooking as a spice and as a dye. The rest of the plant is not as useful, though the leaves have been used 

in cooking as a wrap for food stuffs placed into fires and coals for cooking. This rhizome can be used a 

number of ways, either directly shaved/grated and used in foods, or dried and then processed for 

commercial sale as a spice; it is this that is typically referred to when turmeric is used in conversation 

and recipes. The rhizome is typically brown on the outside, though the inside has an orange-brown 

colouring to it. Once dried and powdered it is a bright orange in colour. Turmeric powder is a mixture of 

a number of different chemicals of which the curcuminoids are the most important for the work here. In 

addition there are a variety of important volatile oils such as turmerone, atlantone and zingiberene as 

well as a broad selection of sugars, proteins and resins. 

Curcumin and its two derivatives demethoxycurcumin and bisdemethoxycurcumin, are compounds that 

are found within turmeric. They are highly coloured and give turmeric powder its characteristic orange 

colour. They are also the main active ingredient that gives turmeric its various health benefits such as 

anti-oxidant, anti-cancer and anti-fungal abilities. Purified curcumin is available, but the processing 

required to extract it from the mother turmeric is a long and energy hungry process, leading to high 

costs for high grade purified curcumin. Supplements are available that use curcumin, but their efficacy 

varies due to the poor water solubility and hence bioavailability, of curcumin. This generally means that 

oral dosages of curcumin are a poor route for administering unless further formulation can be 

performed. Improvements can be made with the inclusion of surfactants and disintegraters, but this 

adds further complication. 

If the turmeric powder itself could be prepared such that it releases its curcumin as effectively as with 

pure curcumin or better, then less cost, time and energy would be required for the same result. As has 

been shown before, reducing the size of particles can lead to an improvement in the water solubility of 

the material and therefore enhance the bioavailability. Because of the complicated mixture of 
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compounds found within turmeric, a bottom up approach is impossible, which leaves a top-down 

method. Ball milling has been used for such for many years, though typically not for this end. By using a 

dry milling process, turmeric, along with an excipient that helps to reduce the particle size, can be 

reduced several fold in size. The implications of this on the curcumin release and water solubility are 

extensive. 

As is well known, decreasing the size of a particle increases the surface area available for reactions to 

occur; in this case, the dissolution of the material into the solvent surrounding it. By decreasing the 

turmeric particles dimensions, the slow release of curcumin can be improved upon purely by providing 

many more routes for the included curcumin to be reached and dissolved by the solution surrounding it. 

Due to the natural surfactants and other materials present in turmeric, dissolution is expected to be 

higher as the particle begins to break down as various structural materials begin to dissolve, swell, or 

otherwise corrupt the integrity of the particle. 

Cell studies are used to test the in vitro capabilities of drugs, so by using tumorgenic and non-

tumorgenic cell lines the efficacy of the new formulations could be tested. To better understand the 

ability of the particles created, a suspension of the particles was deemed the best route, rather than 

dissolving them. This would allow a comparison between the bulk material and the particles made. Due 

to this, the turmeric particles would be inappropriate as the extra material would provide too many 

variables to sufficiently ensure any result was because of the curcumin. Therefore a milled form of 

curcumin would be needed, and compared with the bulk material; in addition a nanoparticle 

formulation created from bottom-up approaches was also included, provided by a fellow researcher. 

6.2 MILLING OF TURMERIC 

The research involved in milling the turmeric and characterizing and testing the resulting material is 

covered in the paper entitled ‘Enhanced curcumin dissolution from matrix-assisted ball-milled 

microparticles of turmeric’, attached below. 
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ENHANCED CURCUMIN DISSOLUTION FROM MATRIX-ASSISTED BALL-MILLED MICROPARTICLES OF 

TURMERIC 
Ben R Edwardsa,b, Colin L Rastona,c* 

a Centre for Strategic Nano-Fabrication, School of Biomedical, Biomolecular and Chemical Sciences, The 
University of Western Australia, Crawley WA 6009 Australia. Fax: +61 86488 8683, Phone: +61 86488 
3045 

b10526482@student.uwa.edu.au 

ccolin.raston@uwa.edu.au 

 

ABSTRACT 
Curcumin is an ingredient in turmeric, and has shown significant promise in various medicinal in vitro 

studies, but is only sparingly soluble in water. Dry ball-milling of turmeric using lactose as an excipient 

and sodium dodecyl sulphate as a surfactant is effective in reducing the size of microparticles of the 

material from ca 100 μm to ca 20 μm in diameter. This greatly improves the dissolution rate and 

availability of curcumin in water relative to unmilled material, as determined using UV/Vis spectroscopy, 

and indeed relative to pure curcumin subject to the same milling conditions. 

KEYWORDS 
Turmeric, Ball Milling, Dissolution, Curcumin, Excipients 

 1. INTRODUCTION 
Turmeric is a native plant found in parts of south Asia where the tropical conditions are conducive to its 

growth, and has long been used as a spice in many Asian foods.1-5 Research into its medicinal properties 

has increased in the last few decades, with curcumin (Figure 1) being identified as an active ingredient 

for the majority of the therapeutic effects of turmeric, especially as an anti-oxidant agent.4, 6 Other 

properties that turmeric possesses, which are related to the presence of curcumin, include anti-

inflammatory, anti-microbial, anti-parasitic, anti-cancer, and anti-mutagenic activity, among others.2, 3, 7-

11 Curcumin also has two other very similar compounds (demethoxycurcumin and 

bisdemethoxycurcumin) which are almost always present with curcumin unless highly purified and for 
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this reason further discussion about curcumin in this paper includes all three in its meaning unless the 

individual curcuminoids are also discussed. 

