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Abstract 

The development of new routes for therapeutic delivery such as controlled or 

sustained delivery systems, is time and cost consuming. This is because it is necessary 

to perform multiple in vitro dissolution studies to investigate the release profiles of 

all the formulations in the early stages of development. This thesis aims to 

investigate the potential use of rheology as a pre-screening tool to aid formulation 

development by reducing the number of in vitro studies that need to be performed. 

The hypothesis being that rheology could be used to assess the homogeneity and 

processability of a formulation, with the expectation that a homogeneous 

formulation would exhibit consistent release profiles on a batch-to-batch basis.  

Recent advances in pharmaceutical research have identified supercritical carbon 

dioxide (scCO2) as a potential green solvent alternative for the production of 

microparticles that promote the sustained release of APIs (active pharmaceutical 

ingredients) from a polymer matrix. Mild conditions are necessary to preserve the 

integrity of the API and carbon dioxide (CO2) is well documented to be able to reduce 

the viscosity of polymers at low temperatures. In order to quantify this, a robust and 

reliable rheology method was established to measure the polymer melt viscosity in 

the presence of CO2. First, the viscosity of the single polymers: polycaprolactone 

(PCL112) and poly(D,L-lactide) (PLA11), in their molten states was measured at ambient 

pressure and in the presence of CO2. For simplicity these measurements were made 

at elevated temperature (80-90 °C), where the samples were already molten at 

ambient pressure. However, this method was not suitable for formulations 

containing thermosensitive APIs, such as proteins or peptides, because they degrade 

at temperatures above physiological conditions (> 40 °C). Therefore, the method was 

adapted for use at lower temperatures by exposing the polymers to 140 bar of CO2 

at 40 °C, without preheating.  

Although CO2 is known to reduce the viscosity of polymers it has been shown that 

the polymer melt viscosity remains relatively high, hindering the incorporation and 

even distribution of the drug. Additives such as plasticisers can be used to optimise 

the viscosity and processing parameters of a pharmaceutical formulation. 
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Poly(ethylene glycol) (PEG) has been employed extensively as a polymeric plasticiser 

for Poly(lactic acid) (PLA) and as an excipient in pharmaceutical formulations. It was 

thought that by combining both the plasticising effects of CO2 and PEG it would be 

possible to further reduce the viscosity of PLA. This was not the case; however, a 

reduction in the time taken for the samples to reach their saturation viscosity was 

observed. The effect of the mode of PEG incorporation was also investigated, where 

PEG as a blended excipient was compared to PEG as a covalently linked entity in a 

block copolymer. The plasticising effect was found to have similar efficiency 

regardless of the incorporation method. 

Finally, a series of formulations containing a model protein drug, bovine serum 

albumin (BSA) encased in a polymer matrix were produced using a CO2 mixing 

procedure. The influence of the composition of the polymer matrix was investigated 

and a mix of PD,LLA and PLGA was found to be the most suitable. The effect of BSA 

content, BSA particle size and polymer ratio on the rheological properties and the 

release profiles was evaluated. A content assay and micro Raman spectroscopy were 

performed to assess the API content and the homogeneity of the formulations. It 

was expected that a formulation that can be readily processed will have a 

homogenous distribution of API and would exhibit consistent release profiles on a 

batch-to-batch basis. An in vitro dissolution study was performed on the 

formulations and the results were compared to the rheological data. It was found 

that if the rheology of a formulation could be measured and analysed and the 

viscosity was sufficiently low, then this formulation should exhibit consistent release 

profiles across different batches. 

Overall, this thesis aims to determine whether high pressure rheology can be used 

as an aid for formulation development. The data show that it is possible to measure 

the viscosity of complex formulations in a robust and reliable manner. These 

preliminary data suggest there is a general correlation between the rheological 

properties of a formulation and the consistency of its in vitro release. 
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 Biodegradable Polymers 

For more than a century, synthetic polymers have reigned as one of the greatest 

innovations of the human race. These relatively simple molecules, made up from 

repeating units of covalently linked monomers, are extremely versatile with a wide 

range of properties that can be determined from the starting materials and synthetic 

conditions.1 Around 400 million tonnes of plastic is produced from polymers 

worldwide every year and it remains in the environment for hundreds of years, 

unless it is incinerated.2 On top of this, over 90% of all polymers are produced from 

fossil fuel feedstocks, with the polymer industry accounting for 6-8% of the total 

global oil consumption.3,4 Conventional polymers derived from the petrochemical 

industry are not biodegradable and if they do break down they remain in the 

environment as microscopic particles.5,6 Therefore, it is imperative that the polymer 

industry makes an effort to move towards a closed-loop economy where these 

polymer products are 100% recyclable and reusable.6  

One solution is the development of environmentally benign bioplastics from 

bio-based and/or biodegradable polymers to replace conventional plastics. 

Bio-based polymers are non-biodegradable polymers derived from plants, which 

have the same properties as conventional polymers and can be recycled in the same 

way. Although they do not biodegrade, their development will reduce the global 

dependency on fossil fuels and greenhouse gas emissions. Biodegradable polymers 

can be produced using fossil fuels or derived from plant-based resources.7 These 

polymers are broken down into small molecules such as carbon dioxide (CO2), 

methane (CH4) and water by microorganisms or by other processes such as 

photodegradation, oxidation and hydrolysis.6 

To date the production of bioplastics equates to less than 1% of the global annual 

plastic production, with biobased polyethylene (PE) and Poly(ethylene terephthalate 

(PET) being the most widely produced.7 Examples of biodegradable polymers include 

polyglycolide (PGA), polycaprolactone (PCL), polyhydroxyalkanoates (PHA), 

poly(butylene succinate) (PBS) and poly(butylene adipate terephthalate) (PBAT).6–8 

However, their use in society is restricted by costly manufacturing processes and 
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sub-optimal mechanical properties in addition to the fact that the degradation 

processes can only occur at certain conditions.3 

Poly(lactic acid) (PLA) is another example of a biodegradable polymer and it is 

predicted to be one of the biggest growth drivers for biodegradable polymers in the 

near future. Not only can PLA be produced from sustainable resources, it has good 

mechanical strength and low toxicity making it suitable for packaging and biomedical 

applications.9 In comparison to conventional polymers and bio-based polymers, it 

has a relatively fast degradation time, decomposing in years as opposed to decades 

or centuries.6 However, its implementation in society has thus far been limited by its 

poor thermal properties and the need for specific conditions for degradation. 

Fortunately, these drawbacks do not impede its use in biomedical applications.  

 Biodegradable Polymers for Drug Delivery 

There are three main conventional methods for the administration of medication.10 

Oral administration is most preferred by patients but poor absorption and fast 

degradation is prolific and leads to low efficacy and the need for frequent dosing.11  

Injection dosing has better efficacy but is invasive and often requires clinicians, also 

the short term effects mean that frequent dosing is necessary.12 The third method of 

dosing includes creams and ointments that are largely used for topical effects, not 

systemic. Although these methods are still used today, there is a wealth of research 

focusing on their development to overcome their limitations. Conventional methods 

tend to release faster requiring frequent dosing and the concentration of the drug in 

the blood plasma often exceeds the therapeutic level resulting in toxic side effects 

(Figure 1.1). This has prompted recent research to be directed towards developing 

alternative delivery routes to oral and parenteral administration.13,14 An ideal drug 

delivery system will enhance and facilitate the action of the drug and deliver the 

correct amount to the correct place at the correct rate in order to optimize the 

therapeutic response.10,12 In the 1950s the first sustained release therapy was 

developed to achieve a consistent release of the drug within the therapeutic region, 

with no peaks or troughs (Figure 1.1).15,16 This reduced the need for multiple dosing 

occasions and the occurrence of toxic side effects. 
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These advanced delivery systems promote controlled release and specific targeting 

of the drug molecules. One system that has received much attention is the 

encapsulation of drug molecules in biodegradable polymers.17,18 These systems also 

offer some protection for the drug as it travels through the body. This is particularly 

beneficial for protein and peptide based active pharmaceutical ingredients (API) that 

suffer from short half-lives, low stability and poor absorption.19  

Biodegradable polymers are a popular choice for biomedical applications because 

they are generally biocompatible and insoluble in the body.20 Examples include 

polyurethanes which are investigated for use as long term medical implants, 

poly(ester amides) for suture materials and site specific delivery of hydrophobic 

drugs (CAMEO®), poly(ortho esters) for pH sensitive drug delivery and 

polyanhydrides.21 Aliphatic polyesters such as PLA, PGA, their copolymer derivatives 

poly(lactide-co-glycolide) (PLGA) and PCL remain the most widely studied polymers 

for use in medical devices and drug delivery systems.18,22–25 These polymers are 

preferred because they breakdown into non-toxic water soluble molecules during 

natural metabolic processes, thus circumventing the need for surgical removal.22 

Their ease of synthesis and the ease with which their properties can be tailored 

Figure 1.1. Comparison of conventional release profiles (blue) and a sustained release profile (green). 
Conventional release profiles not only release faster requiring frequent dosing, the plasma 
concentration often exceeds the therapeutic level and becomes toxic. For sustained release, more of 
the dose remains within the therapeutic region making it more effective. 
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during synthesis makes them highly versatile and allows for application specific 

design.26,27 

Different polymers are preferred for different applications depending on their 

properties. For example their rate of degradation can be controlled by their physical 

and chemical properties including molecular weight, porosity and ratio of 

co-monomers (Table 1.1).25,28 

Table 1.1. Properties of some common biodegradable polymers used for medical devices.22,29 

Polymer Crystallinitya 
Tg 

(°C) 

Degradation 
Rateb 

Typical Applications 

PGA 
Highly crystalline 
(Tm = 225-230 °C) 

35-40 2-3 months Sutures 

PLLA 
Semi-crystalline 

(Tm = 173-178 °C) 
60-65 >2 years 

Fracture fixation, 
ligament augmentation 

PD,LLA Amorphous 55-60 12-16 months Drug delivery systems 

PLGA Amorphous 45-55 1-6 monthsc 
Suture, fracture 

fixation, oral implant, 
drug delivery 

PCL 
Semi-crystalline 

(Tm = 60 °C) 
-60 >4 years 

Contraceptive delivery 
implants, tissue 

scaffolds 

a) Tm is the melting temperature. b) Degradation rates depend on molecular weight. c) Degradation 
rate depends on the monomer ratio of lactide:glycolide.  

 

Another example of exploiting polymers for drug delivery is the use of poly(ethylene 

glycol) (PEG) as a processing aid or release enhancer.24,30 Despite not being classified 

as biodegradable, PEG is approved for use in the body by the U.S. Food and Drug 

Administration (FDA). Combining PEG with other polymers to produce a block 

copolymer yields other interesting properties that can be utilised for drug delivery. 

For example, Jeong et al. synthesised a thermoresponsive block copolymer of PEG 

and Poly(L-lactide) (PLLA) that could be injected as an aqueous solution at elevated 

temperatures, before cooling to form a gel at body temperature.18 Zentner et al. 

report on the use of a biodegradable triblock copolymer which exhibits reverse 

thermal gelation properties for the delivery of water insoluble drugs.31 
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The first advanced drug delivery system made commercially available in the U.S was 

the Lupron Depot®, in 1989.32 Designed for treatment of prostate and breast cancer, 

luteinising hormone releasing hormone (LH-RH) super agonist was encased in PLGA 

or PLA microspheres. A high encapsulation efficiency and sustained release (1-3 

months) were achieved using a water-oil-water emulsion.33 Before this, LH-RH was 

administered by daily injection because it is a large water soluble peptide with a short 

half-life.32 Today, research is focusing on even more advanced systems such as the 

targeted delivery of doxorubicin to cancerous cells, responsive delivery devices such 

as glucose-sensitive insulin with on-off switching capability and even longer 

sustained release ranging from 6 months to a year.34 

As mentioned previously these systems are particularly beneficial for the delivery of 

biopharmaceuticals derived from proteins, peptides and oligonucleotides. However, 

the challenges associated with their delivery are also a problem for their 

incorporation into these advanced polymer delivery systems.  

 Processing Polymers for Drug Delivery 

Conventional methods of preparing polymer based drug delivery systems include 

emulsion, spray drying and extrusion techniques.14,24,35,36 These will each be 

discussed in detail in the following sections. 

1.4.1 Double Emulsion Techniques 

The emulsion technique is primarily utilised to encapsulate water-soluble drugs in 

hydrophobic polymer microspheres.37 Typically, the drugs are protein or peptide 

based which are unstable in bodily fluids and rapidly excreted.32 The microspheres 

are produced by first dissolving the hydrophilic drug in an aqueous solution to give a 

“uniform first water phase” while the polymer is dissolved in an organic solvent. 

These two phases are then mixed at high shear (ultrasonification or homogenisation) 

to give a primary water-in-oil emulsion (W/O). The primary emulsion is then 

dispersed in a secondary external aqueous phase containing a stabiliser, again at high 

shear, to produce the double water-in-oil-in-water emulsion (W/O/W). The protein 

loaded microspheres are then obtained by removing the organic solvent and drying 
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(Figure 1.2).14,32,37–40 Although this process is relatively complex, it is favoured 

because it produces uniform, spherical particles with a high encapsulation efficiency 

at high yields.24 Control of particle size is possible by adjusting the various 

parameters, including the volume and viscosity of the phases, polymer concentration 

and molecular weight, surfactant type and stirring speed.41–43  

 

 

Despite using organic solvents to produce the oil phase, Okada et al. demonstrated 

that only 100 ppm of residual solvent remains in the final product, which is well 

below the limit defined by the United States Pharmacopeia (600 ppm).32,44 

Hydrophobic drugs can also be encapsulated using a modified version of this 

technique in which the drug and polymer are dissolved in an organic solvent before 

being added to an excess of a dilute polymer solution (aqueous). The resultant oil-

in-water emulsion is then exposed to a vacuum to remove the solvent and produce 

the dry microspheres.38 Wang et al. showed that this technique could be modified to 

allow for the simultaneous encapsulation of hydrophilic and hydrophobic drug 

Figure 1.2. Double emulsion technique for the encapsulation of hydrophilic drug in polymeric 
microspheres. a) Cross section of a microsphere, where the drug is dispersed throughout the polymer 
matrix. Adapted from Okada et al.32 
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molecules.38 They follow a similar procedure as described, but during the mixing of 

the first emulsion with the second aqueous phase, a solution of the hydrophobic drug 

in organic solvent is added slowly, before the whole mixture is emulsified again.   

As previously mentioned, the first advanced drug delivery system was prepared via 

a double emulsion technique,32 some other examples include the encapsulation of 

BSA, doxorubicin and paclitaxel and insulin.37–40 However, there are limitations to 

this technique regarding the stability of the protein during the various stages of the 

process particularly lyophilisation and exposure to harsh organic solvents, heat and 

surface tension.24,40,45,46 

1.4.2 Spray Drying 

Spray drying techniques are simple, fast and reproducible methods for the 

encapsulation of drugs in polymer matrices though the conversion of a liquid 

formulation into a solid powder.24,47,48 By selecting an appropriate formulation with 

optimised processing conditions, it is possible to produce stable pharmaceutical 

powders.49 This process comprises of four stages:47 first, the polymer and drug are 

dissolved in a suitable solvent, which is then fed through a nozzle and atomised into 

a stream of hot gas. Reduction of the droplet size results in a sudden increase in 

surface area leading to the rapid evaporation of the solvent. The droplets then 

solidify to form uniform, spherical particles, which are separated from the gas stream 

and collected as a dry powder product (Figure 1.3).14,47 Typically, organic solvents are 

used because they have low boiling points that are below the glass transition 

temperatures (Tg) of the polymers. This means that the temperature required to 

remove the solvent will be lower than that of the polymer Tg, preventing aggregation 

of the particles.48 Usually, air is used as the gas stream because it is less costly than 

other inert gases. If necessary it is possible to employ a closed loop system and use 

other gases such as nitrogen.50  
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One key advantage of this technique is the combination of particle formation and 

drying in a single step.35 It also boasts short processing times (hours), ease of scale 

up and mild operating conditions, specifically the use of atmospheric pressures.47,49 

On top of this, it is a continuous process that can convert a variety of liquid forms; 

such as solutions, emulsions, slurries or pastes, to solid particles with adjustable size, 

shape, porosity, density and chemical composition.47 Altering the processing 

conditions allows for well-defined control of particle size, shape, morphology, which 

can lead to the production of microparticles with controlled release properties.24,49–