HO

OCH3

O OH

OCH3

OH

 

Figure 1: Chemical structure of curcumin, the main active ingredient in turmeric 

However, as beneficial as curcumin is, it is only sparingly soluble in water and this limits its 

bioavailability, and thus limits its potential in pharmaceutical applications.2, 9, 11, 12 A number of 

approaches have been developed to overcome this problem, including the development of silica 

capsules for controlled release of the molecule,9, 11 and the fabrication of nanosized curcumin,13 

polymer-curcumin nanobeads,2, 13, 14 and emulsions.15 There is some evidence to suggest that using 

pristine plant material, in the present case of turmeric, can help to improve bioavailability of the active 

constituents over the pure forms; while this improves the potency of the constituents, it involves 

expensive and time consuming processing.12 We now show that reducing the size of microparticles of 

turmeric dramatically increases the rate of curcumin released relative to the larger particles present in 

the pristine material.  It also increases it relative to pure curcumin as micron sized particles, but not so 

for recently developed nanoparticles of the compound involving a ‘bottom-up’ synthesis using a 

microfluidic platform.16 For the micron sized particles of curcumin, this is significant given that the 

purification of the compound often involves lengthy and intensive processing using large quantities of 

organic solvents associated with Soxhlet extraction.1, 10, 17   

2. MATERIALS AND METHOD 
Turmeric powder was purchased from a local market, lactose was bought from Meggle, and manitol, 

curcumin (~70% purity) and sodium dodecyl sulphate (SDS) were purchased from Sigma-Aldrich.  

Turmeric was milled for one hour in a Spex mill at a 10% loading with 89% lactose as a matrix and 1% 

SDS to prevent agglomeration during milling. No additional SDS was added at any later stage. Twelve 3/8 

inch steel balls were used in each milling container. 
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Initial studies of curcumin, for constructing a calibration curve for use with the turmeric samples, were 

monitored using HPLC and UV/Vis spectroscopy, focusing on the main absorption band for the molecule 

at 425 nm, with the mobile phase as a 40:60 acetonitrile:acetate buffer solution at pH 4. 

Measurement of the particle size was performed on a Mastersizer 2000 (Malvern Instruments, UK) and 

on a Zetasizer NANO-25 (Malvern Instruments, UK). For the Mastersizer the powder was added to 

aqueous 0.01M HCl inside the pump until the laser absorption reached 5%. Three measurements were 

then taken and averaged together for a final result. SEM images were obtained from a sample prepared 

by suspending the powder in aqueous 0.01M HCl at 50 mg/ml which was then added to an SEM stub 

and left to dry in air, and measured on a Zeiss 1555 VPSEM instrument. 

Dissolution studies were performed on a Varian VK7025 Dissolution apparatus in a USP2 (paddles) 

configuration with both an aqueous 0.01 M HCl solution to simulate gastric environments, and a 0.001 

M aqueous phosphate buffer solution of pH 7.4 to simulate intestinal environments. Both tests were 

extended to one hour, with aliquots of the solutions taken at pre-determined points throughout the 

period. These aliquots were analysed using a Varian Cary 50 UV/Vis spectrometer fitted with flow cells 

in a multicell changer using UV light at 425 nm. Prior to use, the curcumin and turmeric powders were 

mixed with lactose to achieve the standard drug loading (comparable to the milled turmeric 

concentration of 10% mixed with lactose), and inserted into a gelatine capsule. 

3. RESULTS 
3.1. Size and morphology of the particles 

Unmilled turmeric had a broad mean particle size distribution, ranging from 1 μm to 1 mm in size, as 

established using the Mastersizer and SEM (Figure 2A). The milling involved adding lactose as an 

excipient which provides a buffer between turmeric particles and reduces the agglomeration during 

milling, resulting in smaller particle sizes (Figure 2B).18 Choice of lactose was based on its availablity, low 

cost, non-toxicity to humans, and that it dissolves rapidly in aqueous solutions. After milling for an hour, 

the largest particles were reduced in size to 11-13 μm in diameter, depending on the percentage of 

turmeric in the mill. A small quantity of sodium dodecyl sulphate (SDS) was also added (1% w/w) to the 

milling, as a surfactant to prevent agglomeration.18 
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Figure 2: SEM images of Turmeric (A) before milling (100 μm scale bar) and (B) after milling at 10% for 1 hour with lactose (20 μm 

scale bar) 

Increasing the percentage of turmeric in the mixture from the initial 5-20% range to 50% and 100% 

turmeric resulted in the formation of larger particles, averaging 26.3 and 29.5 μm (d(0.5)) in diameter 

respectively. Here the lower excipient content presumably allows the particles to agglomerate and fuse 

together, although with the natural excipients present in turmeric the increase is smaller than otherwise 

expected (Figure 3). The effect of SDS on particle size is clearly established on removing it during the 

milling process. For 20% milled turmeric relative to lactose, the average particle size is ca 45% larger at 

20.0 μm (d(0.5)) in diameter, and for turmeric itself the average particle size is ca 25% larger at 36.8 μm 

(d(0.5)) in diameter (see S1). 

 

Figure 3: Particle sizes of milled turmeric material at different percentages of turmeric (TUM) relative to lactose (LAC) 

3.2. HPLC 

HPLC chromatograms of curcumin itself (~70% purity, as obtained from Sigma-Aldrich) gave 3 peaks 

(Figure 4B), which are assigned, as mentioned earlier, as curcuminoids.10, 19-21 The ratio of the area 

for these peaks is close to that for the curcuminoid ratio of 7:2:1 for curcumin, demethoxycurcumin and 
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bisdemethoxycurcumin respectively. However, the curcuminoids extracted from the finely divided 

turmeric in the present study gave a chromatogram with a ratio of the three compounds close to 2:1:1 

(Figure 4A), which concurs with other literature values indicating that there is proportionally less 

curcumin than the other two curcuminoids in turmeric.19 This difference in ratio is possibly due to 

purification methods used to obtain commercial curcumin from turmeric. 

Figure 4: HPLC chromatograms of (A) extraction from bulk turmeric and (B) extraction from bulk curcumin (~70% pure), indicating 
differences between natural and pure materials. 

3.3. Dissolution 

Dissolution experiments involved preparing capsules of the different samples. They show that after 

milling, the turmeric has a much greater release profile and thus bioavailability of curcumin, with over 

three times more dissolution for the same weight of turmeric (Figure 5). A pH 7.4 was chosen for the 

studies since this is equivalent to conditions in the human intestine where absorption of the curcumin 

into the body can take place. Curcumin concentration was matched to that present in the turmeric 

(~5%) to provide a more comparable test. Under these conditions curcumin remains undissolved, while 

both turmeric samples release curcumin into solution, with the milled turmeric samples providing a 

greater concentration of dissolved curcumin than the unmilled material. All samples have a similar 

quantity of SDS present (1%). Both the bulk curcumin and turmeric samples consist of a physical mix of 

the compounds with lactose (and SDS), and were loaded into capsules ensure that the relative 
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proportions of the active ingredients were the same. It is noteworthy that while in powder form, the 

milled turmeric material is stable over long periods of time provided kept in a dark location at room 

temperature in a sealed vial for over a year, with no observable photobleaching or aggregation. Once 

dissolved, the released curcumin will be as stable as any other dissolved curcumin particles. 

 

Figure 5: Dissolution curves of curcumin (bulk, unmilled; dash/dot line), turmeric (bulk, unmilled; dotted line) and milled turmeric 
(10%) (full line) for capsules containing 100 mg of the different material. 

4. CONCLUSION 
Milling turmeric powder using a matrix assisted method achieves particles much smaller than otherwise 

obtained, and this allows a much higher dissolution of the included/rhizome material bound curcumin. 

Tests show that turmeric itself provides a substantial improvement over pure curcumin for 

bioavailability, indicating that this may be a beneficial route to adopt in order to obtain cheap, and 

bioavailable curcumin in general. While the extraneous rhizome material in the turmeric powder dilutes 

the concentration of curcumin within the entire mixture, this is offset by the additional curcumin being 

released. 
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6.3 CELL STUDIES WITH CURCUMIN NANOPARTICLES 

The research involved with fabricating nanoparticles of curcumin, and subsequent cell testing is covered 

in the paper entitled ‘Selective effects of ‘top-down’ fabricated nanoparticles of curcumin on tumorgenic 

and non-tumorgenic cells’, attached below. 

SELECTIVE EFFECTS OF ‘TOP-DOWN’ FABRICATED NANOPARTICLES OF CURCUMIN ON TUMORGENIC 

AND NON-TUMORGENIC CELLS 
Ben R Edwards, Adam Passman,  Colin L  Raston, George Yeoh 

ABSTRACT 
Nanoparticles of curcumin were synthesised using benign processing through the use of dry ball-milling, 

and then tested against cancerous and non-cancerous liver progenitor cells lines to determine their 

efficacy when compared with bulk curcumin powder. Results show that when the particle size is 

decreased from 16 µm for the bulk material down to 160 nm for the milled curcumin, the curcumin has 

a negative effect on the growth of the cells. As the concentration increases from 5 µM to 50 µM the 

milled curcumin first hinders cell growth significantly, before causing cell death at a similar rate to 

cisplatin, a leading anti-cancer drug. This shows that 160 nm particles of curcumin are more effective in 

negatively affecting liver cells than the bulk material, although with no selectivity for either tumorgenic, 

or non-tumorgenic cells. 

1. INTRODUCTION 
Curcumin is a natural compound found in the root of turmeric, Figure 1,1-3 and has a range of biological 

activities, including anti-cancer, anti-fungus, anti-oxidant, anti-inflammatory and anti-microbial,1-7 as 

well as helping to prevent age-related conditions.8 These are without any side effects even when 

administered orally at very high doses, up to 8 g per day.3, 7, 9 While curcumin has proven to be highly 

effective in in-vitro studies, it is only sparingly soluble in water (11 ng/ml)10 and thus a low 

bioavailablity.1, 2, 5-7, 9 Only about 1% of the curcumin ingested is absorbed into the blood stream where it 

can act,2, 3, 10 and even then curcumin undergoes rapid metabolism and elimination.7, 9 If nanoparticles 

could be produced, then the bioavailability of curcumin should significantly increase due to the much 

greater surface area such small particles would have, as the curcumin will dissolve more rapidly than at 

larger sizes.3 If particles under 1 µm, and preferably under 400 nm, with good colloidal stability could be 

created then in the context of treating cancer, they could be injected directly into the blood stream or 
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into the tumour site with less issues of rejection by the human body, or obstruction of the blood 

vessels.11 

HO

OCH3

O OH

OCH3

OH

 