51 For example, a high feed flow rate, large nozzle aperture and high solution 

concentration will result in larger particle sizes (x102 µm). Alternatively, low surface 

tension, high atomisation pressure and a small nozzle aperture will produce smaller 

particles.48 

These powders have increased stability in comparison with liquid formulations due 

to the lack of moisture and can also be re-dispersed prior to administration.47,48 The 

process can also cause the drug molecules to transition from a crystalline to a more 

amorphous state, which can result in improved solubility.48,52 Hence, there have 

Figure 1.3. Diagram of the spray drying equipment used for the encapsulation of drug in polymer 
microparticles. 
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been numerous studies into the application of spray drying for the encapsulation of 

drugs including Exubera®, the first inhaled therapeutic to be manufactured by spray 

drying.47,49 Other examples include ketotifen encapsulated in PLA and PLGA,53 

ibuprofen in soy proteins54 and vancomycin in PLGA.55 

The major downsides to this approach are the need for organic solvents and that 

high temperatures can be detrimental to certain bioactive drugs, resulting in their 

degradation or loss of activity.14 This technique also suffers from low yields at low 

processing scales (50-70%). Much of the product is lost on the chamber walls and 

small particles can pass into the exhaust stream. This is less of an issue at large scales, 

because the fraction of lost material accounts for a smaller portion of the total 

product.48  

1.4.3 Extrusion Techniques 

Extrusion techniques are gaining ground in the pharmaceutical industry as a method 

for enhancing the solubility and bioavailability of poorly soluble APIs by producing 

amorphous solid dispersions.56–59 A conventional extruder is comprised of a feed 

hopper, a heated barrel with rotating screws, a die and heating/cooling systems 

(Figure 1.4).57,58 The formulation components, including the API and the carrier 

materials, are physically mixed before being introduced to the extruder via a 

hopper.60 The materials are then conveyed through a heated barrel using one or 

more screws and forced through a small nozzle called a die.56,61 The heat melts the 

polymer, reducing its viscosity; while the combination of heat and shear disperses 

the drug particles throughout the matrix.36 The final extrudate has a uniform shape 

that can be determined by altering the shape of the die making it possible to produce 

a range of pharmaceutical products including tablets, films, implants and 

scaffolds.36,56,60 The extruder is typically connected to a computer to control and 

monitor the torque, screw speed, melt viscosity, pressure, and die and barrel 

temperatures.56,57 
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In addition to short manufacturing process times and high throughput capabilities, 

there is also the potential for Process Analytical Technology (PAT) allowing for 

continuous optimisation of the process. Consequently, the drug development 

process can be significantly shortened, making hot melt extrusion one of the most 

widely used processing techniques for drug delivery systems.56 The intense mixing 

imparted by the screws results in a uniform distribution of the drug throughout the 

polymer matrix.57,61 To ensure complete homogenisation of the extrudate, the 

process is optimised by altering parameters such as the screw design.61  As a result 

of direct mixing it is possible to achieve high drug loading efficiencies (>90 %) because 

no drug is lost during the removal of solvents.60,62 This versatile and robust technique 

also offers the advantage of being solvent free and economical, with the option of 

being a continuous or bulk process.36,56,57,60,61 Current research is now investigating 

the potential for a hot melt extrusion-additive manufacturing processing method to 

develop personalised medications.63 This method sees the components of a 

pharmaceutical device mixed via hot melt extrusion to produce a filament that can 

be fed directly into a 3D printer.64  

Due to its versatility there are a number of examples of pharmaceutical delivery 

systems that have been produced using hot melt extrusion techniques.61 Since its 

introduction to the pharmaceutical industry in 1971, hot melt extrusion techniques 

have been modified to produce products for a range of delivery routes.56 Examples 

include gastroretentive drug delivery systems with bioadhesive properties,65 fast 

Figure 1.4. Diagram of a single screw extruder. 
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release oral films for anti-allergy applications,66 PLGA-based implants for sustained 

protein release67 and bioadhesive films for buccal and transdermal delivery.68,69  

However, the requirement for high temperatures limits its use to thermally stable 

materials and inhibits the use of protein and peptide based pharmaceuticals.58,60 By 

selecting polymers with low melting temperatures, it is possible to process some 

thermally sensitive materials.57 This also makes it an energy intensive manufacturing 

process. Also there are strict quality control measures in place to ensure the integrity 

of the APIs, because processing could have a direct impact on the physiochemical 

properties of the product and its efficacy.60 Additionally, many polymers have 

extremely high melt viscosities which can cause the instrument torque to exceed its 

working limits.70 In order to process such materials, plasticisers can be employed to 

reduce the viscosity. However, this can lead to an increase mobility in the final 

composition, which can enable the drug molecules to recrystallise during storage.61 

In all these techniques the polymer must be in a liquefied state in order for the 

polymer and drug to mix homogeneously. As stated previously, this is usually 

achieved by heating above the Tg or Tm of the polymer or by dissolving the 

components in an organic solvent. Both of these methods can be detrimental to the 

integrity of the API, especially those derived from proteins and peptides.14,71  

At elevated temperatures, the polymer chains have more mobility and increased free 

volume resulting in a transition to a liquid state with reduced viscosity. The 

temperature at which this transition occurs (Tg or Tm) is dependent on the molecular 

weight and intermolecular structure of the polymer. Therefore, it can be altered by 

the addition of side chains, which would increase steric hindrance and free volume 

therefore lowering the Tg/Tm.72 Small molecules, called plasticisers, can also be 

added to reduce Tg. By penetrating into the free volume between the polymer chains 

and interacting with the polymer backbone, they reduce the number of polymer 

chain interactions resulting in increased chain mobility.73 Since any plasticisers used 

will remain in the final product and will eventually be released into the body during 

degradation they are unsuitable for pharmaceutical applications. However, inactive 

additives such as poloxamers can be incorporated to improve processability.71,74 As 

well as improving processability they can act as binding agents, dyes, preservatives, 
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flavourings and facilitate the transport of drug through the body.75 These excipients 

have to be approved by the U.S Food and Drug Administration (FDA) before use, to 

confirm they do not affect the therapeutic action of the active component.76 

Reducing the Tg or Tm of the polymer means that its viscosity will be reduced at lower 

temperatures, negating the need for elevated processing temperatures. This has 

positive implications for energy usage and production costs. However, there is still a 

requirement for temperatures that are above the degradation temperatures of most 

thermally sensitive APIs. 

Although the use of solvents is often less detrimental to the drug and avoids the use 

of high temperatures there is an environmental impact. Intensive purification steps 

are required to remove any excess solvent and disposal of the waste solvent can be 

expensive and environmentally harmful. Thus, green solvents, in particular 

supercritical carbon dioxide (scCO2), are being investigated as possible alternatives. 

 Supercritical Carbon Dioxide (scCO2) 

A supercritical fluid (SCF) is the defined state of a compound, mixture or element 

above its critical temperature and pressure, Tc and Pc,77 which has a density close to 

or above its critical density (Figure 1.5).78 
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This transition can be visualised using a view cell (Figure 1.6).79 Initially two phases, 

liquid and gas, can be seen clearly separated by the meniscus at the phase boundary. 

As the temperature is increased the liquid begins to boil and expand as its density 

decreases, until it reaches a point above the critical temperature and pressure in 

which only a single supercritical phase is observed. The temperature and pressure at 

which a substance becomes supercritical is called the critical point.80 

  

Figure 1.5. Typical phase diagram showing the triple point (A) and the critical point (B).80 
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Supercritical fluids have properties similar to both liquids and gases. Liquid-like 

density results in good solvating powers while gas-like behaviour allows for better 

solute diffusivity.81 Another unique attribute is the ‘tunability’ of the density from 

liquid- to gas-like values; hence, by altering the pressure, the solvent power can be 

manipulated.82 These properties make SCFs attractive alternatives to harmful and 

environmentally unfriendly solvents such as benzene or hexane, which are 

commonly used in the chemical industry.83  

Supercritical carbon dioxide (scCO2) is cheap, non-toxic and non-flammable with an 

accessible critical point (Pc = 73.8 bar, Tc = 31.1 °C),78 making it the most widely used 

supercritical fluid. It is also considered a green solvent because it is recovered as a 

by-product from other processes including fermentation, combustion and ammonia 

synthesis, therefore producing no net contribution to the greenhouse effect.84 ScCO2 

has been commercialised for use in extraction processes85,86 and it has been utilised 

as a solvent for chemical reactions including the hydrogenation of isophorone and 

Friedel Crafts alkylations.87 Other applications include polymer synthesis and 

polymer processing.88–90  

Figure 1.6. Still images capturing the phase change of a liquid as temperature is increased (from left 
to right). a) The phase boundary between the liquid and gas can clearly be seen. b) As the temperature 
is increased, the liquid begins to boil and the meniscus is elevated as the liquid density decreases 
resulting in expansion. c) Once the temperature is above the Tc, a single supercritical phase is 
observed. Reprinted with permission of Royal Society of Chemistry, from “Supercriticality”; a dramatic 
but safe demonstration of the critical point, P. Licence, D. Litchfield, M. P. Dellar, M. Poliakoff, 
Copyright (2004) Green Chemistry.79  
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1.5.1 scCO2 for Polymer Processing 

The solvent properties of scCO2 can be exploited for use in polymer processing where 

its low viscosity and high diffusivity enable it to behave as a plasticiser.91 Examples 

include the production of foams or scaffolds, particle formation, polymer 

impregnation and drug encapsulation.26,92–95 The gaseous properties of scCO2 enable 

the molecules to diffuse into the accessible free volume between polymer chains. 

Here the CO2 acts like a Lewis acid and interacts with any basic sites along the 

polymer backbone, reducing the number of intermolecular interactions between 

polymer chains.96 In the case of PLA, PLGA and PCL, CO2 can interact with the 

carbonyl groups, increasing chain separation and mobility resulting in a reduction in 

Tg and viscosity.91 The observed effect is greater for amorphous polymers compared 

to crystalline polymers. As a consequence of their regular structure, crystalline 

polymers have a higher density of intermolecular interactions and less accessible 

free volume making CO2 penetration more difficult.97 Accessible free volume 

surrounding the polymer backbone will also affect the degree of CO2 penetration, 

hence polymers with bulky side chains will absorb more CO2 because they have more 

accessible free volume.93  

This plasticising effect is particularly useful for processing polymers for 

pharmaceutical applications because it enables the mixing of the polymers and drugs 

without the need for high temperatures. Some small molecule drugs are soluble in 

CO2 and can be more readily impregnated into polymer matrices under these 

conditions.95 On the other hand large protein or peptide drugs are insoluble in CO2 

and so its ability to reduce the viscosity and Tg of the polymers is key for processing. 

A further advantage of replacing organic solvents with CO2, especially in 

pharmaceutical applications, is that when CO2 is removed from the system there are 

no solvent residues and all the CO2 can be completely removed.82 This process occurs 

naturally via venting without the need for extraction or drying steps because the CO2 

diffuses out of the product and into the atmosphere. On top of this, the CO2 does not 

interact with the APIs so they maintain their full activity and efficacy.93 There are 

three major scCO2 processing techniques for the production of polymer 
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microparticles for drug delivery: rapid expansion of supercritical solutions (RESS), 

anti-solvent techniques and particles from gas saturated solutions (PGSS).98,99 

1.5.1.1 Rapid Expansion of Supercritical Solutions (RESS) 

This technique requires both the polymer and the drug to be soluble in scCO2.26 The 

components are exposed to CO2 at a specific temperature and pressure above the 

critical point to give a high pressure solution. The mixture is then expanded through 

a capillary nozzle into a low pressure collection vessel. The rapid decompression 

results in the expansion and subsequent evaporation of CO2 leading to microparticle 

precipitation.93 Particle size can be altered by adjusting processing conditions and 

nozzle geometry. Examples of RESS used in drug delivery system preparation include 

deferasirox (Exjade) which is used to reduce iron overload in patients receiving long 

term blood transfusions100 and Naproxen, a poorly water soluble drug.101 Exploiting 

the high diffusivity and low surface tension of scCO2, RESS has been used to 

impregnate polymers with pharmaceutical agents.102 As the polymer is swollen by 

CO2 the soluble drug can be dispersed through the polymer matrix. 

However very few polymers are soluble in CO2 making RESS unsuitable for most 

products. Co-solvents, like acetone,103 can be used to improve solubility but this is 

unfavourable since it leads back to issues with residual solvent, product purification 

and solvent disposal. Often high temperatures are required and there is the potential 

for the drug and polymer to precipitate separately if they have different solubilities 

in CO2, therefore affecting particle morphology.93 

1.5.1.2 Anti-Solvent Techniques 

As a consequence of being a poor solvent for many polymers, scCO2 makes a very 

good anti-solvent. Several scCO2 anti-solvent techniques have been developed for 

the preparation of drug delivery systems including gas anti-solvent (GAS),104,105 

supercritical anti-solvent (SAS),106,107 precipitation with compressed anti-solvent 

(PCA),108 aerosol solvent extraction system (ASES)105 and solution enhanced 

dispersion by scCO2 (SEDS)109,110 processing. The basis of these techniques is to 

dissolve the drug and polymer in an organic solvent and precipitate them using scCO2 
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as the anti-solvent. As CO2 concentration in the solution increases, the solvating 

power of the liquid phase is reduced, resulting in co-precipitation.111 For these 

techniques it is not always necessary for the CO2 to be supercritical e.g. GAS. 

Processing parameters, namely temperature and pressure are used to manipulate 

particle morphology leading to particle size control.105 However, once again this 

technique requires organic solvents and is limited by the need for solutes that are 

soluble in such solvents. 

1.5.1.3 Particles from Gas Saturated Solutions (PGSS) 

This technique exploits the plasticising effect of CO2 on polymers, where a decrease 

in Tg and viscosity facilitates the encapsulation of drug molecules without the need 

for high temperatures.93 The drug and polymer are exposed to CO2 at conditions 

above the critical point in a sealed vessel. Under these conditions, the polymer is in 

a liquefied state, while the drug remains solid. The components are mixed together 

to form a homogeneous blend, and the product is collected once the pressure is 

released.74 There are two methods of collection; either the sample remains in the 

mixing chamber as pressure is released resulting in a foam or scaffold, or the mixture 

is sprayed through a nozzle into a collection vessel yielding small, uniform particles. 

For certain applications e.g. injectable or nasal drug administration these scaffolds 

can be ground to give the required particle size. The second method is preferable for 

the preparation of injectable doses because smaller particle sizes can be obtained 

(Figure 1.7). In order to produce a spray the collection vessel is at low pressure, 

causing the CO2 to expand and evaporate; this increases the Tg of the polymer so the 

particles solidify and are collected as a dry powder.71,74 Control of particle size, shape 

and morphology is achieved through the speed of depressurisation and processing 

parameters.112 
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This process has many advantages over the other techniques, including being a 

solvent free, fast, one pot technique that can be operated at mild conditions and 

which does not rely on the solubility of polymers or APIs in CO2.93 Furthermore, in 

general the drug is not modified or affected by CO2. However, it does come with its 

own challenges, control of depressurisation and solidification rates are important 

because they need to be fast enough to prevent particle aggregation caused by 

residual CO2, but slow enough to allow time for droplet formation.93 The high 

viscosity of the polymer melt makes mixing difficult, resulting in an uneven 

distribution of the drug throughout the polymer matrix. This is unfavourable and 

leads to issues with batch-to-batch reproducibility, which ultimately filters through 

to give inconsistent release profiles. The polymers also appear to behave differently 

in the presence of the drug molecules.111 These problems need to be addressed for 

this method to become a viable preparation for drug delivery systems.  Therefore, 

Figure 1.7. Schematic of the PGSS apparatus. The starting materials are placed in the mixing chamber, 
which is then brought to the desired temperature and pressure. The mixture is stirred and then 
released into the low pressure collecting chamber where the particulate product forms upon 
evaporation of the CO2. Adapted with permission of Royal Society of Chemistry from supercritical fluid 
assisted melting of poly(ethylene glycol): a new solvent-free route to microparticles, J. Hao, M. 
Whitaker, G. Serhatkulu, K. M. Shakesheff, S. M. Howdle, Copyright (2005), Journal of Materials 
Chemistry.252  
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the polymer melt viscosity in the presence of CO2 is a major consideration for these 

systems and can be investigated using high pressure rheology. The systems 

investigated in this thesis are based on this method of polymer processing using the 

foam/scaffold collection method. 

 Rheology 

Rheology is the study of deformation and flow of matter under an applied stress.113  

It is utilised in many industries to characterise materials based on their resistance to 

flow.114 How a material behaves under stress can be classified on a scale, from ideally 

viscous liquids to ideally elastic solids. Ideally viscous liquids, such as oils and water 

are Newtonian fluids with shear-independent viscosities that follow Newton’s law of 

viscosity. Newton’s law of viscosity states that the stress applied to fluid layers is 

directly proportional to the velocity gradient.115 Ideally elastic solids are rigid 

materials such as stone and steel that follow Hooke’s Law of elasticity, which states 

that “the power of any spring is in the same proportion with the tension 

therefore”.114 Materials that have properties somewhere in between these two 

extremes, such as glues, shampoos, gels, pastes and rubbers, are described as 

viscoelastic because they exhibit both viscous and elastic behaviours (Figure 

1.8).114,116 Polymers are also classified as viscoelastic materials; their behaviour is 

determined by experimental conditions including temperature, the frequency and 

amplitude of stress and the shear rate. For example, at high temperature and low 

frequency, polymers reside in a rubbery state, while at low temperature and high 

frequency they are in a glassy state; and, at very high temperatures, they become 

viscous liquids.117  
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Viscosity (η) is the internal friction between molecules of a flowing material and is a 

measure of a material’s resistance to flow.114 The earliest use of viscosity dates back 

to ancient Egypt and the invention of a water clock for the measurement of time. 

This device comprised of a vessel filled with water and equipped with an outlet. The 

water would be allowed to flow from the vessel and by controlling the initial volume 

of water and the outlet size could be used as a rudimentary timer.118 For example, 5 

litres of water has a flow time of about 6 minutes, depending on the outlet size. This 

device forms the basis for gravimetric and capillary viscometers where the flow time 

of a known amount of an ideally viscous liquid is used to determine the kinematic 

(weight dependent) viscosity.119,120 It is expected that flow time will increase with 

increased viscosity. The capillary or flow cup must have precisely defined dimensions 

and a precise distance that the sample travels. In order to calculate η the instruments 

are calibrated with a known sample, such as water. These systems are simple to use 

because they rely on gravity as the driving force and so do not require technical 

equipment or maintenance. However, it is not possible to alter gravity and therefore 

these instruments are unsuitable for high viscosity and non-Newtonian samples.119 

In addition, each capillary is only capable of determining a narrow range of viscosities 

because a different size capillary is needed for different viscosities. It is possible to 

measure high viscosity materials by applying pressure to force the sample through 

the capillary. This is particularly useful for polymer melts to predict their behaviour 

Figure 1.8. Rheology road shows the classification of material behaviours from ideally viscous liquids 
through to ideally elastic solids with common examples.116 
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during processing. It also allows for a range of shear stresses and shear rates to be 

accessed, depending on the instrument used.119   

Falling ball viscometers expand on these principles and measure the falling time of a 

ball bearing to travel a defined distance through a sample fluid. Again, precise 

dimensions are needed, not just of the capillary but also of the ball bearing including 

its density.121 By adjusting the angle of the instrument, is it possible to control the 

driving force, too steep an angle will result in turbulent flow while too shallow an 

angle will result in too long travel times. The product of the rolling time, the 

difference in density of the ball and the sample, and a constant, K, gives the dynamic 

viscosity of the sample. However, they are limited to transparent, low viscosity 

liquids and shear dependent viscosity is difficult to elucidate because the fluid 

viscosity and the density of the falling object determine the shear rate.119  

Rotational rheometers are motor driven and so can measure a wide range of 

viscosities.119 These instruments consist of a cup which holds the sample and a bob 

which is submerged in the sample. The measurement can be performed via two 

different principles: the Couette principle where the driving force is applied to the 

cup122 or the Searle principle where the driving force is applied to the bob. In both 

cases, the η is related to the torque of the motor and so the dynamic η is determined 

i.e. the viscosity of the material as a function of stress. The drive is set to a defined 

speed and the motor torque required to overcome the viscous forces is a measure 

of the sample η. The Couette principle reduces the probability of turbulent flow but 

the drive shaft must be leak-tight against any liquids used for temperature control. 

Therefore, there are only a few instruments on the market.123 In 1912, George 

Frederick Charles Searle designed a rotational viscometer with a concentric cylinder 

geometry and to this day, most commercial rheometers employ this principle.119 

There are many different designs of bob that can be used depending on the 

application, allowing the measurement of η from 1-4,000,000 mPa.s. These designs 

include commonly used cylindrical bobs, disc spindles and some speciality 

geometries such as a t-bar or a vane (Figure 1.9). Some of the geometries do not 

have specific approved dimensions and therefore can only be used to determine the 

relative η. Concentric cylinders, double gap cylinders, cone plate and parallel plate 
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geometries are all precisely defined, approved geometries for measuring the 

absolute η.119  

 

1.6.1 Rheology of Polymers 

As hinted previously, rheology is a vital tool in many industries for predicting material 

behaviours during and post processing. For example, in the food industry, the 

viscosity of oils can be used to determine the long-term storage stability of dressings. 

The viscosity of paint is important because if the viscosity is too low the paint will 

drip but if it is too high, it will not level correctly and brush strokes will be left behind. 

Information about the melt viscosity of polymers is vital to determine appropriate 

processing conditions and to predict the properties of the final product. Generally, a 

high viscosity material yields stronger mechanical properties but will require higher 

processing pressures and temperatures and more robust equipment to withstand 

such conditions, making it more difficult to process. On the other hand, a polymer 

with a lower melt viscosity will be more easily processed with weaker mechanical 

properties in the final product.124 Polymer melts have extremely high viscosities that 

can be measured using rotational rheometers or inferred using a capillary extruder 

Figure 1.9. Examples of typical geometries used in rotational rheology.119 
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similar to that described in Chapter 3. By selecting the appropriate equipment it is 

possible to measure the viscoelastic properties of polymers under conditions similar 

to those used during processing. For example, a rotational rheometer can measure 

in a shear range from 10-3-103 s-1, which is equivalent to processes from sagging and 

levelling that occur at very low shear, up to extrusion, which employs very high shear. 

To access even higher shear rates, such as those experienced during spraying, 

researchers use capillary rheometers, which typically measure from 10-1-106 s-1.  

Polymers are non-Newtonian, shear thinning materials that have a non-linear 

relationship where η decreases with increasing shear rate.113,125 At low shear rates 

the polymer chains have enough time between deformations to relax and return to 

their original structure. At these low shear rates the polymer behaves like a 

Newtonian material where its viscoelastic properties are independent of shear, this 

region of Newtonian behaviour is described as the linear viscoelastic (LVE) region. As 

shear rate is increased this time decreases until the chains become permanently 

aligned in the direction of deformation, and shear thinning behaviour is observed. 

The viscoelastic response of a polymer is defined by the complex shear modulus (G*), 

which is a measurement of material stiffness. G* is a combination of elastic 

contributions from the storage modulus (G’) and viscous contributions from the loss 

modulus (G’’). By performing small deformations within the LVE region while 

increasing the temperature it is possible to determine the thermal transitions of the 

materials by monitoring the viscoelastic response of G’ and G’’ (more detail provided 

in Chapter 2). Increasing temperature will also result in a decrease in η, making 

rheology a useful tool for determining appropriate polymer processing 

temperatures.70 Polymers also exhibit a yield point where applied external forces 

exceed the network forces of the internal structure, causing the material to flow or 

break. Determination of the yield stress is important for application testing of 

polymers, as the manufacturer needs to know that the materials are fit for purpose. 

It is therefore unsurprising that the field of polymer rheology has been established 

for as long as polymers have been made. Thus, as new developments in polymer 

processing technologies emerge, such as those that use CO2, the area of polymer 

rheology must adapt. 
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1.6.2 High Pressure Rheology 

The use of CO2 as an aid for polymer processing has long been established and 

extensively reported on, especially for use in the pharmaceutical industry, as 

described in Section 1.5.1.126 Hence it follows that the viscosity of polymers in the 

presence of CO2 has been reported for years, in fact there is a plethora of literature 

available on the use of high pressure rheology.127–132 The earliest reports date back 

to the mid-1990s where researchers investigated the effect of CO2 on the viscosity 

of poly(dimethyl siloxane) (PDMS).133,134 There are four main types of high pressure 

rheometer; pressure driven capillary, falling body, vibrating wire and rotational 

(described in more detail in Chapter 3).135 All the literature confirms that the use of 

CO2 can effectively reduce the η of a number of polymers.128,130,131,136–139 Literature 

published by the Howdle group has attempted to correlate changes in η with the 

properties of the particles produced after processing via a modified PGSS 

technique.112,140 The aim of this thesis is to correlate the viscosity of a drug loaded 

polymer formulation with its release profile. Hence, it is necessary to understand the 

effect of APIs on the viscosity of the polymer melt.  

1.6.3 Effect of APIs on Polymer Melt Viscosity 

Several reports have been published on the effect of drug molecules on the polymer 

melt viscosity.59,141–146 It is desirable to keep the number of excipients in a 

pharmaceutical formulation to a minimum, in order to reduce the chances of 

unwanted side effects upon administration. Therefore, the ratio of API to polymer 

matrix is generally high and the flow behaviours of the formulation will be influenced 

by API particle size, shape and interactions.147 How the API will effect η is also 

dependent on its miscibility and solubility in the polymer matrix.59 Investigators can 

predict whether the API and polymer will be miscible based on the difference 

between their solubility parameters. Hildebrand solubility parameters can be 

calculated from the cohesive energy density, where the cohesive energy is the 

energy required to separate the atoms or molecules in a substance such that they no 

longer possess any potential energy. If two substances have similar cohesive energy 

then they are likely to be miscible and soluble in one another because they require 
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the same amount of energy to break any intermolecular interactions.148 Greenhalgh 

et al. categorised a variety of drug/carrier systems based on their visible miscibility 

and their solubility parameters.148 They found that in most cases there was a strong 

correlation between the difference in solubility parameter and miscibility. Systems 

with similar solubility parameters, i.e. a solubility parameter difference below 

7 MPa0.5 were more likely to be miscible than those with a solubility parameter 

difference above 10 MPa0.5.148 However, there were also many cases where systems 

with a small solubility parameter difference were immiscible. This could be 

attributed to inaccuracies in the solubility parameters, especially in the case of 

polymer carriers, and by considering that solubility is also dependent on factors such 

as polydispersity, molecular weight, solute-solvent interactions and 

temperature.145,148 

The miscibility and solubility of an API in a carrier material can be confirmed by DSC 

and rheology. For example, small molecule APIs are likely to be miscible and act as 

plasticisers for the polymer matrix, reducing the Tg and η. On the other hand, η will 

increase in the presence of an immiscible or insoluble API because it will behave like 

a filler.142,143,145,146,149 Chomcharn and Xanthos showed that aspirin exhibited some 

miscibility with Eudragit® and acted as a plasticiser by reducing the Tg and η. A plot 

of the relative viscosity (η/η0) where η is the viscosity of mixture and η0 is the 

viscosity of the polymer matrix versus aspirin content revealed that above 20 wt.% 

aspirin the miscibility begins to decrease.145 Chokshi et al. investigated the effect of 

indomethacin (INM) on the thermal and rheological properties of a selection of 

polymers based on comparable solubility parameters.143 They found that, despite 

having comparable solubility parameters, one of the polymers was only partially 

miscible while the others exhibited total miscibility. The miscible mixtures exhibited 

a single Tg while two melting transitions were observed for the partially miscible 

mixture. In accordance with other reports, the miscible mixtures showed reduced 

viscosity in comparison with the pure polymer.62,144,146 For the partially miscible 

mixture the opposite was true, and increased drug loading resulted in increased 

viscosity.143 Given the temperature of the experiment this is unsurprising as the drug 

would be a solid particle in a molten matrix and would therefore behave as a filler.149 
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Suwardie et al. performed an extensive rheological study on the solubility of 

acetaminophen (APAP) in poly(ethylene oxide) (PEO). They showed that several 

different rheology measurements can produce comparable solubility data. 

Generally, the plots of viscosity versus drug loading were parabolic, with the 

solubility of APAP in PEO being determined as the minima of the curve. Although the 

viscosity data at high shear rates are more representative of those expected during 

processing, the effect of drug loading becomes less pronounced due to the shear 

thinning behaviour of the material. Therefore, solubility seems to have some 

dependence on shear rate and it is suggested that solubility data should be collected 

at low shear rates.146  

A handful of studies have attempted to relate rheological properties to therapeutic 

release, see Chapter 5 for more detail.150–153 However, in most cases the release was 

dependent on product properties such as the degradation rate, internal structure, 

and presence of additives or other stabilising components. There was also a strong 

dependence on the processing method that was not directly linked to the rheological 

properties. In the current work, the formulations were produced via a modified PGSS 

method. The components were exposed to high pressure CO2 and moderate 

temperature (140 bar CO2, 40 °C), mixed at constant shear to ensure incorporation 

of API within the polymer matrix and collected as a solid powder upon removal of 

the CO2. It was therefore expected that the formulation would be akin to an 

amorphous solid dispersion and the presence of the API would increase the viscosity 

of the polymer melt.  

However, the majority of the cited investigations are performed at ambient pressure 

because the authors seek to use the data as a tool for process optimization. Although 

there have been a several reports acknowledging the ability of CO2 to reduce the 

viscosity of polymer-drug mixtures, the processing temperatures are still incredibly 

high (110-190 °C) and there is no mention of high pressure rheological 

characterisation.154–156 

Hence, the aim of this thesis is to develop a method to measure the effect of a model 

protein API on the viscosity of a polymer melt, in the presence of high pressure CO2 

and relate this to the release of the API. 
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 Aims and Objectives 

This chapter has provided an overview of the growing use of biodegradable polymers 

in pharmaceutical applications and the development of greener polymer processing 

techniques using CO2. The most significant factor governing the success of these new 

techniques is the viscosity of the mixtures to be processed. Therefore, rheology is a 

vital tool for the development of new drug delivery technologies. In order for CO2 to 

become a truly viable aid for polymer processing, its effect on the viscosity must be 

quantified. 

Therefore, this thesis aims to establish a robust and reliable method for the analysis 

of the viscosity of complex pharmaceutical formulations. Specifically, this method 

will be used to assess the viscosity during processing in the presence of dense phase 

CO2. This work then looks to explore whether there is a correlation between the 

rheological data and the release profiles of a formulation. Present legislation states 

that all potential drug delivery systems have to be subjected to in vitro release 

studies.157 In the case of sustained release formulations this means long term, large 

scale, costly investigations, sometimes only to find that the formulations are not 

suitable. Therefore, if rheological properties could be related to release profiles; then 

rheology could be used as a probe for formulation development, thereby reducing 

the number of in vitro release studies that need to be performed. The hypothesis 

being that if a formulation can be readily processed to produce a homogeneous, well 

dispersed system then its release should be reproducible and comparable on a batch 

to batch basis.146 The homogeneity and processability of a formulation could be 

assessed by rheology.  

In order to achieve this the work has been split into three distinct areas: 

Chapter 3 describes the development of a high pressure rheology method suitable 

for the analysis of polymer formulations containing thermosensitive APIs. Initially a 

method will be developed for the analysis of polymers above their Tg in the presence 

and absence of CO2. Following this, a method for the measurement of the polymer 

viscosity below the ambient pressure Tg will be developed.  
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As polymer melt viscosities are notoriously high, it has been reported that the use of 

CO2 alone is not enough to sufficiently reduce the viscosity to enable homogeneous 

mixing.111 Also, the stability of the drug during processing and storage and controlled 

released is paramount for the success of a formulation. Therefore, many 

formulations contain excipients that can act as plasticisers, stabilising agents or 

release enhancing moieties. Hence, Chapter 4 investigates the effect of a polymer 

plasticiser on the melt viscosity of the original polymer. This work aims to determine 

whether the plasticiser has any added benefits to the use of CO2 and confirm that 

the methods developed in Chapter 3 are suitable for the measurement of more 

complex systems.  

The work presented in Chapter 5 describes the rheological properties of a series of 

formulations produced via a CO2 mixing procedure similar to the PGSS technique. 

This data was then compared to the results of a content assay to assess the success 

of mixing and homogeneity of the formulations. Finally, a month long in vitro release 

study was performed using tablets of the formulations, and the release profiles 

compared to the viscosity data measured using rheology. 



 

  

General Experimental 

Details 
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 Overview 

This Chapter provides a general overview of the methods used in this thesis. Details 

of the naming system used to distinguish the polymers, blends and formulations 

used throughout this thesis are also provided. In addition, the high pressure 

equipment used is described in detail along with the general operating procedures. 

Specific experimental details are provided in the individual results chapters. 
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 Sample Naming System 

Throughout this thesis a series of polymers have been purchased and synthesised for 

use in polymer blend and formulation samples. For ease of reference a naming 

system for the polymers, blends and formulations was developed and is detailed 

here.  

2.3.1 Purchased Polymers Naming System 

For the purchased polymers, sample names consisted of the polymer acronym 

followed by its weight average molecular weight (Mw, x103 g/mol) determined by gel 

permeation chromatography (GPC) or quoted from the supplier (Table 2.1). 

Table 2.1. Details of the naming system for the purchased polymers used throughout this thesis. 

ID Polymer 
Mw 

(g/mol) 
Chapter 

PCL112 Polycaprolactone 112,000 3 

PLA11 Poly(D,L-lactide) 11,000 3,4 

PLA12 Poly(D,L-lactide) 12,000 3,5 

PLGA36 Poly(D,L-lactide-co-glycolide) 36,000 3,5 

PEG5 Poly(ethylene glycol) 5000 4 

PEG10 Poly(ethylene glycol) 10,000* 4 

PEG0.4 Poly(ethylene glycol) 400* (Mn) 5 

PEG6 Poly(ethylene glycol) 6000* (Mn) 5 

PCL14 Polycaprolactone 14,000* 5 

*Nominal molecular weight provided by the supplier. 

 

2.3.2 Synthesised Polymers Naming System 

The homopolymers and block copolymers synthesised for use in Chapter 4 were 

produced by ring opening polymerisation (ROP) of D,L-lactide. The initiator to 

monomer ratio was chosen to yield polymers with targeted number average 
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molecular weights (Mn). Therefore, the ID’s of the polymers consist of the acronym 

followed by the targeted Mn (x103 g/mol) (Table 2.2).  

Table 2.2. Details of the naming system for the synthesised polymers used in Chapter 4. 

ID Polymer 
PEG Mw 
(g/mol) 

Targeted 
PD,LLA Mn 
(g/mol) 

PLA5 Poly(D,L-lactide) - 5040 

PEG5-b-PLA5 
Poly(ethylene glycol)-block- 

Poly(D,L-lactide) 
5000 5040 

PEG5-b-PLA10 
Poly(ethylene glycol)-block- 

Poly(D,L-lactide) 
5000 10,080 

 

2.3.3 Polymer Blends Naming System 

A series of polymer blends were produced for use in Chapters 4 and 5 of this thesis. 

In order to describe the blends succinctly, the naming system includes the acronym 

of the polymers, followed by their Mw (x103 g/mol) in subscript, followed by the 

polymer content in the blend (wt.%). For example a blend containing 50 wt.% PLA11 

and 50 wt.% PEG5 would be denoted as PLA1150:PEG550 (Table 2.3).  
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Table 2.3. Details of the naming system for the polymer blends produced for use in Chapters 4 and 
5. 

 

 

Chapter 4 

ID Polymer 1 wt.% Polymer 2 wt.% 

PLA11100 Poly(D,L-lactide) 100 - - 

PEG55:PLA1195 
Poly(ethylene 

glycol) 
5 Poly(D,L-lactide) 95 

PEG510:PLA1190 
Poly(ethylene 

glycol) 
10 Poly(D,L-lactide) 90 

PEG533:PLA1167 
Poly(ethylene 

glycol) 
33 Poly(D,L-lactide) 67 

PEG550:PLA1150 
Poly(ethylene 

glycol) 
50 Poly(D,L-lactide) 50 

PEG5100 Poly(ethylene 
glycol) 

100 - - 

PEG10100 
Poly(ethylene 

glycol) 
100 - - 

PEG1050:PLA1150 
Poly(ethylene 

glycol) 
50 Poly(D,L-lactide) 50 

PLA5100 Poly(D,L-lactide) 100 - - 

PLA510:PLA1190 Poly(D,L-lactide) 10 Poly(D,L-lactide) 90 

Chapter 5 

ID Polymer 1 wt.% Polymer 2 wt.% 

PLGA3618.75:PEG0.481.25 
Poly(D,L-lactide-co-

glycolide) 
18.75 

Poly(ethylene 
glycol) 

81.25 

PLGA3618.75:PEG681.25 
Poly(D,L-lactide-co-

glycolide) 
18.75 

Poly(ethylene 
glycol) 

81.25 

PLGA3618.75:PCL1481.25 
Poly(D,L-lactide-co-

glycolide) 
18.75 Polycaprolactone 81.25 

PLGA3618.75:PLA1281.25 
Poly(D,L-lactide-co-

glycolide) 
18.75 Poly(D,L-lactide) 81.25 
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2.3.4 Formulation Naming System 

For Chapter 5 a series of formulations were produced containing a model active 

pharmaceutical ingredient (API), bovine serum albumin (BSA), encapsulated in a 

polymer matrix. These formulations contained two different particle sizes of BSA 

produced by two different grinding methods. The first method consisted of manually 

grinding the BSA using a pestle and mortar and subsequently sieving the particles to 

yield an approximate particle diameter of 200 µm. The second utilised a jet milling 

process to produce much smaller BSA particles with an approximate diameter of 

5 µm. BSA particles produced using the first method are hereon in referred to as 

BSAg, while those produced using the jet milling method are referred to as BSAm. 