Figure 1: Chemical structure of curcumin 

To improve the bioavailability and ability of curcumin to enter cells, we devised a method to reduce the 

particle size of curcumin.6 This involves dry ball milling of the bulk curcumin powder using steel balls to 

achieve a small particle size. If the rate of uptake of curcumin into cells can be increased, then the 

quantity of curcumin required can be reduced, leading to smaller tablets, more cost-effective packaging 

of the drug and achieve an overall lower price. To achieve this we need to circumvent the 

aforementioned issues with regard to the bioavailability of curcumin, though it should be noted that 

curcumin is unstable and readily decomposes in light,9, 12, 13 and this needs to be taken into account in 

devising a drug delivery system. To this end a powder form would provide a much greater degree of 

protection against photobleaching than a suspension in solution.12  

Drugs delivered orally or administered intravenously reach the liver quickly and a substantial amount 

accumulates in the organ to be metabolised and/or cleared. As a first ‘port of call’, liver cells confront 

the administered agent and therefore it is appropriate to test its effects on liver cells. Since curcumin 

has been reported to possess anti-cancer properties1-7 we have chosen to compare its effects on non-

tumorgenic and tumorgenic liver progenitor cell lines that are derived from the same mouse. This 

approach will first address the issue of bioavailability of the milled compared with the unmilled 

curcumin and then its relative toxicity against the two cell types. 

The efficacy of the nanoparticles of curcumin formed was tested against both tumorgenic and non-

tumorgenic liver progenitor cells (LPCs) to determine if there was selectivity for one cell type. The setup 

for the cell tests are similar to previous work, which involves a precipitation method of injecting an 

organic solution into an aqueous one and using a homogenization process for 25 minutes to achieve the 
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143 nm particle size, using component proportions such as foetal bovine serum and antibiotics in 

matching quantities. 

2. MATERIALS AND METHODS 
Curcumin was milled for one hour in a Spex mill at a 10% loading with 89% lactose as an excipient and 

1% SDS to prevent agglomeration during milling, with removal of either of these leading to increased 

particle sizes, up to and beyond 1 µm. No additional SDS was added at any later stage. Twelve 3/8 inch 

steel balls were used in each milling container. 

Measurement of the particle size was performed on a Mastersizer 2000 (Malvern Instruments, UK) and 

on a Zetasizer (Malvern Instruments, UK). For the Mastersizer the powder was added to 0.01M HCl 

inside the pump until the laser absorption reached 5%. Three measurements were then taken and 

averaged for a final result. SEM images were obtained by suspending the powder in 0.01M HCl at 50 

mg/ml and then added to an SEM stub, left to dry in air, and measured on a Zeiss 1555 VPSEM. 

Cell studies used an LPC line that was established from embryos of the transgenic mouse (A-EGFP) and 

named BMEL A-EGFP (BMEL = Bipotential Mouse Embryonic Liver). At low passage (<p12) this cell line is 

immortalised but not tumorgenic. It does not produce colonies when grown in soft agar, nor does it 

generate tumours when it is subcutaneously transplanted into nude immunodeficient mice. Following 

extended passaging, its growth rate increases and by the time it reaches p17 it is transformed and 

tumorgenic as judged by both the soft agar and nude mouse assays. Based on other studies with 

curcumin,15, 16 a range between 5 and 50 μM curcumin was tested. Williams’ E growth medium 

supplemented with 5% FBS was used to maintain the cells, and all other additives were dissolved in the 

same medium then added to the cells. A six well set per condition was tested in a 96-well plate format, 

with a set comprising 0, 5, 10, 25 and 50 μM milled curcumin suspensions, the 0 µM being the negative 

control (Williams’ E growth medium only). Another four sets were used for matching concentrations of 

unmilled curcumin, and another set for the positive control (2 μg/ml cisplatin). A final set of wells was 

used as a lactose control with lactose present at the same concentration as in the 50 μM milled 

curcumin. 
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3. RESULTS 

The milled curcumin was prepared through by dry ball-milling, with 10% of the milled material being 

curcumin, with the remaining consisting primarily of lactose. This produced a bi-modal particle 

distribution with peaks at 160 nm and 40 μm as measured by Mastersizer (d(0.5) and d(0.8) 

respectively), Figure 2. The second peak, at around 50 µm, for the milled curcumin does not disappear 

with longer milling time (when 30 min and 45 min are compared), so it is possible that this equates to 

the extraneous material included in the bulk curcumin sample (it is 75% purity) that would originate 

from the turmeric material it comes from, which is composed of cellulose and other organic material 

which is unlikely to be reduced further with this processing method. If this is the case then prolonged 

milling will not reduce this peak, and have little effect on the curcumin particles that have already 

formed. Filtration of this powder, once suspended, would be sufficient to remove this extraneous 

material. However, due to the potential for the prepared powder to be altered due to being suspended 

through minor dissolution or otherwise perform morphology changes due to thermodynamic pressures, 

this was not performed in order to simplify the later experiments. The size of the particles by SEM was 

similar to the Mastersizer size distribution (Figure 2B), and thus makes the particles significantly smaller 

than the bulk curcumin. When left for 5 days in the dark, a solution of 5 mg/ml curcumin particles, as 

above, indicated that without a surfactant present the particles increase in size with uncontrolled 

growth evident from Mastersizer data. When a surfactant was present, PVP in this instance, growth of 

the particles was negligible. This would imply that these particles are not stable in suspension without 

the addition of surfactants. 
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Figure 2: (A) Mastersizer size distribution curves for unmilled curcumin (blue, solid line) and for milled 10% curcumin with lactose 