The polymer matrix used for the formulations consisted of a blend of PLGA36 and 

PLA12, and two different ratios of polymer were used. Two different BSA loadings 

were also used in the formulations. Therefore, the naming system developed for the 

formulations included the PLGA36 content, the size of the BSA particles used and the 

BSA content. For example a formulation containing 30 wt.% PLGA36, 50 wt.% PLA12 

and 20 wt.% of BSA with the smaller particle size was denoted as PLGA3630:BSAm20 

(Table 2.4). 

Table 2.4. Details of the naming system developed for the formulations containing BSA encased in a 
polymer matrix. 

ID* 
Approx. BSA 
particle size 

(µm) 

BSA 
content 
(wt.%) 

PLGA36 
content 
(wt.%) 

PLA12 content 
(wt.%) 

PLGA3611.25:BSAg40 200 
40 11.25 48.75 

PLGA3611.25:BSAm40 5 

PLGA3615:BSAg20 200 
20 15 65 

PLGA3615:BSAm20 5 

PLGA3630:BSAm20 5 20 30 50 
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 Rheology 

Rheology is the study of deformation and flow of materials under an applied 

stress.113 There are two modes of measurement used to describe different 

rheological behaviours exhibited by materials. Dynamic oscillatory measurements 

are used to define viscoelastic behaviour while transient rotational measurements 

provide information about the sample shear viscosity. In this work, a parallel plate 

geometry was employed for all measurements. 

2.4.1 Oscillatory Measurement Mode 

By oscillating the upper plate back and forth, a shear strain (γ) is applied to the 

sample. The resultant stress (τ) of the sample is quantified by measuring the torque 

and is related to the viscoelastic behaviour of the sample.158 The amplitude of the 

displacement of the upper plate is defined by the deflection angle (ϕ); tan(ϕ) is 

equal to the strain (γ, %) a dimensionless quantity (Figure 2.1). 

 

Wave forms of the shear stress (σ) and shear strain (γ) can be described by Equations 

2.1a and b, respectively. 

a) 𝜎 = 𝜎0 cos(𝜔𝑡) b) 𝛾 = 𝛾0 cos(𝜔𝑡 − 𝛿) 2.1 

Figure 2.1. Diagram demonstrating the oscillatory motion of the upper plate, where ϕ is the deflection 
angle. 
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Where σ0 and γ0 are the shear stress and shear strain amplitudes, respectively, ω is 

the angular frequency (i.e. the speed of the oscillation) and t is the time. The phase 

shift (δ) defines a lag between the σ and γ caused by viscosity (Figure 2.2).159 

 

Ideal solids are purely elastic with no viscosity and as such the stress and strain 

responses are in phase, i.e. δ = 0°. Conversely, Newtonian fluids give a purely viscous 

response, where the stress and strain are out of phase, i.e. δ = 90°.158 Viscoelastic 

materials such as polymers are somewhere in between, with in-phase and out-of-

phase contributions i.e. 0° < δ < 90°. The in-phase contributions are characterised by 

the storage modulus (G’), which accounts for stored energy associated with the 

elastic behaviour, defined by Equation 2.2a. A parameter called the loss modulus 

(G’’) accounts for lost energy and deformation associated with the viscous behaviour 

and defines the out-of-phase behaviour (Equation 2.2b).159 

a) 𝐺′ =
𝜎0

𝛾0
cos(𝛿) b) 𝐺′′ =

𝜎0

𝛾0
sin(𝛿) 2.2 

The viscoelastic behaviour is defined by a single complex modulus (G*) which is a 

combination of the elastic (G’) and viscous (G’’) contributions as shown in 

Equation 2.3a. The balance between the stored and lost energy is quantified by 

tan(δ), which is the ratio of the storage and loss moduli, Equation 2.3b.159 

a) 𝐺∗ = 𝐺′ + 𝑗𝐺′′ where 𝑗 = √−1 b) tan(𝛿) =
𝐺′′

𝐺′  2.3 

Figure 2.2. The wave forms of shear stress (σ) and shear strain (γ) have a phase shift (δ) caused by the 
viscosity. The stress and strain amplitudes (σ0 and γ0, respectively) are also shown.159 
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These parameters provide important information about the physical properties of 

the material. For example, when G’ > G’’ the material is in a solid-like state and when 

G’’ > G’ the material is more fluid-like. Viscoelastic materials often exhibit a Linear 

Viscoelastic (LVE) region, where the G’ and tan(δ) responses are independent of 

deformation. In this region, the amplitude and frequency of deformation is so small 

that the materials’ behaviour is stable. At higher amplitudes and frequencies the 

internal structure begins to break down and the material begins to flow, as 

demonstrated by a decrease in G’ accompanied by an increase in tan(δ) (Figure 2.3). 

The LVE region can be determined by performing strain sweeps at constant 

frequency and frequency sweeps at constant strain. 

 

Information about the effect of temperature on the material properties can be 

obtained by performing temperature sweeps at constant strain and frequency within 

this LVE region. As the temperature is increased, more energy is delivered to the 

molecules resulting in increased chain mobility and a transition from a solid state to 

a fluid like state. Again, this is demonstrated by a decrease in G’ and an increase in 

tan(δ) (Figure 2.4).125 

Figure 2.3. A plot of G’ and tan(δ) against shear strain (γ) shows a plateau at low strain, which defines 
the linear viscoelastic (LVE) region. As strain is increased the sample begins to flow resulting in a sharp 
decline in G’ accompanied by an incline in tan(δ).  
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These measurements were used in Chapter 3 of this thesis to determine the 

minimum temperature at which the ambient pressure rotational measurements 

could be performed. 

2.4.2 Rotational Measurement Mode 

Viscosity is caused by frictional forces between molecules which results in resistance 

to flow. By applying a controlled force to a sample and measuring the torque 

required to maintain that force, the viscosity can be determined. In this thesis, all 

measurements were performed using a parallel plate geometry with a fixed gap of 

1 mm, which was filled with sample. In this measurement system, the lower plate 

remained stationary while a certain amount of force was applied to rotate the upper 

plate. A simple two plate model can be used to describe the rheological parameters 

and demonstrate how viscosity is determined (Figure 2.5).160 

 

 

 

 

 

Figure 2.4. Typical plot of G’ and tan(δ) vs temperature. 
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The force applied per unit area to move the top plate is called the shear stress, τ, 

while the speed of the rotation is the shear rate, γ,̇ as defined by equations 2.4a and 

b, respectively. Viscosity, η, is given by the ratio of the shear stress and the shear 

rate at a specific shear rate, as shown in equation 2.4c.160,161 

a) 𝜏 =
𝐹

𝐴
 b) 𝛾̇ =

𝑉

ℎ
 c) 𝜂 =

𝜏

𝛾̇
 2.4 

During a typical rotational measurement, the shear rate is increased and the shear 

stress is measured at each shear rate. Plotting shear stress against shear rate allows 

the viscosity to be calculated from the gradient of the slope. Three different material 

behaviours can be identified depending on the shape of the curve (Figure 2.6).161–163 

Newtonian fluids exhibit a linear relationship between the shear stress and shear 

rate, resulting in constant viscosity over the shear rate range.164 A material that 

exhibits a non-linear relationship between the shear stress and shear rate is classed 

as a non-Newtonian material. There are two different types of non-Newtonian 

systems: shear thickening, where viscosity increases with increasing shear rate and 

shear thinning, where viscosity decreases with increasing shear rate.113 Examples of 

shear thickening materials are rare but include corn starch solutions in water. 

Figure 2.5. Simple two plate model to describe the rheological parameters: shear stress and shear 
rate. The upper plate has an area (A) which is moved by a force (F) at a velocity (V), while the lower 
plate remains stationary (V=0). The two plates are separated by a defined gap (h), which is filled with 
sample.160 
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Polymers are complex materials that exhibit Newtonian behaviour at low shear rates 

followed by a region of shear thinning as the shear rate is increased (Figure 2.7). The 

Newtonian region is observed at sufficiently low shear rates where the sample 

viscosity is independent of shear rate, defined as the zero shear viscosity (η0). As 

shear rate is increased, the polymer chains disentangle and align in the direction of 

shear, resulting in a decrease in viscosity. The shear rate at which the viscosity begins 

to decrease is called the critical shear rate (γ̇cr). As shear rate continues to be 

increased the polymer chains can completely align such that the viscosity no longer 

drops and a second viscosity plateau, called the infinite shear viscosity (η∞) is 

achieved. In this work, it was not possible to observe the η∞ because the high shear 

rates required were beyond the limits of the instrument (γ ̇> 3000 s-1).125 

 

 

 

 

 

 

 

Figure 2.6. Plots showing the different relationships between (a) shear rate (γ̇) and shear stress (τ) 
and (b) shear rate (γ̇) and viscosity (η) for different fluid behaviours. Newtonian fluids show a linear 
relationship between shear stress and shear rate resulting in constant viscosity as shear rate is varied. 
Non-Newtonian fluids show non-linear behaviours.5 
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Two models are commonly used to describe this relationship, the Cross model165 and 

the Carreau model;166 despite being developed almost half a century ago they are 

still used today. The Cross model is shown in equation 2.5, where C is the Cross 

constant and p is the Cross exponent. 

𝜂(𝛾̇) = 𝜂∞ +
𝜂0 − 𝜂∞

1 + (𝐶𝛾̇)𝑝
 2.5 

For the purpose of this work, all the experimental data were fitted to the Carreau 

model given in equation 2.6, to give calculated values for the zero shear viscosity (η0, 

Pa.s). 

𝜂(𝛾̇) = 𝜂0[1 + (𝛾̇𝜆)2]−𝑐 2.6 

Where η(γ ͘) is the viscosity (Pa.s) at the specific shear rate (γ͘, s-1). λ (s) is the 

relaxation time and describes the mobility of the polymer chains. c is the Carreau 

constant related to the power law and is derived from the gradient of the shear 

thinning region (Figure 2.8).130, 131  

 

 

Figure 2.7. A typical plot of viscosity (η, Pa.s) vs shear rate (γ̇, s-1) of a polymer melt demonstrating 
the zero shear viscosity plateau (η0), the linear shear thinning region and the infinite shear viscosity 
plateau (η∞).125 
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 High Pressure Equipment 

 The high pressure equipment used consisted of a Pickel pump to deliver the CO2 

connected to the high pressure stainless steel vessel via high pressure Swagelok® 

tubing and fittings (Figure 2.9). The temperature and pressure of the system was 

monitored continuously via K-type thermocouples and piezoelectric pressure 

transducers that fed back to a digital output. 

Figure 2.8. The raw data given by the viscosity measurement (blue squares) was fitted to the Carreau 
model (black dashed line) to give quantitative values for the zero shear viscosity, η0 (Pa.s) and 
relaxation time, λ (s). Data is from a representative sample of PLA11 measured at ambient pressure. 

Error bars represent ±1 standard deviation from the mean. T = 80 °C. 
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The PM-101 SFE Pickel pump (New Ways of Analytics, Germany) was used to 

condense the CO2 gas (55 bar) from the cylinder into a liquid that could be 

compressed and delivered to the system at elevated pressure (250-300 bar). The 

pump consisted of a gas inlet to draw the CO2 from the cylinder, a refrigerator unit 

to condense the gas and an outlet to deliver the compressed liquid CO2.  Compressed 

air, at a pressure of 3-5 bar, was used to compress the CO2 liquid to achieve the 

desired output pressure. A non-return valve (NRV) was placed on the high pressure 

line, after the pickle pump, to prevent any back flow and subsequent contamination 

of the CO2 line and the pump. Manual HiP taps (High Pressure Equipment Company, 

USA) were used to control the inlet and outlet flow of CO2 through the rig. The system 

also contained a trip switch connected to the pressure and temperature monitors. In 

the event of the pressure exceeding the prescribed safety limits (~275 bar) the power 

to the heating jacket would be cut off causing the system to cool and subsequently, 

the pressure to drop. 

The high pressure equipment was brought to experimental conditions following the 

same general procedure (unless otherwise stated). The system was first pressurised 

to 55 bar at ambient temperature. The temperature was then increased to the 

desired conditions unless the required temperature was above 80 °C. In this instance 

the temperature was first increased to 60 °C and then increased in 20 °C increments 

Figure 2.9. Rig diagram for a typical high pressure set up. Including the pressure monitor (PM), the 
trip and the temperature monitor (TM). 
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until the desired temperature was achieved. The system was then left to equilibrate 

for 5 minutes at the operating temperature before the pressure was increased to the 

final working conditions. 

2.5.1 High Pressure Rheometer 

A high pressure rheology method was developed for the analysis of the viscosity of 

the polymers, blends and formulations in the presence of CO2. All rheology 

measurements were performed using an MCR 102 rheometer (Anton Paar) 

controlled using the Rheoplus/32 software. The system consisted of a high pressure 

measuring cup equipped with a CO2 inlet/outlet and a pressure release valve. The 

measuring cup was sealed with a pressure head. A parallel plate geometry was 

employed for the analysis of all samples, where the base of the measuring cup acted 

as the stationary, lower plate with an approximate diameter of 32 mm. The rotating 

upper plate was contained within the pressure head and had an approximate 

diameter of 20 mm. A magnetic coupling was used to control the rotation of the 

upper parallel plate (Figure 2.10). 

 

Figure 2.10. Images of the MCR 102 rheometer used throughout this thesis. a) High pressure 
measurement cup, the base of which acts as the stationary lower parallel plate. b) CO2 inlet/outlet. 
c) Pressure release valve. d) Pressure head containing the rotating upper parallel plate. e) Magnetic 
coupling used to control the rotation of the upper parallel plate. f) Ethylene propylene diene 
monomer (EPDM) rubber O-ring used to produce an airtight seal. g) Built-in clamp to secure the 
measuring cup in place. 
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The rheometer used air bearings and mechanical bearings to reduce the frictional 

forces exerted on the measurement system that would affect the viscosity result. 

The mechanical bearings, which were located in the pressure head, were replaced 

after every measurement. A series of service tests were performed before each 

measurement to take into account the internal friction of the system and to check 

the suitability of the new bearings.  

For high pressure measurements the CO2 was delivered to the system via a 260D 

syringe pump (Teledyne ISCO, USA). This was connected to a Pickel pump using a 

high pressure line consisting of HiP Taps and Swagelok® tubing and fittings (Figure 

2.11). The use of the syringe pump provided reproducible control over the amount 

of CO2 supplied to the measuring cup. By leaving HiP taps 4, 6, 7 and the rheometer 

inlet tap open (Figure 2.11), the pressure in the measuring cup was maintained 

during the measurements, counteracting the effect of any temperature changes or 

leaks. The pressure was delivered and maintained by the displacement of a piston 

within the syringe pump chamber. In addition to the pressure transducer in the 

syringe pump there was also a piezoelectric pressure transducer on the high pressure 

line which was connected to a digital output (P1 in Figure 2.11) and a Bourdon-tube 

gauge integrated on the rheometer inlet line (P2 in Figure 2.11). 

 



 

 
  

2
-4

9 

 

  

Figure 2.11. Rig diagram of the high pressure rheometer. Here, the red indicates the commercially bought components. 
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2.5.1.1 Experimental Procedure 

Typically, the high pressure experiments were performed directly after the ambient 

pressure experiments. Therefore, it was necessary to perform a leak test of the 

system before the sample could be loaded. An ethylene propylene diene monomer 

rubber (EPDM) O-ring (Figure 2.10f) was fitted to the pressure head (Figure 2.10d) 

before it was screwed onto the measuring cup (Figure 2.10a), forming an airtight 

seal. The inlet pipe was then connected (Figure 2.10b) and the cup secured in place 

using the built-in clamp (Figure 2.10g). A polycarbonate shield was placed in front of 

the rheometer whenever high pressure was used. A leak test was then performed by 

pressurising the system to 55 bar using the syringe pump and heating to 40 °C. The 

pressure was monitored and all the fittings checked for leaks using Snoop® (Sigma) 

a leak detecting fluid. If any leaks were detected, the system was cooled and vented 

and the fittings were adjusted. The leak test was repeated until no leaks were 

present.  

After the leak test the system was vented to ambient pressure and cooled to room 

temperature. The sample to be tested was weighed into a vial and decanted into the 

measurement cup. The pressure head was then screwed into place, sealing the 

sample inside the measuring cup.  The cup was then heated to the measurement 

temperature and the sample left to equilibrate for 1 hour. The cup was secured in 

place using the built-in clamp and the magnetic coupling (Figure 2.10e) was lowered 

until the Normal Force on the RheoPlus software read between -0.05 and 0.05 N. The 

ambient pressure measurements were then performed as described in Chapter 3. 

For the high pressure measurements the CO2 was delivered via the syringe pump. 

The measurement cup could hold a volume of approximately 40 mL of CO2. 

Therefore, to ensure there was enough CO2 present, in case of temperature 

fluctuations or leaks, the syringe pump had to contain at least 60 mL of CO2. The 

syringe pump was filled by opening the HiP taps between the Pickel pump and the 

syringe (Figure 2.11 HiP 1, 2 and 3). Once the desired volume was achieved these 

taps were closed and HiP taps 4, 6, 7 and the rheometer inlet tap (Figure 2.11) were 

opened to deliver the CO2 to the measurement cup. The desired pressure was set on 
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the syringe pump, and once this value was achieved, the flow of CO2 was stopped 

automatically. These taps were then left open to account for any temperature 

fluctuations or leaks. Once the high pressure measurements were complete the taps 

were closed and the system was allowed to cool. Once the temperature was below 

30 °C the CO2 was vented via HiP 8 (Figure 2.11) and the sample could be removed. 

2.5.2 View Cell 

A fixed volume (100 mL) view was used to observe the behaviour of the materials 

used in Chapter 5 as they were exposed to high pressure CO2 conditions. The view 

cell is a stainless steel high pressure vessel equipped with two sapphire windows 

which was designed and built in-house at the University of Nottingham. Briefly, it is 

comprised of a cylindrical chamber capped with two sapphire windows in stainless 

steel housings (Figure 2.12). The windows are secured using a clamp and key system, 

where the key is specific to the clamp and also acts as the safety needle for the high 

pressure vessel. Hence, in order to remove the clamps, the vessel must be at ambient 

pressure before the safety needle can be removed and used as the key. 