(red, dotted line), (B) SEM image of milled curcumin 

Milled vs unmilled curcumin with tumorgenic cells 

When applied to the cultured cells, the 5 and 10 µM unmilled curcumin samples did not significantly 

increase the doubling time of tumorgenic cells (Figure 3). In comparison, the 5 µM milled curcumin 

sample also provided no significant difference although the 10 µM milled curcumin sample did prove to 

be significantly (P<0.05) different. This indicates that the unmilled curcumin is unavailable for 

absorption by the cells, and hence there is little difference to the control sample without any curcumin. 

With the milled curcumin, the 5 µM could also be explained in this manner, although the increase in 

doubling time of the 10 µM sample would instead lead to the 5 µM sample being explained as too low a 

concentration for any effect to be reasonably observed, in comparison with the control. 
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Figure 3: Time to double the number of cells for unmilled and milled curcumin in tumorgenic cells at 5 and 10 µM concentrations, 

with the negative control (plain media) for comparison (n=6 experiments, each of 6 replicates, SE shown for the 6 experiments); * 

give statistically different (P<0.05) results from the milled 10 µM curcumin sample. 

Effect of curcumin on tumorgenic and non-tumorgenic cells 

With a small difference between milled and unmilled curcumin on the growth rate of the tumorgenic 

cells at 10 µM, the specificity of these effects with regard to the tumorgenic nature of the cells was 

explored. Unmilled curcumin was used on both tumorgenic and non-tumorgenic cells (Figure 4) which 

shows no significant difference in response in either cell type over the negative control, which indicates 

that these particles are unable to enter the cell or otherwise meaningfully affect them. In contrast, the 

milled curcumin samples provide a variety of responses, with the most alarming being that these milled 

curcumin samples affect the non-tumorgenic cells more adversely than the tumorgenic cells with the 10 

µM non-tumorgenic sample increasing the doubling rate of the cells significantly (P<0.05) more than 

either of the tumorgenic samples. This would indicate that the method of uptake by the cells has been 

degraded or otherwise modified by the change into a tumorgenic form. 
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Figure 4: Cell doubling times for milled and unmilled curcumin in non-tumorgenic and tumorgenic cells, with the negative control 

(plain media) for comparison (n=6 experiments, each of 6 replicates, SE shown for the 6 experiments); * gives statistically different 

(P<0.05) results from the negative control sample. 

Tumorgenic cell growth of milled curcumin 

At higher concentrations, the milled curcumin began to have an even greater negative effect on the 

growth rate of the cells, both tumorgenic and non-tumorgenic. Table 1 gives doubling times for cells 

calculated from the change in cell confluence over 72 hours. Although the negative numbers in this 

instance don’t make sense with regard to doubling time, they are a useful way to see the extent of the 

negative effect the samples are having. It would appear that the 5 µM concentration is below the 

effective limit, as there is very little difference in the doubling time compared with the control. As that 

increases to 10 µM, the doubling rate almost halves, indicating that the curcumin is beginning to have 

an effect. However, the curcumin is having a greater impact on the non-tumorgenic cells than the 

tumorgenic cells. As the concentration is increased to 25 µM and 50 µM the doubling time becomes 

negative, indicating that cells are dying off, which is similar in response to cisplatin though with a much 

stronger response, currently used in anti-cancer therapies.7 Here the tumorgenic cells are affected more 

strongly than the non-tumorgenic cells, possibly due to being unable to cope as well with the increased 

levels of curcumin. This increase is due to enhanced levels of curcumin within the cell, since it has been 

shown that 50 nm polystyrene particles have been endocytosed into the hepatocyte cells through the 
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use of asialoglycoprotein receptor,17 and endocytosis is generally limited to particles less than 150 nm in 

diameter,18 which is within the size distribution of the lower peak (160 nm) of the milled curcumin 

particles. The side distribution of the larger particles present in the bulk curcumin are much larger than 

can be endocytosed into the cells, explaining the lack of response of the cells to the presence of the bulk 

curcumin. 

Table 1: Doubling times for milled curcumin based on cell confluence data (hours), standard 
error in brackets. 
 0 µM 5 µM 10 µM 25 µM 50 µM Cisplatin 
Tumorgenic 24.8 (1) 27.7 (1) 42.1 (7) -265 (57) -444 (7) -63.6 (10) 
Non-tumorgenic 25.5 (1) 33.6 (1) 72.9 (11) -198 (23) -421 -52.2 (9) 

 

The milled curcumin samples had SDS present, so SDS was tested at the same concentration as would be 

present in the 50 µM milled curcumin samples. The SDS showed no difference to the negative control of 

just plain media, which indicates that in the concentrations used there was no significant effect (P>0.05) 

on the cells. A similar proportion of SDS to that used in the milled curcumin was added to the bulk 

curcumin samples to see if the presence would precipitate a similar effect and cause a depression in the 

growth rate or even death of cells, in case the SDS was acting as some form of phase transfer agent to 

transport the curcumin directly from the particles into the cells.19 However, there was no discernible 

difference between the presence of SDS and without on the bulk curcumin samples. 

4. CONCLUSION 

Reducing the size of curcumin particles provides an avenue to improve the ability of the particles to be 

taken up by the cells, and therefore become active against the cell growth mechanism. By using dry ball-

milling, bulk curcumin was reduced in size to less than 200 nm, which enhanced its water solubility. 

These particles then proved to be as effective in killing BMEL A-EGFP cells as cisplatin, a leading anti-

cancer agent. This can lead to a formulation that can be absorbed by the body much more readily, and 

then penetrate cancerous cells and cause cell death, all with benign chemicals. Unfortunately there does 

not appear to be any selectivity for cancerous cells over normal cells, so some form of targeted release 

would be needed to avoid any collateral damage to non-cancerous cells. 
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CHAPTER 7: CONCLUSION 

A wide variety of techniques have been used within this work, with varying degrees of success towards 

the final goal. This goal was primarily to achieve a simple mechanism for individually coating drug 

particles to ensure protection within acidic environments, while remaining transparent to drug release 

at higher pHs. A secondary goal was to see how universal such a mechanism could be, both to coating 

polymers as well as drugs. A selection of different approaches was used to determine the viability of 

each, including the possibility of using novel techniques in this area to disrupt patents around drugs. In 

addition, the ball-milling technique was applied to curcumin and turmeric to determine if it would be a 

suitable approach to manufacture particles that had improved bioavailabilty. 

To these ends and in concert with the industry partner iCeutica, several options were decided upon. The 

dry ball milling process already utilised by iCeutica would form the starting platform, with extensive 

research into optimising the conditions to achieve nanoparticles of the chosen drugs already performed. 

This would allow progress to be made immediately into studying the coating processes. With a need to 

ensure that the nanoparticles obtained remained stable, care would have to be taken with the nature of 

the solvents used in conjunction with naproxen to prevent it from dissolving. Since the coating polymers 

by design dissolve at high pH but not at low pH, with low pH solutions being conducive to the stability of 

the naproxen nanoparticles, an acid/base technique selected. In addition to the aforementioned 

benefits, the neutralisation mechanism of the two solvents would ensure that minimal coating polymer 

would remain dissolved and so cause potentially erroneous results after processing; such cannot be said 

for the use of a solvent/anti-solvent approach, whereupon some form of separation would be required 

which could potentially cause the remaining dissolved polymer to precipitate in an uncontrolled 

manner. 

Initial tests used a simple gravity-fed system to introduce the base solution containing the polymer 

drop-wise to the acidic suspension of naproxen. This proved to work and particles tested were 

sufficiently protected in acidic environments without hindering dissolution at higher pHs. However, such 

addition was erratically timed and samples could not be prepared until all the basic solution had been 

added, to ensure that the ratio between polymer and drug remained constant. This leads to extended 

periods of time for processing, increasing as the volumes required increased. Continuous flow 
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conditions would allow such restrictions to be addressed and bypassed. Future efforts could be made to 

controlling the rate of flow to ensure a uniform rate throughout the process, however it would remain a 

batch style processing methodology, with the above issues taken into account. 

Three process intensification devices were available, each having unique points over the other two. All 

three have several things in common: continuous flow conditions and intense mixing leading to a 

homogeneous solution. When combined, these conditions would allow the stock solutions to be fed in 

and immediately collect a sample for testing without having to wait for the entire sample to be 

processed. It would also ensure that the addition of the two solutions could be carefully controlled and 

the mixing of the two solutions would be as near perfect as could be achieved, ensuring that the 

polymer was coated evenly around each nanoparticle. As has been shown in this work, using process 

intensification does achieve consistent coverage of the drug nanoparticles with the coating polymer, 

which is very thin yet proves to provide sufficient protection to reduce the dissolution of the drug to a 

few percent of what would otherwise dissolve. Such a thin coating was also shown to not act as any 

hindrance to the release of the drug once the particle reached the small intestine where release is 

preferentially wanted. 

The rotating tube processor and spinning disc processor showed no difference in the particle size when 

the speed of the tube/disc was changed, nor when the flow rate was changed either. This is to be 

expected given that the nanoparticles were suspended to ensure they did not change size and the 

quantity of enteric polymer being added was so low that it would not have affected the particle size 

after coating. However, the vortex fluidic device proved to reduce the particle size when the speed was 

increased. Further testing on the VFD indicated that it was likely caused by some form of impact 

between the particles themselves causing an effect of wet milling, slightly reducing the particle size. 

Future work in this area could potentially examine the effects of varying the sizes of the devices, such as 

tube length, tube diameter, disc diameter, disc surface among others, though predictions are that there 

would be no significant changes to the overall particles created. 