 

CO2 is delivered to the view cell through the inlet pipe, which is connected to the 

Pickel pump via the high pressure tubing and fittings as described in section 2.5. Due 

to the volume and horizontal orientation of the view cell the heating elements sit 

within in the cell wall. As a result of the wall material being thicker, two 

Figure 2.12. Image of the fixed volume view cell. 
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thermocouples are required. One is located in the cell wall and used to monitor the 

external temperature of the cell and to control the power delivered to the heating 

cartridges. The second is used to monitor the internal temperature. The view cell 

also contains a mechanical stirrer but this was not used during any of the 

experiments in this work. An external lamp was placed behind the rear window to 

provide light and improve visibility inside the cell. The maximum working pressure of 

the view cell was 300 bar at 100 °C, with the sapphire windows being the weakest 

point. 

2.5.2.1 Experimental Procedure 

Prior to any experiments, the view cell was fully assembled and leak tested at 

experimental conditions. First the windows were fitted with an EPDM O-ring and 

secured in each of the housings, a Kel-F spacer was placed between the windows and 

the housing to provide a soft surface for the sapphire windows. Another EPDM O-ring 

was placed at the rear of the cell and the rear window housing secured in place using 

the clamp and key mechanism. The view cell was placed on a purpose built stand in 

the fumehood, in front of the lamp. The heating cartridges were then inserted into 

the cell wall before the front window was secured in place, not forgetting the EPDM 

O-ring. The inlet and outlet pipes were then connected to the high pressure tubing 

and the fittings tightened. Finally, the key was inserted into the body of the view cell 

and screwed into place to seal the vessel. The external thermocouple and the heating 

cartridges were connected to a control box, which was connected to the trip switch. 

The internal thermocouple was connected to separate temperature monitor.  

The leak test was performed by first pressurising the cell to 55 bar and checking the 

fittings for leaks using Snoop® leak detecting fluid. Following this, the cell was heated 

and left to equilibrate until the internal thermocouple reached the desired 

temperature, again the system was checked for leaks. Next, the cell was pressurised 

to experimental conditions and a final leak test performed using the Snoop® leak 

detecting fluid to check all fittings. If a leak was detected at any point, the system 

was cooled and vented and the necessary fittings tightened. The leak test was 

repeated until the system was free of leaks. 
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After the leak test, the cell was returned to ambient temperature and pressure, and 

the experiment was performed. In a typical experiment ~500 mg of the sample was 

weighed into a glass vial (10 x 10 mm, height x diameter) and placed on a platform 

in the view cell. The view cell was then sealed and pressurised to initial conditions of 

~55 bar and ambient temperature. The cell was then heated to 40 °C and the 

temperature allowed to equilibrate for approximately 5 minutes before increasing 

the pressure to the final conditions of 140 bar CO2. The sample was then left for 1 

hour before the heating supply was disconnected and system vented over 

approximately 20 minutes and left to cool. Photos were taken at various intervals 

throughout the experiment to document any phase changes.  

2.5.3 MKIII Clamp Sealed Autoclave 

A standard MKIII clamp sealed autoclave was used in Chapter 5 of this thesis to 

produce a series of polymer blends and API containing formulations. The autoclave 

consisted of a 60 mL 316 stainless steel vessel made up of a head and a base, which 

was designed in-house at the University of Nottingham (Figure 2.13). The head was 

connected to the base using the same clamp and key system used for the view cell. 

The head of the autoclave was equipped with an inlet and outlet pipe connected to 

the high pressure CO2 line, a K-type thermocouple and a mechanical stirrer. A heating 

jacket surrounded the base of the autoclave, and was connected to the temperature 

control box. As well as the standard trip switch, a second safety measure was 

installed in the head of the autoclave. A spring loaded relief valve would release the 

pressure in the system, should the maximum pressure limit (345 bar) be exceeded. 

This was set above the value of the trip switch because in the event of a pressure 

release, the reaction mixture may also be released which was undesired. 
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The maximum working pressure of the autoclave once it was fully assembled with 

the EPDM O-ring was 300 bar at 150 °C.  

2.5.3.1 Experimental Procedure 

Before use the autoclave was assembled and leak tested. An EPDM O-ring was placed 

in the head of the autoclave and it was attached to the base using the clamp and key 

mechanism. Once the clamp had been tightened, the key was inserted into the 

autoclave head and screwed tight creating a seal. The leak test was then performed 

following the same procedure described in section 2.5.2.1. Once the system was 

found to be leak free and had returned to ambient temperature and pressure the 

CO2 mixing procedure could be carried out.  

Prior to loading into the autoclave, the components were weighed into vials and 

physically mixed. The autoclave was sealed and the same pressurising procedure as 

described for the view cell experiments was followed to achieve the final conditions 

of 140 bar CO2 and 40 °C. The blends were left stirring at 300 rpm for 1 hour after 

which time the sample was allowed to cool without stirring. Once the system was at 

a temperature below 25 °C, the CO2 was removed and the sample was collected and 

ground using a pestle and mortar. 

Figure 2.13. Image and a schematic of the 60 mL MKIII autoclave.  
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 Characterisation Methods 

The polymers were characterised by the following standard analytical techniques. 

2.6.1 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) analysis was performed to determine the 

thermal transitions of the polymers. Analysis was carried out on a TA-Q2000 (TA 

instruments) DSC calibrated with an indium standard under a flow of nitrogen. 

1-3 mg of sample was weighed into a T-zero sample pan (TA instruments) while a 

second reference T-zero pan remained empty. Both pans were heated at 10 °C/min, 

from -20 °C to 120 °C. Three samples of each polymer were analysed with two 

heating cycles per sample in order to erase any thermal history of the individual 

samples. The results from the second cycle were averaged. 

2.6.2 Gel Permeation Chromatography 

Gel Permeation Chromatography (GPC) was used to determine the molecular weight 

of the polymers before use, and in some cases after exposure to CO2. GPC was also 

used in Chapter 5 to determine the API content and release of the pharmaceutical 

formulations. 

2.6.2.1 Molecular Weight Analysis 

Molecular weight analysis was performed using an Agilent 1260 infinity 

multidetector GPC/SEC (size exclusion chromatography) system with a Wyatt Optilab 

light scattering detector. Columns consisted of 2 x Agilent PLGEL 5 μm Mixed D 

(7.5 mm X 300 mm) and a PLGEL 5 μm guard column (7.5 mm X 50 mm). THF was 

used as the eluent at a flow rate of 1 mL/min and the following differential index of 

refraction values (dn/dc) were used for evaluation: 0.042 mL/g for PD,LLA and 

PLGA167, 0.072 mL/g for PCL168 and 0.067 mL/g for PEG.169 For the block copolymers 

dn/dc values of 0.055 and 0.051 mL/g for the PEG5-b-PLA5 and PEG5-b-PLA10, 

respectively, were calculated using the weight percent as determined from 1H NMR 

(see Chapter 4 for details). 
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2.6.2.2 BSA Content Assay and Release 

The BSA content of each formulation was determined using the RI signal of a 

multidetector SEC system. SEC was carried out using a 1200 Infinity series 

system equipped with a Polymer Labs aquagel-OH guard column (50 x 7.5 mm, 8 µm) 

followed by a PL aquagel-OH MIXED-H analytical column. Standard Dulbecco's 

Phosphate Buffered Saline (DPBS) was used as the mobile phase, with a flow rate of 

1 mL/min.  

In order to determine the BSA concentration, a series of known concentrations of 

BSA in DPBS solution were analysed for calibration (see Chapter 5 for more detail). 

2.6.3 1H Nuclear Magnetic Resonance Spectroscopy 

1H Nuclear Magnetic Resonance spectroscopy (NMR) was performed to analyse the 

number average molecular weights (Mn) and conversions of the synthesised 

polymers in Chapter 4. It was also used to assess any changes in Mn of the polymers 

after they had been exposed to high pressure CO2. All samples were analysed in 

deuterated chloroform (CDCl3) using a Bruker Avance III 400 MHz spectrometer. The 

spectra were referenced to the solvent peak at δ = 7.26 ppm corresponding to CDCl3. 

Details of the calculations used can be found in the individual chapters. 

2.6.4 SEM 

Carbon tape (Agar) was placed on an SEM stub (Agar), the sample was then loaded 

onto this in a thin layer and sputter coated for 90 seconds with platinum. The images 

were obtained under vacuum with a typical accelerating voltage of 10 kV, using a 

Phillips XL30 scanning electron microscope. 

2.6.5 Micro Raman Spectroscopy 

Micro Raman spectroscopy was performed using a Horiba Jobin Yvon LabRAM HR 

Raman spectrometer equipped with an automated xyz stage (Märzhäuser). Spectra 

were acquired using a 785 nm laser at 24 mW power, a 50× objective and a 300 μm 

confocal pinhole. To scan a range of Raman shifts simultaneously, a 600 lines/mm 

rotatable diffraction grating along a path length of 800 mm was employed. Spectra 
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were detected using a Synapse CCD detector (1024 pixels) which was 

thermoelectrically cooled to −60 °C. Before spectra collection, the instrument was 

calibrated using the Rayleigh line at 0 cm-1 and a standard Si(100) reference band at 

520.7 cm-1.  

For single point measurements, the deposited component solids were laser 

irradiated for 10 minutes to reduce the background fluorescence by 

photo-bleaching. Spectra were then acquired in the range of 100-4000 cm-1 with an 

acquisition time of 10 seconds and 8 accumulations to improve the signal to noise 

ratio. Spectra were baseline corrected for residual fluorescence using a third-order 

polynomial fitting model.  

The surface maps of the pressed formulations were obtained by acquiring spectra 

over the range of 720-1820 cm-1 at 100 µm steps within a square of 3000 x 3000 

microns (961 spectra per map). The DuoScan functionality was employed to increase 

the effective laser spot size, conferring a spatial resolution of ~100 and ~30 μm in 

the lateral (xy) and axial (z) dimensions respectively. As each individual spectrum was 

collected for 13 seconds, and repeated once (to remove the spikes due to cosmic 

rays) the whole map required approximately 17 hours of acquisition time. The 

intensity (as height) of bands in the range of 1540-1720 (blue, BSA) and 1720-1820 

cm-1 (green, polymers) and the intensity ratio of the bands (i.e. BSA relative to the 

polymers) were evaluated within the respective maps using univariate analysis. 

Classic least square regression analysis was employed to quantify the concentration 

of the non-polymer component utilising the multivariate analysis module within 

Labspec 6 software. 

Optical micrographs of the compacts were obtained using a 10x objective lens and 

the Montage function within the instrument software. 
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 Abstract 

Advances in the pharmaceutical industry have led to new developments in drug 

delivery systems. In particular, encapsulating drugs in polymers to produce 

controlled and sustained release has received considerable attention.17,18 Traditional 

encapsulation methods require heat or volatile organic solvents (VOCs) to reduce the 

polymer viscosity.170 These conditions have been shown to be detrimental to the 

active pharmaceutical ingredients (APIs) and in some cases, extensive purification 

steps are required. Therefore new techniques of processing polymers at mild 

conditions are being developed using scCO2.98,99  

In order to optimise these techniques, the effect of CO2 and APIs on the polymer melt 

viscosity has to be quantified. Hence, the aim of this chapter is to develop a high 

pressure rheology method that can measure the polymer melt viscosity reliably and 

reproducibly. 

Initial measurements were performed on a semi-crystalline polymer: 

polycaprolactone (PCL112). As this polymer has been previously well studied within 

the group, it provides the perfect starting point for the method development. Once 

a method has been established for PCL the chapter moves on to study the rheology 

of an amorphous polymer: poly(D,L-lactic acid) (PD,LLA). Further development of the 

method investigates the feasibility of performing measurements at a temperature 

below the normal Tg of the polymers, suitable for use with thermosensitive APIs. 

Once a reliable and reproducible high pressure rheology method has been 

developed, it is necessary to confirm that this method has no detrimental effects on 

the polymers. For example, if the polymers are kept at high temperatures for a long 

time they could undergo thermal degradation. Therefore, the polymers will be 

characterised before and after the rheology measurements using GPC, 1H NMR and 

DSC. 

Following successful development, this high pressure rheology method will be 

employed throughout the remainder of this thesis. 
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 Introduction 

Characterisation of the polymer melt viscosity is necessary given that many 

processing operations involve working with polymer melts, mixtures or solutions. 

One such application where the viscosity of the polymer melt is important is the 

encapsulation of drugs in polymers for the pharmaceutical industry. Traditional 

methods of encapsulating drugs in polymers include emulsion, precipitation, spray 

drying and extrusion techniques.170 In order for the polymer and the drug to mix, the 

polymer must be in a liquefied state, typically, this would be done by heating or 

dissolving in a solvent. However, high temperatures can be detrimental to the 

integrity of the protein or peptide drugs for which these systems are designed.14,71 

The use of solvents, although often less damaging to the drug is also unfavourable as 

intensive purification steps are required to remove excess solvent. Even then, 

residual solvent can remain in the final product, which can be toxic for patients. 

Furthermore, disposal of the waste solvent can be expensive and environmentally 

harmful; therefore, green solvents, in particular scCO2, are being investigated as 

alternatives. Another benefit of using scCO2 is that the drugs are not modified during 

processing, leaving them with full activity and efficacy.93 A “Particles from Gas 

Saturated Solutions” (PGSS) technique (described in Chapter 1) has been explored as 

a route to produce protein loaded polymer microparticles.111 However, this process 

is only successful for some formulations and it is thought that the complexity of the 

API/polymer/CO2 system results in unpredictable melt properties.111 Therefore 

determining polymer viscosity at high pressure during these processes is necessary 

to address and solve these problems. 

The viscosity of polymer melts is an essential parameter to be considered during 

process development and so has been measured for almost as long as the polymer 

industry has been around.161 The earliest reports on the effect of pressure on 

polymer melt viscosity date back to the 1960s where hydrostatic pressure was seen 

to increase viscosity.171 It is now known that if a gas, such as CO2, is soluble in the 

polymer melt, the free volume is increased resulting in a reduction in viscosity and 

Tg in a process known as gas plasticisation.127,135,139,172 In order to assess the 
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efficiency of CO2 as a processing aid, several high pressure rheology techniques have 

been developed.127,128,176,130,131,135,136,138,173–175 There are four categories of high 

pressure rheometer: pressure driven, falling body, vibrating wire and rotational.135 

Pressure driven rheometers replicate polymer flow during conventional processing 

where flow is driven by pressure. Examples include capillary rheometers that 

generate flow from an upstream piston (Figure 3.1) or slit die extrusion rheometers 

that employ an extruder. Viscosity is calculated from the drop in pressure and the 

flow rate. The simplicity of the flow field and small sample quantities along with 

precise and reproducible results make this a popular method for high pressure 

viscosity measurements. However, the pressure drop not only affects the viscosity 

but also leads to phase separation meaning this method is only suitable for low 

pressures. It is also necessary to apply mathematical corrections to account for 

additional pressure drops at the exit of the device.135 Gerhardt et al. employed a high 

pressure capillary rheometer to measure the viscosity of polydimethylsiloxane 

(PDMS) in the presence of low concentrations of CO2 (up to 2 wt.%).127 The results 

suggest that an increase in free volume in the polymer is the main mechanism for 

viscosity reduction with the addition of CO2. A slit-die extrusion rheometer was 

employed by Royer et al. to investigate the effect of CO2 on the viscosity of a range 

of polymers.128,177 In all cases the observed viscosity decreased with the addition of 

CO2. 
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Falling body rheometers relate viscosity to the amount of time it takes an object to 

fall through a known distance of the sample fluid. These measurements are 

performed at constant pressures but are limited to low viscosities (mPa.s). Since the 

experiment is governed by gravity, high viscosities result in impractical measurement 

times. Quantification of viscosity as a function of shear rate is also difficult to 

calculate because the shear rate is determined by the fluid viscosity and object 

density. However, there is the capability for high pressures and the simplicity of the 

experiment makes it ideal for Newtonian fluids. Bae and Gulari used this technique 

to show that small quantities of CO2 are capable of significantly decreasing the 

viscosity of PDMS.178 Royer et al. have expanded on this technique to develop a 

magnetically levitated sphere rheometer.174 In this instrument, a sphere is held in 

place using an electromagnet, and a cylindrical sample chamber is moved vertically 

to generate shear flow. The change in magnetic force required to keep the sphere 

stationary is related to the shear stress. From this, the viscosity can be calculated 

directly, with no need for theoretical modelling. Unlike traditional falling body 

rheometers, these measurements are not limited to low viscosity because the 

Figure 3.1. Schematic of a capillary tube rheometer with a CO2 injection system. Reprinted with 
permission of John Wiley & Sons, Inc. from measurement and prediction of LDPE/CO2 solution 
viscosity, S. Areerat, T. Nagata and M. Oshima, Copyright (2002) Polymer Engineering and Science.253 
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response is based on electronic control and not the viscosity of the sample fluid. It is 

also possible to decouple concentration versus pressure effects of the dissolved gas. 

The high precision vibrating wire instrument allows for the simultaneous 

measurement of the viscosity and density of materials. This technique exploits the 

buoyancy force acting on a solid sinker supported by a metallic wire (Figure 3.2). A 

current is passed through the wire at a specific frequency to generate a uniform and 

constant magnetic field. By performing frequency sweeps the wire is forced through 

a series of oscillations and the resonant curve can be determined. The presence of a 

sample fluid results in changes to the resonant frequency compared to that observed 

in a vacuum. The viscosity is obtained from the width of the resonance curve at one-

half of its height. Gourgouillion et al. investigated the effect of CO2 of the viscosity of 

a low molecular weight poly(ethylene glycol) (PEG, 400 g/mol), and demonstrated 

that viscosity decreased with increasing CO2 pressures.136 However, once again these 

measurements were performed on extremely low viscosity polymers (mPa.s).136  

 

Figure 3.2. Schematic of the vibrating wire device used to determine densities and viscosities within 
a high pressure vessel. Reprinted with permission of Elsevier from simultaneous viscosity and density 
measurement of supercritical CO2-saturated PEG 400, D. Gourgouillon, H. M. N. T. Avelino, J. M. N. A. 
Fareleira, M. Nunes da Ponte, Copyright (1998) The Journal of Supercritical Fluids.136  
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Of the four different types of rheometer, rotational rheometers are the most 

versatile and therefore the most widely used (Figure 3.3). In addition to viscosity, 

they can provide viscoelastic information through oscillatory measurements and can 

be used to perform continuous and sequential measurements. Not only this, they 

exhibit a uniform distribution of shear rate through the whole sample resulting in a 

good control of deformation that is not possible with capillary rheometers. They can 

be easily modified for use with high pressure using magnetic couplings. However, 

some sensitivity is lost at low viscosities (mPa.s), as the torque used for the viscosity 

calculations is no longer measured through direct contact with the sample.135 

Handge and Alstädt analysed the viscoelastic, thermal and diffusion properties of 

polystyrene (PS) melts treated with CO2 using a rotational rheometer with a parallel 

plate geometry.179 At 50 bar of CO2 and 170 °C the viscosity of the PS melt decreased 

and a saturation time of 12 hours was observed.179 Raps et al. also used a parallel 

plate geometry to demonstrate the viscosity reduction of polypropylene (PP) melts 

under CO2 loading.139  

 

In all cases it has been shown that CO2 can effectively reduce the viscosity of many 

different polymers, ranging from PE,137 PP139 and PS128 through to PEG,136 PCL131,138 

and PLA.130 

Figure 3.3. Schematic diagram of the high pressure rheometer attachment. 
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In recent years, several papers have been published by the Howdle group 

investigating the effect of CO2 on polymer melt systems with notoriously high 

viscosities.112,129–132,138 These reports all use a rotational rheometer as it is possible 

to access a wide range of shear rates, pressures and temperatures, as well as being 

sufficiently accurate for high viscosity systems.179 In order to measure the viscosity 

of PD,LLA during the PGSS process Hao et al. developed their own rotational 

instrument.112 This instrument related viscosity to the load placed on a stirrer motor 

by calibrating the changes in electronic current with four commercial grade PDMS 

polymers of known viscosity. More recently, a commercial high pressure rheometer 

(MCR, Anton Paar) has been purchased and used to quantify the effects of CO2 on 

the viscosity of PD,LLA129,130 and PCL.131,138 In these studies the authors have tried to 

relate the trends in viscosity to particle formation. For example Hao et al. 

demonstrated that to generate uniform particle sizes, a low viscosity must be 

maintained in the early stages of depressurisation.112 Kelly et al. demonstrated that 

blending PD,LLA with PEG at certain ratios also had an impact on yield and particle 

size.140  

The aim of this thesis is to relate the viscosity of a drug loaded polymer formulation 

to its release profile. With the idea being that if the viscosity is sufficiently low to 

enable thorough mixing; then a formulation with an even distribution of drug can be 

produced, therefore resulting in a reproducible release profile. High pressure 

rheology of polymers and polymer blends has long been established and will be 

discussed in more detail in Chapter 4. However, the presence of a drug particle will 

also have an effect on the polymer melt properties (see Chapter 5 for more detail).59 

To date, several reports have been published investigating the effect of APIs on 

polymer melt viscosity.59,141–146 However, in these reports the authors are interested 

in utilising rheology to optimise the hot melt extrusion (HME) process for 

pharmaceutical applications. Hence, all the rheology is carried out at ambient 

pressure and at relatively high temperatures. There have been several reports on the 

CO2 assisted melt processing of polymers for pharmaceutical applications.154 

Although the authors acknowledge that CO2 is capable of lowering the viscosity of 
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the polymer-drug mixture the processing temperatures are still incredibly high (130-

190 °C) and there is no mention of any high pressure rheology.155,156 

Hence, this chapter will describe the development of a high pressure rheology 

method suitable for the analysis of polymer formulations containing thermosensitive 

APIs. Initially a method will be established for the analysis of neat polymers above 

their Tg. This will be extended to the analysis of the viscosity of polymers in the 

presence of high pressure CO2 while maintaining a temperature above the polymer 

Tg. Following this, a method will be developed where the viscosity of the polymers in 

the presence of high pressure CO2 can be measured at temperatures below their 

ambient pressure Tg. 

 Materials 

Polycaprolactone with molecular weight of 112,000 g/mol, by GPC (PCL112) was 

purchased from Sigma Aldrich and stored at room temperature. All other polymers 

were purchased from Evonik and stored at -20 °C; see Table 3.1 for details (Figure 

3.4). The polymers, Food grade CO2 (99.8%; BOC, UK) for the high pressure rheology 

experiments, THF (HPLC grade, Fisher Scientific) and CDCl3 (<99%, Sigma Aldrich) 

were used as received. 

Table 3.1. Details of the polymers purchased for use in this chapter. 

Polymera 
Mn

b 

(g/mol) 

Mw
b 

(g/mol) 
Ðb 

Tg
c 

(°C) 

Tm
c 

(°C) 

PCL112 76,000 112,000 1.475 - 53 

PLA11 7,000 11,000 1.649 49 - 

PLA12 7,000 12,000 1.620 44 - 

PLGA36 24,000 36,000 1.510 47 - 

a) Subscript numbers refer to the Mw (x103 g/mol) of the polymer. b) Measured by triple detection 
GPC in THF using dn/dc values of 0.072 and 0.042 mL/g for PCL and PLA/PLGA respectively. c) 
Measured by DSC. 
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 Methods 

3.5.1 Rheology Measurements 

All rheology measurements were performed using an Anton Paar MCR 102 

rheometer with high pressure capabilities, as described in Chapter 2. The polymers 

were weighed directly into the measurement cell and left to equilibrate at 

measurement temperature for 1 hour, unless otherwise stated. All data was fitted to 

the Carreau model,166 given by equation 2.6, to give calculated values for the zero 

shear viscosity (η0, Pa.s). Multiple samples and measurements were carried out per 

polymer and the results averaged. 

The amount of sample required was determined by loading an estimated amount of 

polymer into the measurement cell and heating to form a molten disk. The pressure 

head, containing the upper parallel plate, was then sealed in place. After a few 

minutes, the cell was opened and the upper plate checked for sample contact. In 

order to produce reproducible and reliable results the sample must make contact 

with both the upper plate and the lower plate during the entire measurement. If the 

sample had not made sufficient contact with the plates, more polymer was added. 

Ambient pressure viscosity measurements were made by performing consecutive 

rotational shear ramps on each specimen. The shear rate was increased 

logarithmically from 0.1-1000 s-1 across 30 measurement points with a measurement 

point duration of 120 to 10 seconds. The longer measurement point duration at 

lower shear rates was required to give the sample time to equilibrate between each 

point, reducing the noise of the measurement. A 1 minute pause at constant shear 

(0.1 s-1) was implemented between each run to allow the sample time to relax. The 

Figure 3.4. Structures of the polymers used in this chapter. 
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samples were then pressurised to 140 bar CO2 using a syringe pump. High pressure 

measurements were carried out using the same shear ramp profile as for the 

ambient pressure measurements. After an initial 1 hour soaking period, 

measurements were performed every hour for 6 hours and again at 9, 12, 15 and 18 

hours to ensure complete CO2 saturation. The saturation time of the individual 

samples (tsat) was determined by fitting the η0 values at each time interval 

determined from the Carreau model to an empirical formula described in Equation 

3.1. This represents the transition from a linear drop in log(η0) with time (t), at short 

time scales, to a constant saturation viscosity (ηsat) at longer times (Figure 3.5). 

Equation 3.2 was then used to calculate tsat, defined by the time at the intercept of 

the two linear segments. 

𝜂 = 10−𝑚(𝑡∗−𝑡) + 𝜂𝑠𝑎𝑡  3.1 

𝑡𝑠𝑎𝑡 = 𝑡∗ +
1

𝑚
(log10 𝜂𝑠𝑎𝑡) 3.2 

In the above equations m is the gradient as log(η) decreases with time and t* is an 

interim parameter which relates to the time at which log10(η - ηsat) = 0. 

 

 

 

 

 

 

 



 

3-71 
 

 

Following this, the datasets with soak times greater than the transition time, tsat 

(where the viscosity is no longer decreasing with soak time) were averaged (Figure 

3.6). In this example, tsat was calculated as 4.1 hours; therefore, the average ηsat is 

taken from the average of the results from 5 hours onwards. The overall ηsat and tsat 

values for each polymer were calculated from the averages of the values obtained 

via the fitting model of each individual sample. 

  

Figure 3.5. Raw data of the η0 vs time from an individual sample (blue diamonds) is fitted to equation 
3.1 (black dashed line). From this it is possible to determine the saturation viscosity (ηsat (Pa.s)), the 
gradient of the slope (m) and the saturation time, (tsat (hours)), along with the R2 value. Error bars 
represent ±1 standard deviation from the mean. T = 80 °C, P = 140 bar. Data from PLA11 as a 
representative sample. 
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The viscosity of PLA11 was measured after the CO2 had been vented from the sample 

to assess whether the use of CO2 had any lasting effects on viscosity. The cell was 

vented over 20 minutes, during which time the sample was sheared constantly while 

temperature was maintained, the ambient pressure measurement profile was then 

applied. Multiple repetitions and detailed analysis confirmed that CO2 could be 

completely removed from the PLA11 sample with no lasting effects. Therefore, it was 

not necessary to carry out this test on all the polymers, as it has previously been 

reported in the literature.131,155 

3.5.1.1 Oscillatory Measurements 

Oscillatory measurements were performed in order to determine the measuring 

temperature for the rotational measurements. Oscillations performed at constant 

strain and frequency over a temperature ramp allowed the storage and loss moduli 

(G’ and G’’ respectively) to be plotted against temperature. The point at which the 

transition begins is clearly seen as G’ begins to decrease and G’’ increases. A plot of 

tan(δ) (= G”/G’) vs temperature results in a peak. In order for these measurements 

to be reliable, they must be performed in the linear viscoelastic (LVE) region (see 

Chapter 2 for more information). 

Figure 3.6. Viscosity of PLA11 at regular time intervals during soaking with CO2 at 140 bar and 80 °C. 
Data is from one representative sample. 
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A strain sweep, increased logarithmically from 0.1-1000% strain over 2 minutes at a 

constant frequency and temperature (1 Hz and 20 °C) was used to identify the LVE 

region. Prior to this measurement, the samples were loaded into the rheometer 

measuring cell and heated to 120 °C to form a molten disk. The samples were then 

left to cool overnight to 20 °C. 

The temperature ramp was carried out at 1% strain and 1 Hz at a heating rate of 

2 °C/min from 25 °C up to 130 °C. 

3.5.1.2 Rotational Measurements 

3.5.1.2.1 Recovery Test 

Recovery measurements were made to establish how well the samples recovered 

after being exposed to high shear rates and to determine how long should be left 

between sequential measurements. The samples were sheared at low shear rates 

(0.1 s-1 for 65 seconds) before being exposed to high shear (50 s-1 for 20 seconds) 

followed by a second period of low shear (0.1 s-1 for 150 seconds). 

3.5.1.2.2 Rheology of PLA11 at 40 °C and 140 bar CO2 

The samples were loaded into the measurement cell and left to equilibrate at 80 °C 

for 1 hour in order to form a molten disk. They were then left to cool to 40 °C and 

then pressurised with 140 bar CO2 using the syringe pump. An oscillatory 

measurement was then carried out over 40 hours at 1% strain and 1 Hz. Immediately 

following this the standard rotational shear ramp profile (described in section 3.5.1) 

was applied to generate the viscosity measurement. 

3.5.1.2.3 Rheology of the Other Polymers at 40 °C and 140 bar CO2 

For the measurements performed directly at 40 °C and 140 bar CO2 the samples were 

loaded into the measurement cell and immediately pressurised to 55 bar CO2 using 

the syringe pump. The temperature was then increased to 40 °C and the samples 

allowed to equilibrate at this temperature for 10 minutes. The pressure was then 

increased to 140 bar and the measurement started in accordance with the standard 

high pressure shear ramp profile (described in section 3.5.1). 
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For the measurements performed after cooling from 80 °C the samples were first 

analysed according to the standard measurement profile i.e. first at ambient 

pressure and 80 °C, then at 140 bar CO2 and 80 °C. After the measurements at 140 

bar CO2 and 80 °C were completed, the samples were left to cool to 40 °C over 2 

hours while the pressure was maintained at 140 bar. The viscosity was then 

measured according to the standard shear ramp profile for seven consecutive 

measurements. 

3.5.2 Characterisation of the Polymers  

The polymers were analysed by DSC, GPC and 1H NMR before use as described in 

Chapter 2. The PD,LLA and PLGA polymers were also analysed after the rheology 

experiments to confirm whether the methods had caused any thermal degradation. 

3.5.2.1 1H NMR 

1H NMR spectroscopy was performed as described in section 2.6.3. Comparisons 

were made by normalising against the signal at 6.5 ppm corresponding to the 

methine group in the polymer backbone (a’, δ = 5.18 ppm Figure 3.7) and calculating 

the mol.% of lactide (equation 3.3). The PD,LLA Mn was calculated by comparing the 

signals of the methine end group (a’’, δ = 4.37 ppm Figure 3.7) and the polymer 

methine signal (equation 3.4). 

Mol. % lactide =
∫(𝒂)

∫(𝒂′) + ∫(𝒂)
× 100 3.3 

𝑀𝑛 =
∫(𝒂′)

∫(𝒂′′)
× 144 3.4 
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The Mn of the PLGA36 was calculated by adding together the Mn of the lactide and 

the glycolide polymeric components (equation 3.5, Figure 3.8). 

𝑀𝑛(𝑃𝐿𝐺𝐴) = (
∫(𝒂′)

∫(𝒂′′)
× 144) + (

∫(𝒄′)

2 ∫(𝒂′′)
× 116) 3.5 

 

 

 

 

Figure 3.7. Typical 1H NMR spectrum of PD,LLA analysed in CDCl3. 
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 Results 

3.6.1 Rheology of PCL112 

PCL is a semi-crystalline polymer that previous members of the group have 

extensively analysed using high pressure rheology.131,138 Specifically, work by Curia 

et al. compared the effect of high pressure CO2 on the viscosity and melting 

temperature of a high molecular weight (Mn = 76,000 g/mol, Mw = 112,000 g/mol, 

PCL112) and low molecular weight (Mn = 10,000 g/mol, Mw = 14,000 g/mol, PCL14) 

PCL.131 The methods developed in that work provide the basis for the methods 

developed in this chapter, which once optimised will be applied throughout this 

thesis.  

Figure 3.8. Typical 1H NMR spectrum of PLGA analysed in CDCL3. 
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Since a method had already been established for PCL, a similar procedure was 

followed to measure the viscosity of the same PCL112 at ambient pressure and 

140 bar CO2, at 90 °C (Figure 3.9, blue squares). In these measurements, the sample 

was loaded into the measurement cup, heated to 90 °C and left to equilibrate for 1 

hour to allow a homogeneous melt to form. After this time, the cell was sealed, and 

sequential measurements performed at ambient pressure (pamb), as described in 

section 3.5.1.  Under these conditions PCL112 had a zero shear viscosity (η0) of 

35,000 Pa.s (derived from the Carreau model, section 3.5.1) which was comparable 

to 50,000 Pa.s reported by Curia et al,131 given the temperature difference (90 °C in 

this work and 80 °C used by Curia et al.). In order to confirm that this method was 

robust and gave reproducible results, two individual samples were measured a 

multiple of times. The average was then obtained, and the error calculated as ±1 

standard deviation from the mean.   
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Directly following the ambient pressure measurements, the system was pressurised 

to 140 bar with CO2 via a syringe pump while the temperature was maintained at 

90 °C. The samples were then analysed following the same measurement profile as 

the ambient pressure tests. The viscosity reported in Figure 3.9 (red diamonds) is 

that of the sample once it had been saturated with CO2 and had reached its 

saturation viscosity, ηsat. Here an 86% decrease from the ambient pressure viscosity 

(η0(pamb)) of 35,000 Pa.s down to 4600 Pa.s was observed. These results were 

compared to those obtained previously and any differences were attributed to 

variations in the measurement and instrument (Table 3.2).131 This work was carried 

out at 90 °C compared to 80 °C previously used and so the η0(pamb) was lower, but 

also the decrease caused by CO2 was smaller. This was because the current study 

used a much lower pressure of CO2 (140 bar compared to the 300 bar used by Curia 

et al.) and so the relative concentration of CO2 was lower.  

Figure 3.9. The ambient pressure viscosity (blue squares) of PCL112 was much higher than the viscosity 
after saturation with 140 bar CO2 (red diamonds). The Carreau model (black dashed lines) was a good 
fit for both measurements (R2 > 0.95). Error calculated as ±1 standard deviation from the mean. 
(T = 90°C)  

. 
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Table 3.2. The reported viscosities for PCL112 were comparable to those previously presented by 
Curia et al.131 

Source  
Temperature 

(°C) 

η0(pamb) 
(Pa.s) 

Pressure 
(bar) 

ηsat 

(Pa.s) 

% decrease 
from 

η0(pamb) 

This work 90 35,000 140 4600 86 

Curia 80 50,000 300 2600 95 

 

In the work performed by Curia,131 viscosity in the presence of CO2 was recorded 

after a 50 minute soaking period. However, in this work, a further drop in viscosity 

was observed during sequential measurements after the initial 50 minutes (Figure 

3.10).  This was because a longer shear ramp profile was used in this work than in 

previous work to allow longer measurement times at low shear rates in order to 

eliminate noisy measurements. This led to the polymer being exposed to CO2 for a 

longer time in the first measurement than the sample was exposed to in the whole 

of Curia’s measurements. 

 

Figure 3.10. The viscosity of PCL112 in the presence of 140 bar CO2 was measured sequentially over 3 
hours after an initial 50 minute soaking period. As the PCL112 was exposed to CO2 for longer periods 
of time the viscosity decreased until a minimum was reached and the sample was deemed to be 
saturated with CO2. (T = 90 °C). 
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In this work, the first sample reached its ηsat after being exposed to CO2 for 110 

minutes (Figure 3.11 Sample 1- blue). It was therefore decided that a second sample 

(sample 2) should be left to soak for 110 minutes before the first measurement was 

made. However, sample 2 did not reach its ηsat until it had been exposed to the CO2 

for 180 minutes (Figure 3.11 red). Sample 3 was analysed following a 175 minutes 

soak period, and this time the ηsat was achieved after 195 minutes (Figure 3.11 

green).  Overall, it was clear that shear had an effect on CO2 absorption into the 

samples. In each case, the first one or two measurements for each sample had a high 

viscosity, but once the sample had been sheared, allowing for better absorption of 

the CO2, the ηsat was achieved (Figure 3.11).  