This system of milling naproxen into nanoparticles and then suspending them before coating is very 

asymmetrical, with a batch processing technique being used to generate the particles and a continuous 

flow technique used to coat them. Bringing them both into the one technique would allow for 
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potentially better results, with the continuous flow method allowing for hybrid materials, such as a co-

drug material or a layered structure. With the acid/base system already established for the coating and 

naproxen’s ability to also dissolve at higher pHs, nucleation of naproxen within this system would 

appear to be a suitable method. However, experiments performed on all three process intensification 

devices showed that even with optimisation, it was difficult to achieve particle sizes on the same level as 

for milling. The RTP produced the largest particles, with the SDP producing slightly smaller particles. The 

VFD was effective in getting particles under a micron, but they still double the size of the milled 

particles. In all three cases however, small particles under 50 nm were achievable using this system, 

although this was with very low concentrations of naproxen, which was uneconomical to use when 

obtaining a powder for characterisation and dissolution studies. Some small scale tests with organic 

solvents did generate smaller particles, but recovering them proved to be difficult. In addition the 

variety of polymeric coating materials available had varying degrees of dissolution in these solvents, 

causing issues for comparative tests. Further work in the future could lead to a balance between 

concentration of naproxen, size of particles and the recoverability of the particles formed. It is also 

possible that some combination of organic solvents and/or aqueous solvents could lead to a route to 

produce easily recoverable, small naproxen particles. 

Even though that particles achieved through the acid/base technique were not on a par with the milled 

nanoparticles, it still led to a large number of modifications to the overall production of coated drug 

particles. Simply repeating the earlier work with the milled naproxen, but with the new precipitated 

naproxen particles would be possible due to the similarity of the solutions used and proved that the 

coating technique was still viable for these larger particles. All three process intensification methods 

provided protected particles that significantly reduced the level of dissolution of the naproxen in acidic 

conditions without causing much depression in dissolution at pH 7.4. However, the RTP produced 

particles around 4 µm in diameter, with the SDP producing 2 µm particles. Using the VFD the particle 

size was under a micron in diameter. In all cases, the coating methodology was able to individually coat 

the various particles produced to a similar degree to that obtained around the milled naproxen particles. 

Again, further experimentation with device specifications with regard to size could potentially lead to 

further size changes. 
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 In order to determine if a one-pot synthesis of coated particles could be obtained and how suitable they 

would be, the acid/base technique was again used, with both the drug and polymer dissolved in the 

same basic solution. Processed on the RTP, SDP and VFD, these combined nucleated and grown particles 

proved to be very similar in behaviour to the coated milled naproxen nanoparticles. Again, a similar 

relative drop is size between the three devices as was observed in the precipitation without the HAS, 

with the particle sizes remaining approximately the same as would be expected given the lower 

concentration of polymer present. It is noteworthy that this combined nucleation and growth allowed 

for the observed decrease in dissolution in acidic environments over the plain naproxen nucleated 

particle. This indicates that there is a viable protective layer around the naproxen particles even though 

such nucleation and growth would imply that the hybrid particle has both materials spread 

homogenously throughout itself. As before, changing device specifications could lead to further particle 

size changes with further experimentation. In addition, a solvent/anti-solvent approach could be tested 

more widely with regards to both the drug and coating polymer to determine if such a system would be 

possible. 

With the methodologies for creating and coating naproxen particles achieved, the universalism of the 

techniques have to be determined as an important step for further commercial applications. A second 

drug was chosen, progesterone, from the drugs made available as it provided slightly different chemical 

properties to naproxen. Unlike naproxen, progesterone is pH-independent and so the acid-base 

technique would not be as useful in achieving the same level of hybridisation. However, using milled 

progesterone nanoparticles (slightly larger than the naproxen nanoparticles), the acid-base approach 

was perfectly viable for the coating method. Again, similar to naproxen, the coating polymer provided a 

significant degree of protection to the nanoparticles, reducing the dissolved material to just over 10% 

when compared with uncoated nanoparticles. Also similarly to the naproxen, the device used did not 

affect the level of protection, nor the particle size for the RTP and SDP. The VFD, as with the naproxen, 

caused a reduction in particle size with increasing speed, for the same reasons as explained earlier. 

Future efforts could be directed at further drug types to expand upon the universality of this 

methodology and attempt to further refine it to a more widely usable form if needed. 

Curiously, the milling of the progesterone caused a form change, from Form 1 to Form 2. This is 

interesting as although Form 2 has been reported to have been created through multiple routes, later 
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attempts failed in repeating the experiments. Only by using pregnenolone through a co-crystallisation 

method were they able to achieve a sufficiently stable Form 2 crystal, however this only lasted a few 

weeks (down to a few hours when kept at 45°C) before it reverted back to Form 1.51,98 Stabilisation was 

achieved by incorporating them into cyclodextrin molecules, although this does necessitate stirring 

conditions for several weeks to achieve the desired results. However, the milling process used here 

formed a stable composition where Form 2 was kept for months at a time in the milled sample left in a 

dessicator. This stability is provided by the presence of the lactose which will disrupt the pathways to 

convert Form 2 into Form 1 over time. Form 2 of progesterone has shown to have a faster dissolution 

rate, compared with Form 1,51,52 making it particularly useful for the oral dosages being designed within 

this work. Similar milling efforts could be looked into for other drugs where the preferred drug Form is 

not the thermodynamically stable one. 

With progesterone being insoluble in a basic solution to the degree required, an alternative solution was 

needed to progress onto the nucleation stage of the comparison. Ethanol was chosen as a low-cost, 

readily available solvent that is easy to remove and not as toxic as other organic solvents can be. Ethanol 

is able to dissolved progesterone in large quantities (up to 20 mg/ml was dissolved in this work with no 

precipitate) and is miscible with water, the chosen anti-solvent. With this approach, particles of 

approximately 200 nm were achieved for all three devices, with some small variation between them. 