 

Following this experiment, a new method was developed where the samples were 

sheared at 10 s-1 during the initial soak and in between sequential measurements. 

The samples were first analysed at ambient pressure as previously described and 

then pressurised with CO2. After an initial 1 hour soaking period, measurements 

were performed every hour for 6 hours and again at 9, 12, 15 and 18 hours to ensure 

complete CO2 saturation. From this method, the Carreau model was used to 

determine the η0 of the sample at each time point, and these were plotted against 

Figure 3.11. The viscosity of three individual samples of PCL112 was measured after soaking in CO2 at 
140 bar for different initial soaking times. Each sample reached a comparable ηsat, but at different 
exposure times, with the first measurements of each sample having an exaggerated viscosity. The 
black dashed line denotes the average ηsat with the standard deviation represented by the two grey 
dashed lines. (T = 90 °C). Error calculated as ±1 standard deviation from the mean. 
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time. This data was then fitted to an empirical formula (section 3.5.1) which 

described the transition from a linear drop in log(η) with time at short time scales, 

through to a constant saturation viscosity (ηsat) at longer times. From this, the time 

at which saturation was reached (tsat) was calculated. PCL112 at 140 bar and 90 °C had 

a ηsat of 4600 Pa.s and a tsat of 0.35 hours (Figure 3.12). This was less time than the 

50 minutes used by Curia and showed how important the effect of shear is for the 

absorption of CO2 into the polymer samples.  

 

Given that these methods proved to be reproducible with a known system they could 

now be applied to another polymer: amorphous poly(D,L-lactide) (PLA11). 

3.6.2 Rheology of PLA11 

3.6.2.1 Oscillatory Measurements 

Oscillatory measurements were performed at constant strain and frequency over a 

temperature ramp in order to determine the temperature for the rotational 

Figure 3.12. Viscosity vs time for PCL112 in the presence of 140 bar CO2 was determined from the 
Carreau model (blue squares) and was fitted with equation 3.1 (black dashed line). From this, the 
saturation viscosity (ηsat) and the saturation time (tsat) of the sample were determined. R2 > 0.99, error 
calculated as ±1 standard deviation from the mean. (T = 90 °C). 
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measurements. For these measurements to be reliable, they must be carried out in 

the linear viscoelastic (LVE) region. Therefore, samples were first heated and then 

cooled to 20 °C to form a homogeneous disc, and a strain sweep applied at constant 

frequency (1 Hz) for 2 minutes. The LVE region extended over a region greater than 

0.1-10% strain (Figure 3.13) thus, it was decided that the temperature sweep should 

be carried out at 1 Hz and 1% strain as this was in the centre of the LVE region. 

 

 

Following the temperature sweep, it was decided that the rotational viscosity should 

be measured at 80 °C (Figure 3.14) as it was shown to be the onset temperature of 

the glass transition.  

 

Figure 3.13. A strain sweep of PLA11 showed that the LVE region extended from 0.01 to 100% strain. 
Error calculated as ±1 standard deviation from the mean. (T = 20 °C). 

γ (%) 

tan
(δ
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3.6.2.2 Rotational Measurements 

Rotational measurements were used to determine viscosity and for each sample 

three consecutive measurements were made.  

3.6.2.2.1 Recovery Tests 

In order to perform sequential measurements of one sample, knowledge about 

sample recovery was required. Therefore, recovery tests were implemented by 

plotting viscosity against time to determine how long the polymer took to recover its 

initial viscosity, and therefore how much time was needed between each 

measurement. These tests showed that the samples recovered sufficiently within 20 

seconds of returning to low shear. To ensure full sample recovery all sequential 

measurements were performed with a 1 minute delay at 1 s-1 shear in between 

(Figure 3.15). 

 

 

Figure 3.14. Storage modulus (G’, blue), loss modulus (G”, red) and tan(δ) (green) of PLA11 were 
measured as temperature was increased from 25 to 140 °C at a constant strain and frequency of 1% 
and 1Hz respectively. Error calculated as ±1 standard deviation from the mean. 

tan
(δ

) 

80 °C 
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3.6.2.2.2 Viscosity at 140 bar and 80 °C 

The viscosity was first measured at ambient pressure after 1 hour soaking at 80 °C 

and fitted to the Carreau model (Figure 3.16 blue squares) giving a η0 of 6800 Pa.s. 

The sample was then exposed to 140 bar CO2 and the viscosity measured periodically 

over 18 hours as described in section 3.5.1. At 80 °C and in the presence of 140 bar 

CO2 PLA11 had a ηsat of 1.2 Pa.s (Figure 3.16). The observed decrease in viscosity for 

the amorphous PLA11 (>99%) was significantly larger than that of the semi-crystalline 

PCL112 (86%). This was because the CO2 could interact more favourably with the 

carbonyl rich backbone of the PD,LLA resulting in greater penetration, and therefore 

a greater increase in free volume. Along with the larger molecular weight, the long 

hydrocarbon backbone of the PCL112 hindered the interaction of the CO2 reducing its 

plasticising effect (Figure 3.4). In addition, the viscosity of PCL112 was measured at a 

higher temperature, which reduced the solubility of CO2 in the polymer and so 

reduced its plasticising effect. It should be noted that for low viscosity samples, such 

Figure 3.15. Recovery test showed that the viscosity of PLA11 recovered sufficiently after 20 seconds 
of returning to low shear rates. Error calculated as ±1 standard deviation from the mean. (T = 80 °C). 
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as those measured in the presence of CO2, the torque at low shear rates was less 

than the lower limit of the instrument and hence the viscosity could not be 

measured. 

 

The viscosity in the presence of high pressure CO2 was measured and the time to 

saturation fitting model applied to the data (Figure 3.17). It took approximately 5 

hours for the PLA11 to achieve ηsat; this was much longer than the 20 minutes 

required for the PCL112 to become saturated. This could be because PCL was semi-

crystalline and at measurement temperature (90 °C) was in a liquefied state. 

Therefore, despite the longer chain lengths there were no entanglements to prevent 

CO2 penetration. On the other hand, PLA11 was an amorphous polymer, which even 

at elevated temperatures consisted of entangled polymer chains that can delay the 

absorption of CO2. 

 

 

Figure 3.16. Comparison of the viscosity of PLA11 at ambient pressure (blue squares) and 140 bar CO2 
(red diamonds) showed a substantial decrease with the addition of CO2. Error calculated as ±1 
standard deviation from the mean. (T = 80 °C). 

. 
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3.6.2.2.3 Viscosity After Venting 

Previous literature reports have indicated that the use of CO2 for processing of 

polymers has no residual or long lasting effects on the polymers.131,155 This was 

investigated via rheology by venting the samples over 20 minutes with constant 

shear and repeating the ambient pressure measurements. After venting, it was clear 

that the viscosity of the polymer had recovered in agreement with the literature 

(Figure 3.18).131,155 

  

  

Figure 3.17. Viscosity vs time profile for PLA11 showed that saturation viscosity (ηsat) was achieved 
after a saturation time (tsat) of approximately 5 hours. Error calculated as ±1 standard deviation from 
the mean. (T = 80 °C). 
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These experiments showed that this method of measuring the viscosity of polymers 

at ambient pressure and in the presence of CO2 was robust, reliable and 

reproducible. However, the aim of this thesis is to measure the rheology of a 

formulation containing a thermally sensitive API and 80 °C could potentially damage 

protein or peptide based APIs. Typically, a protein will denature at temperatures 

above physiological conditions, therefore, the next step of this work was to develop 

a method to measure the viscosity at 40 °C, which will be less detrimental to the 

integrity of the APIs. 

3.6.3 Rheology at 140 bar and 40 °C 

3.6.3.1 PLA11 

PLA11 was supplied as a voluminous powder and required melting in the 

measurement cell in order to load the correct amount of material. Hence, the sample 

had to be heated to 80 °C and allowed to equilibrate before being cooled to 40 °C for 

the lower temperature measurements. It was not possible to perform the ambient 

Figure 3.18. Comparison of the viscosity of PLA11 before and after exposure to CO2 showed that the 
viscosity had fully recovered and the use of CO2 was completely reversible. Error calculated as ±1 
standard deviation from the mean. (T = 80 °C). 

. 
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pressure measurements at 40 °C because the sample was effectively still solid (Figure 

3.14). Thus, the sample was pressurised with CO2 and allowed to soak under 

oscillatory mode (1% strain and 1 Hz) to monitor the absorbance of the CO2 (Figure 

3.19). After 30 hours the storage modulus (G’) began to decrease while the loss 

modulus (G’’) increased, indicating that the polymer was transforming from a rigid 

solid structure into a more liquid like state as the CO2 caused it to plasticise. 

Eventually, the moduli plateaued out showing the end of the transition where the 

sample was saturated with CO2. Although G’ had been significantly reduced it 

remained greater than G’’ which meant that the polymer was not in the fully liquid 

state and retained some rigidity (see Chapter 2). 

 

Directly following the 40 hour soak, the rotational mode was employed to measure 

the viscosity and this was compared to the viscosity at 80 °C. The decrease in 

temperature resulted in a minimal increase in viscosity from 1.2 Pa.s at 80 °C to 

1.5 Pa.s at 40 °C (Figure 3.20).  

 

Figure 3.19. Oscillatory measurement of PLA11 during the 40 hour soak in 140 bar CO2 showed the 
plasticisation onset after 30 hours soaking. (T = 40 °C). 
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However, because of the initial 80 °C melting step, this method of sample 

preparation was still not suitable for thermally sensitive APIs and so it was necessary 

to use a different grade of polymer, which would enable loading of the measurement 

cell without preheating. A PD,LLA with a similar molecular weight to PLA11 but a 

different D:L lactide ratio and a PLGA were found to be suitable for rheology 

measurements without preheating. These polymers had been manufactured 

differently and were more dense and granular in comparison with the PLA11. Hence, 

they could be loaded into the measurement cell without heating to form a disc. A 

comparison of the polymers is presented in Table 3.3. 

 

 

Figure 3.20. Comparison of the viscosity of PLA11 at 80 °C (red diamonds) and 40 °C (pink pentagons) 
in the presence of 140 bar CO2. Error calculated as ±1 standard deviation from the mean. 

. 



 

3-90 
 

Table 3.3. Characteristics of the polymers used in this section compared to the PLA11 used initially. 

Polymer 
Mn

a 
(g/mol) 

Mw
a 

(g/mol) 
Ða 

Tg
b 

(°C) 

PLA11 7000 11,000 1.649 49 

PLA12 7000 12,000 1.620 44 

PLGA36 24,000 36,000 1.510 47 

a) Measured by triple detection GPC in THF using dn/dc value of 0.042 mL/g.167 b) Measured by DSC. 

3.6.3.2 Direct measurements 

The new polymers were loaded into the rheometer, and their viscosities measured 

at 40 °C and 140 bar CO2 over 18 hours, following the procedure as described in 

section 3.5.1.2.3.  

It was expected that as the temperature decreased, the viscosity would increase. 

Hence, the viscosity was also measured at 40 °C and 140 bar after cooling from 80 °C 

to determine whether the increase in viscosity was consistent over the two methods. 

However, the viscosity of the PD,LLA measured at 40 °C after cooling from 80 °C did 

not exhibit a significant increase compared to the viscosity measured at 80 °C (Figure 

3.21). In addition to this, the viscosity measured directly at 40 °C and 140 bar CO2 

was higher than that of the viscosity measured after cooling, with this observation 

being more pronounced for the PLGA36 (Table 3.4). This could be down to a 

combination of the increased molecular weight of the PLGA36 and its reduced ability 

to absorb CO2 due to the reduced number of methyl groups along the polymer chain 

reducing the available free volume (Figure 3.4). 



 

3-91 
 

 

Table 3.4. Comparison of the viscosities measured at 140 bar CO2 and different temperatures and 
methods. 

Polymer 
ηsat at 80 °C 

ηsat at 40 °C 
cooled from 80 °C 

ηsat measured 
directly at 40 °C 

% increase from 
cooled to direct 
measurement (Pa.s) (Pa.s) (Pa.s) 

PLA11 1.2 1.5 - - 

PLA12 0.86 0.85 1.2 39 

PLGA36 47 81 125 55 

 

This was investigated further using the case of the PLGA. Initially, it was thought that 

cooling had not expelled the CO2 from the polymer melt sufficiently, supressing the 

viscosity. Hence, the sample was left to equilibrate for 52 hours after cooling from 

80 °C to 40 °C. However, although the viscosity had increased in comparison with the 

viscosity at 80 °C, even after this time it had not recovered to match the viscosity 

achieved directly at 40 °C (Figure 3.22). 

Figure 3.21. Comparison of the viscosities measured at 140 bar CO2 at 80 °C (blue) and 40 °C (red). 
The viscosity measured at 40 °C after cooling from 80 °C (block red) was lower than that measured 
directly at 40 °C (red stripes) suggesting that this was not a viable method. Error calculated as ±1 
standard deviation from the mean. 
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It was then considered that the PLGA was degrading as a consequence of the long 

measurement times at elevated temperature possibly exacerbated by the potential 

presence of water from the CO2. GPC analysis revealed that after the measurements 

at 80 °C the PLGA had indeed suffered a reduction in molecular weight (Mw); from 

36,000 g/mol to 30,000 g/mol. Given that viscosity scales with molecular weight it is 

possible that this could account for the reduced viscosity at 40 °C after cooling from 

80°C. The scale factor for a pair of polymers can be determined from equation 3.6. 

For PLGA36, n = 2.9 which is comparable to the expected scale factor for an entangled 

polymer; η ∝ M3.4.180 

𝑛 =
log 𝜂1 − log 𝜂2

log 𝑀1 − log 𝑀2
 3.6 

This data confirmed that cooling from 80 °C to 40 °C was not a viable method of 

measuring the viscosity at these conditions. Therefore, it is necessary to select 

polymers that are suitable for the measurement parameters that are being 

Figure 3.22. Comparison of the viscosity of PLGA36 measured directly at 40 °C and 80 °C, and at 40 °C 
after cooling from 80 °C and equilibrating for 52 hours. (P = 140 bar) Error calculated as ±1 standard 
deviation from the mean. 
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employed. Henceforth, for all measurements performed at 40 °C and 140 bar CO2 

these polymers (PLA12 and PLGA36) were used instead of the PLA11 because these 

polymers did not require heating prior to the measurement.  

3.6.4 Characterisation of the Polymers Before and After 

Rheology 

Now that a reliable and reproducible high pressure rheology method had been 

developed for the measurement of polymer melt viscosity, it was necessary to 

confirm that this method had no detrimental effects on the polymers. For example, 

as the polymers were kept at high temperatures for a long time they could undergo 

thermal degradation. In addition, the Food grade CO2 used for these experiments 

contained water which can result in hydrolysis of the polymers (Scheme 3.1). The 

polymers were characterised before and after the rheology measurements using 

GPC, 1H NMR and DSC (Table 3.5). 

  

Scheme 3.1. Hydrolysis of PLGA, the red bonds indicate the ester bonds that will be broken. 
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Table 3.5. Characterisation of the polymers before and after rheology. 

Polymer Conditions 

GPCa NMRb DSCc 

Mn 

(g/mol) 

Mw 

(g/mol) 

Ð 
Mol.% 
Lactide 

Mn 

(g/mol) 

Tg 

(°C) 

PLA11 
Before 7,000 11,000 1.6 - 5,000 48 

After 80 °C 9,000 12,000 1.3 - 3,000 46 

PLA12 

Before 7,000 12,000 1.6 3 7,000 44 

After 40 °C 8,000 12,000 1.6 2 8,000 46 

After 80 °C 7,000 10,000 1.4 2 6,000 44 

PLGA36 

Before 24,000 36,000 1.5 3 14,000 46 

After 40 °C 20,000 35,000 1.7 2 - 45 

After 80 °C 19,000 30,000 1.6 2 11,000 47 

a) Measured using triple detection GPC with a dn/dc value of 0.042 mL/g.167 b) Calculated from 1H 
NMR in CDCl3. c) Determined by DSC, values taken from the second heating scan. 

3.6.4.1 GPC 

Characterisation of the PLA12 and the PLGA36 after the rheology measurements at 

80 °C showed a small reduction in Mw, while the molecular weight was maintained 

after the measurements at 40 °C (Figure 3.23a and b, respectively). Conversely, PLA11 

appeared to maintain its molecular weight even after the measurement at 80 °C 

(Figure 3.23c). These temperatures are very low for thermal degradation but it is 

thought that the water present in the CO2 could accelerate any degradation via 

hydrolysis of the ester bonds given that the experiments were performed over a long 

time. PLA is known to degrade more slowly than PLGA because of the steric 

hindrance afforded by the increased number of methyl groups on the polymer 

backbone and its increased hydrophobicity (Figure 3.4). Therefore, the reduction in 

molecular weight for PLA12 was negligible. However, the reduction observed for 

PLGA36 was more significant and could result in reduced viscosity as described in 

Section 3.6.3.2. Hence, viscosity measurements at 80 °C can be performed on PLA 

without detrimental effects, but should be avoided for PLGA36. 
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Figure 3.23. GPC traces of the polymers before and after the rheology measurements. A shift to higher 
retention time (a and b after rheology at 80°C) indicated a reduction in Mw. 
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3.6.4.2 1H NMR 

By comparing the lactide signal at ~5.0 ppm with the methine signal at ~5.2 ppm the 

mol.% of residual lactide monomer was approximated (equation 3.3). Following the 

rheology measurements the amount of lactide monomer present was reduced 

slightly (Table 3.5). As the monomer is soluble in CO2 under certain conditions, it is 

possible that a small quantity was removed upon venting of the system. It was not 

possible to detect any residual monomer in PLA11. 

The Mns of the PD,LLAs were calculated from the 1H NMR following equation 3.4. 