This like likely due to the solvent/anti-solvent approach being a stronger effect on the particle size than 

the micro-mixing experienced by the particles on each device. A differentiation between the two drugs 

was observed when the PVP surfactant was involved. Unlike naproxen, the progesterone formed 

smaller, and less widely distributed particle sizes when PVP was absent, likely an effect due to 

progesterone having no deprotonable groups, causing a micelluar-like approach in solution. Attempts to 

incorporate the HAS polymer into the precipitation stage in a similar manner to the naproxen work 

proved difficult to achieve. Although initial tests indicated that the HAS polymer should dissolve in the 

ethanol, in experiments with the progesterone the polymer would not dissolve; potentially an effect 

from the presence of the progesterone. Although multiple attempts were made to resolve this issue, 

efforts were redirected elsewhere. 

With the promising results from both the naproxen and progesterone experiments, a combination of 

the two into a co-nucleated drug particle was investigated. There has been some investigation into 
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various drugs being combined in such a fashion to either offset any side-effects, or enhance the activity. 

Although in depth research into a combination of naproxen and progesterone in one particle is not 

observed in the literature, there has been some reports that the presence of natural progesterone in the 

body has helped to improve the efficacy of naproxen. To this end, multiple experiments with differing 

ratios of the two drugs showed the final particle behaving more like one drug or the other in solution, 

either favouring the presence of PVP to stabilize the particle size a lá naproxen, or preferring the 

absence of PVP to ensure small particle size, as with progesterone. The best distribution in terms of 

particle size was achieved with a 1:2 ratio of naproxen to progesterone, with XRD confirming the 

presence of both drug molecules in the final particles. Further efforts could look for drugs that have 

similar properties with regards to acid/base or solvent/anti-solvent and have a beneficial effect on each 

other in order to better align a co-nucleated particle. 

The turmeric and curcumin studies showed that using ball-milling as an effective method of reducing the 

particle size of these materials, down to the nanoscale for curcumin and a 10 fold reduction for 

turmeric. This size reduction enhanced the dissolution rates of curcumin from both materials in 

comparison to the bulk. With turmeric, this would be a cheap and easy way to enhance the oral 

bioavailability of the contained curcumin and the beneficial effects therein. For milling pure curcumin 

(the combination of the three curcuminoids) this size reduction leads to a greater effect on cells, 

impacting them to almost the same degree as a current anti-cancer agent, cis-platin. However, there 

was no observable preference for turmorgenic  cells over non-tumorgenic cells, which can limit its use 

without further modification. 

Overall, it is now possible to individually coat drug particles using a quick and simple method that would 

boost the scope of use of such coated drugs. By using a dry ball-milled drug powder, nanoparticles of 

drug were successfully coated and proved their resistance to acidic conditions. Process intensification 

was a significant step in this, ensuring that the coating was homogenous and in a continuous flow 

environment. Bottom-up techniques for naproxen did not reach the same level of success for obtaining 

nanoparticles of the drug, but did allow for combinational techniques involving the coating polymers at 

the same time. Progesterone proved to be much more of a success in achieving nanoparticles of the 

drug, although it would appear that the solvent/anti-solvent approach was the contributing factor here; 

this was also a stumbling block in attempting a nucleation and growth of the progesterone and coating 
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polymer. At the end a combined drug particle of both drugs was created, with some properties being 

elucidated. 
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CHAPTER 9: APPENDIX 
A1: XRD AND DSC CHARACTERISATION 

XRD performed on the HAS coated milled naproxen samples on the RTP showed a slight shift in 

characteristic peaks for naproxen, as seen in the spectra in Figure A1.1, showing the standard naproxen 

and naproxen coated with HAS on the RTP at 800 rpm. This shift is due to the presence of the HAS 

causing the crystal growth of the particles to be slightly different to normal naproxen growth, altering 

the peaks slightly, but leaving the peaks the same with regard to each other’s position and height. Some 

broadening of the peaks is observed, again due to the presence of the HAS polymer. 

 

Figure A1.1: XRD spectra of standard naproxen, and milled naproxen coated with HAS on the RTP at 800 rpm 

Further, DSC experiments were performed on both the naproxen/HAS and naproxen/CAP coated 

samples to determine if the coating material could be detected, and if it would have any effect on the 

melting point of the naproxen. As can be seen in Figure A1.2, the coated material has the same melting 

point as standard naproxen powder, with very little deviation that would be due to the presence of the 

polymer. This was to be expected given the low concentration of polymer present in the material. 
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Figure A1.2: DSC spectra for milled naproxen coated with HAS and CAP separately, compared with standard naproxen and the 
relevant coating polymers 
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A2: SUPPLEMENTARY INFORMATION FOR 4.4.3 
 

 

Figure S1: Dissolution profiles of naproxen powders in acid and pH 7.5 phosphate buffer; milled naproxen (blue, solid line), 
naproxen precipitated on the VFD at 7,000 rpm (red, dotted line), combined in situ growth of naproxen/HAS on the VFD at 7,000 
rpm (green, dashed line) 
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A3: SUPPLEMENTARY INFORMATION FOR 6.2 

 

Figure S1: Particle size of milled turmeric in the absence of SDS: solid, blue line denotes 20% turmeric milled in lactose; dashed, 
red line denotes 100% turmeric 
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