Where the integral of the resonance corresponding to the methine on the polymer 

backbone (δ ~5.2 ppm) was compared to the integral of the resonance of the PLA 

end group (δ ~4.4 ppm). The Mn of the PLGA36 was calculated according to equation 

3.5, where the Mn of the lactide portion was added to the glycolide. Hence, the 

integral of the resonance corresponding to the PGA backbone (δ ~4.8 ppm) was 

compared to that of the PLA end group. In accordance with the GPC, small reductions 

in Mn were observed after the measurements at 80 °C, showing some degradation 

(Table 3.5).  

3.6.4.3 DSC 

Thermal transitions of the polymers were determined from the second heating scan 

of the DSC traces. The Tg was determined using the TA Universal Analysis software 

and taken as the mid-point of the transition (Figure 3.24). All samples had Tg’s in the 

range of 44-48 °C and showed very little variation after the rheology measurements, 

in accordance with the GPC and 1H NMR data and as expected with such small 

changes in Mw (Table 3.5). 
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 Summary 

The aim of this chapter was to develop a robust and reliable high pressure rheology 

method that could be implemented throughout the remainder of this thesis, 

enabling the quantification of polymer melt viscosity at various conditions.  

The viscosity of semi-crystalline PCL was assessed following a previously established 

protocol.131 This was found to be insufficient to fully describe the viscosity profile of 

a high molecular weight polymer in the presence of CO2 (Figure 3.10). In the previous 

work reported by Curia et al.131 the PCL reached ηsat after 50 minutes of soaking. 

However, in the current work a further drop in viscosity was observed during 

sequential measurements performed after the initial 50 minutes. Hence, a new 

measurement profile was developed which measured the viscosity at regular 

intervals during exposure to CO2. Once these data had been fitted to the Carreau 

Model, the η0 values were plotted against time. Furthermore, fitting these data to 

an empirical formula provided approximate values for ηsat and tsat (Figure 3.12). In 

the current study, PCL112 was found to have an η0(pamb) of 35,000 Pa.s, a ηsat of 

Figure 3.24. Typical DSC trace of an amorphous polymer (specifically PLA12). 
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4600 Pa.s and a tsat of 0.35 hours. By analysing the data using these models, it was 

possible to eliminate some uncertainty associated with arbitrary data selection. The 

new method of measuring viscosity in the presence of CO2 also highlighted the effect 

of shear on the absorption time of CO2 into the samples. Initial studies suggested 

that 50 minutes was not long enough to allow complete saturation of the sample 

with CO2. However, the new method, in which the sample was sheared during the 

soaking periods, revealed that only 20 minutes was required for the sample to reach 

saturation. 

Next, this method was applied to the viscosity analysis of an amorphous PD,LLA widely 

investigated for use in drug delivery systems. Prior to measuring the rotational 

viscosity of the new polymer, it was necessary to determine the optimal measuring 

temperature. Following a series of oscillatory measurements, a temperature of 80 °C 

was found to be suitable for measurements at both ambient pressure and in the 

presence of CO2 (Figure 3.14). Thus, the aforementioned method was employed at 

80 °C for the viscosity analysis of PLA11 giving a η0(pamb) of 6800 Pa.s, a ηsat of 1.2 Pa.s 

and a tsat of 5.3 hours (Figure 3.16 and Figure 3.17). The polymer viscosity was also 

quantified after the removal of the CO2 to certify that the effect of CO2 on the 

polymer viscosity was reversible (Figure 3.18). In accordance with literature reports, 

the viscosity recovered after CO2 exposure, confirming that this was a viable 

technique for the quantification of the effect of CO2 on polymer melt viscosity. 

Ultimately, the aim of this thesis is to assess the effect of APIs on polymer melt 

viscosity by measuring the viscosity of formulations containing APIs. For this to be a 

viable tool for use in industry this method must be suitable for use with thermally 

sensitive APIs. Therefore, a secondary method was developed to measure the 

viscosity at lower temperatures, specifically 40 °C, which would be less detrimental 

to the integrity of the APIs. Initial studies were performed using PLA11 but it soon 

became apparent that the polymer itself was not suitable for such measurements. 

As the polymer was supplied as a voluminous powder, it required melting in order to 

load the correct amount of material. The initial melting could only be achieved at 

temperatures above 80 °C and so measurements could not be made directly at 40 °C 

or with thermally sensitive APIs present. Consequently, a PD,LLA with a similar 
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molecular weight (PLA12) was sourced along with a PLGA (PLGA36). These polymers 

had been manufactured differently so were more granular and could be loaded into 

the measurement cell without heating. Ambient pressure measurements at 40 °C 

were still not possible with these polymers but the desired conditions of 40 °C and 

140 bar CO2 could be accessed directly. Once the system was at measurement 

conditions the now standard soaking procedure was followed giving ηsat values of 

1.2 Pa.s for PLA12 and 125 Pa.s for PLGA36. For completion, the viscosity of all three 

polymers at 40 °C and 140 bar was also measured after cooling from 80 °C and the 

values compared. It was clear from Table 3.4 that cooling from 80 °C was not a viable 

method for achieving measurements at lower temperatures, as there were 

significant differences between the results from the two methods. This could be 

because the polymers were degrading slightly, as demonstrated with PLGA36 where 

the molecular weight had decreased after the measurement at 80 °C accounting for 

the reduced viscosity at 40 °C. 

It was also necessary to confirm that these methods had no detrimental effects on 

the polymers. For example, as the polymers were kept at high temperatures for a 

long time they could undergo thermal degradation. Therefore, the polymers were 

characterised before and after the rheology measurements using GPC, 1H NMR and 

DSC. Although small variations were detected in the characteristics of the polymers, 

these were not found to be significant for the PD,LLAs (Table 3.5). The PLGA36 was 

more sensitive to degradation especially after measurements performed at 80 °C and 

so shall only be used for low temperature measurements. 

 Conclusions 

In conclusion, two robust and reliable high pressure rheology methods have been 

developed to measure the viscosity at two different temperatures (80 °C and 40 °C). 

Both methods were found to be non-detrimental to the polymers and were used 

throughout this thesis to produce comparable viscosity data. Chapter 4, utilises the 

method at 80 °C to assess the effect of a combination of CO2 and poly(ethylene 

glycol) (PEG) on the viscosity of PLA11. Following this, the method at 40 °C will be 

employed in Chapter 5 to analyse the viscosity of formulations containing APIs. 
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 Abstract 

The processing of thermoplastic polymers generally involves very high temperatures, 

pressures or the presence of volatile organic solvents (VOCs) in order to overcome 

the high viscosity of the polymer melt. However, these processing conditions are not 

suitable for the incorporation of thermally labile active pharmaceutical ingredients 

(APIs) in biodegradable polymers, such as the encapsulation of drugs in 

poly(D,L-lactide) (PD,LLA). Therefore, new methods of reducing viscosity without the 

use of high temperatures or VOCs are being investigated. Both poly(ethylene glycol) 

(PEG) and CO2 are approved excipients in drug delivery and it is well established that 

both can individually reduce the viscosity and the glass transition temperature (Tg) 

of PD,LLA. This chapter investigates if further benefits arise from a combination of 

PEG and CO2.  

The robust and reliable high pressure rheology method, which was developed for the 

analysis of polymer melt viscosities (Chapter 3), is used to assess the effect of PEG 

on the viscosity of PD,LLA in combination with dense phase CO2. This chapter also 

explores other benefits arising from the use of both PEG and CO2 as potential 

processing aids, such as reduced processing times.  

By investigating PEG as a blended excipient, the effect of increasing PEG content on 

the viscosity of PD,LLA is determined. Subsequently, the effect of covalently linking 

PEG to PD,LLA in a PEG-b-PD,LLA block copolymer is studied, exploring both the 

influence of the overall molecular weight of the block copolymer and the molecular 

weight ratios of the blocks. Ultimately, the impact of the mode of introducing the 

PEG on the viscosity of the PD,LLA is compared. 

A summary of this work can be found in the article: 

K.J. Pepper, T. Masson, D. De Focatiis, S.M. Howdle, Can a combination of 

poly(ethylene glycol) and dense phase carbon dioxide improve processing of 

polylactide? A high pressure rheology investigation, The Journal of Supercritical 

Fluids, (2018) 133, 343–348. doi:10.1016/j.supflu.2017.10.014. 
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 Introduction 

In order to process thermoplastic polymers it is often necessary to reduce the high 

viscosity of the polymer melt. Typically, this is done using extremely high 

temperatures and pressures (up to 350 °C and 500 bar)124 for methods such as 

extrusion or injection moulding. Alternatively, VOCs can be used to produce low 

viscosity solutions allowing the use of lower temperatures for methods such as spray 

drying. However, both options have significant drawbacks such as high-energy costs 

or the need for extensive purification steps. Moreover, high temperatures and the 

use of VOCs are detrimental to the activity of APIs rendering these methods 

inapplicable for processing polymers for drug delivery.71  

Plasticisers are usually small molecules which are used to facilitate the processing of 

high viscosity polymers,73,181 by penetrating and disrupting the secondary 

intermolecular forces between polymer chains. This results in an increased free 

volume, and less energy is therefore required for molecular motion. The overall 

outcome is a decrease in Tg and viscosity, which in turn allows for easier processing 

at lower temperatures. However, plasticizers remain in the final product, making 

them unsuitable when processing polymers for pharmaceutical applications, as they 

will be released into the body. 

The use of PEG as a polymeric plasticiser for PD,LLA has long been established and 

documented in the literature.30 As it is FDA approved for use in the body it is a 

particularly good candidate for use in drug delivery applications. In particular, PEG 

has been utilised in drug delivery devices to improve release profiles by introducing 

hydrophilic channels and enhancing the rate of diffusion of water in and out of 

microparticles.24 Previously, studies have focused on investigating the effect of PEG 

on the viscosity of PEG/PLA blends. Work by Li et. al. showed that as the content of 

PEG in the blends increased, the viscosity decreased,182 with similar observations 

reported throughout the literature.183–187 However, in all these studies, the 

properties and characteristics are determined after blending and high temperatures 

are still required. This is problematic particularly when processing proteins or 

peptides. Another avenue of investigation is the mode of incorporation of PEG. Block 
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copolymers as drug delivery vehicles have been extensively investigated in the 

literature,18,188–190 and in the past twenty years PEG derived block copolymers in 

combination with biodegradable PLA and PLGA have garnered particular 

interest.18,31,191–196 Varying the block ratio and molecular weights of the polymers 

may have different effects on the viscosity and thus allow tailoring of the processing 

aids to specific purposes.197 

Exceptional benefits of using block copolymers of PEG and PLA for pharmaceutical 

applications, such as improved hydrophilicity, degradation rates, crystallization, 

increased drug loading, reduced burst release and increased residence time of APIs 

have been reported.191,198 Despite these advantages, the effect of copolymerisation 

on polymer processing parameters such as temperature and viscosity reduction 

leading to improved API dispersion, has not yet been investigated in detail.  

As described in Chapter 1, CO2 has been extensively investigated as a viable route to 

low temperature processing of polymers. It is well documented that CO2 can 

effectively and significantly reduce the viscosity of a range of polymers from PE,137 

PP139 and PS128 to PEG,136 PCL131,138 and PLA.130 It is especially promising as a 

processing aid since it is capable of reducing the thermal transitions and viscosity 

without the use of solvents.71,93 However, the viscosity of the polymer remains 

relatively high which impedes the efficient incorporation of active components, such 

as APIs, and thorough mixing of the components, ultimately impairing the final 

product properties.111 Therefore, this chapter investigates whether the combination 

of PEG and dense phase CO2 can overcome these challenges and further reduce the 

viscosity and required processing temperatures of PD,LLA. To investigate this a high 

pressure rheometer was employed. 

Polymer blends have been investigated using rheology at ambient pressure for many 

years with an early review dating back to 1982.199 A more recent review explores the 

importance of using rheology to investigate polymer properties for processing.200 

Various characteristics of polymer blends have been studied such as phase 

transitions and morphologies of immiscible polymers,201 as well as the viscoelastic 

properties and interactions of blended polymers.202 In the past decade a plethora of 

research has focused on the melt rheology of polymer blends to provide vital 



 

4-106 
 

information for polymer processing optimisation.182,203–209 Over the years several 

high pressure rheology techniques have been developed in order to assess the 

efficiency of CO2 as a processing aid.127,174–176,210 Some of the earliest experiments 

were performed using a high precision vibrating wire method reported by 

Gourgouillon.136 Most recently Curia et al.  investigated the effect of CO2 on the 

viscosity of semi-crystalline PCL using a high pressure rotational rheometer.131 In 

Chapter 3 of this thesis, the viscosity study of PCL is used as a basis for the 

development of the high pressure rheology method. 

Despite PEG and CO2 significantly reducing viscosity and processing temperature, the 

viscosity of the polymer melt remains sufficiently high that it inhibits complete 

mixing of the components of the formulation.111 It is well established that both PEG 

and CO2 can individually facilitate the processing of PD,LLA, but are there further 

benefits to combining them?  Using high pressure rheology, the viscosity of different 

molecular weight PD,LLA and PEG polymers at ambient pressure and in CO2 is 

compared. Then the effect of PEG as a blended excipient at varying weight content 

is investigated. Subsequently, the effect of covalently linking the processing aid in a 

PEG-b-PD,LLA block copolymer is studied, exploring the impact of molecular weight 

and block ratios. Ultimately, the aim is to determine how the mode of introducing 

PEG affects the viscosity of the PD,LLA. 

 Materials  

D,L-lactide (99%, Acros Organics) was stored at 2-8 °C. Benzyl alcohol (99.8%, Sigma 

Aldrich) and tin (II) 2-ethylhexanoate (Sn(Oct)2) (> 92.5%, Sigma Aldrich) were stored 

at room temperature. Poly(ethylene glycol) methyl ether with molecular weight 

5000 g/mol by GPC (PEG5 Table 4.1) and poly(ethylene glycol) with molecular weight 

of 10,000 g/mol as given by the supplier (PEG10 Table 4.1) were purchased from 

Sigma Aldrich and stored at room temperature. Amorphous poly(D,L-lactide) with 

molecular weight 11,000 g/mol by GPC was purchased from Evonik and stored 

at -20 °C (PLA11 Table 4.1). The monomer, initiators and catalyst were dried at 

reduced pressure (room temperature vacuum oven, 100 mbar) over night before 

being used for the synthesis. The polymers, chloroform (Laboratory Reagent Grade, 
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Fisher Scientific), ethanol (Analytical Reagent Grade, Fisher Scientific), Food grade 

CO2 (99.8%; BOC, UK) for the high pressure rheology experiments; and SFC grade CO2 

(99.99%; BOC, UK) for the synthesis, were all used as received. 

THF (HPLC grade, Fisher Scientific) and deuterated chloroform, CDCl3 (<99%, Sigma 

Aldrich) were also used as received. Synthesised products were stored at -20 °C. 

Table 4.1. Details of purchased polymers used in this chapter. 

Polymera Description 
Mw 

(g/mol) 

Tg
c 

(°C) 

Tm
c 

(°C) 

PLA11 Poly(D,L-lactide) 11,000b 50 - 

PEG5 
Poly(ethylene glycol) 

methyl ether 
5000b - 59 

PEG10 Poly(ethylene glycol) 10,000* - 61 

a) Subscript numbers refer to the molecular weight (x103 g/mol) of the polymer. b) Measured by triple 
detection GPC in THF using dn/dc values of 0.042 and 0.067 mL/g for PD,LLA and PEG respectively. 
c) Measured by DSC. *Nominal molecular weight provided by supplier. 

 

 Methods 

4.5.1 Polymer Synthesis 

Polymers were synthesised via ring opening polymerisation (ROP) of D,L-lactide with 

tin (II) 2-ethyl ethanoate (Sn(oct)2) catalyst via conventional bulk methods and in CO2 

(Table 4.2). Benzyl alcohol was used as the initiator for the homopolymers while 

block copolymers were produced using a 5000 g/mol PEG methyl ether 

macroinitiator (PEG5). All polymers were characterised according to the procedures 

detailed below. 
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Table 4.2. Molar ratios used for the synthesis of the PD,LLA homopolymer and the PEG-b-PD,LLA block 
copolymers. 

Subscript number in polymer name refers to molecular weight (x103 g/mol) of the preceding block. 

4.5.1.1 Synthesis of PLA5 via ROP in the Bulk 

D,L-lactide (3.00 g, 20.8 mmol), benzyl alcohol (66.6 mg, 0.614 mmol) and Sn(Oct)2 

(21.6 mg, 0.1 mol.% with respect to initiator) were weighed into a 50 mL round 

bottom flask and the reaction mixture was degassed with argon. The flask was 

submerged in a preheated oil bath at 120 °C and the reaction was left to proceed for 

1 hour whilst stirring. The reaction was stopped by removing the flask from the oil 

bath and the reaction mixture dissolved in a minimal volume of chloroform. The 

solvent was subsequently removed under reduced pressure. A monomer conversion 

of typically 89% was determined by 1H NMR.  

To remove the residual D,L-lactide, the polymer was washed with an excess of ethanol 

(~50 mL). The resulting polymer was dried under vacuum overnight to remove any 

excess solvent, yielding a voluminous white powder. The purification process was 

repeated until <1% monomer remained (as quantified by 1H NMR). 1H NMR 

(400 MHz, Chloroform-d): δ (ppm) = 7.40 – 7.29 (m, 5H, CH), 5.30 – 5.10 (m, 1H, CH), 

4.35 (q, 1H, HOCH(CH3)), 1.66 – 1.52 (m, 3H, CH3) (Table 4.4, Entry B1). 

4.5.1.2 Synthesis of the Block Copolymers via ROP in the Bulk 

The block copolymers PEG5-b-PLA5 and PEG5-b-PLA10 were synthesized following the 

general procedure described above in section 4.5.1.1. For the PEG5-b-PLA5 a 

D,L-lactide:PEG5 initiator ratio of 35:1 was used, whereas a 70:1 D,L-lactide:PEG5 

initiator ratio was used for the PEG5-b-PLA10 (Table 4.2).  

 Molar ratio Target PD,LLA Mn 

(g/mol) 
D,L-Lactide Sn(oct)2 PEG5 Benzyl Alcohol 

PLA5100 35 0.1 - 1 5040 

PEG5-b-PLA5 35 0.1 1 - 5040 

PEG5-b-PLA10 70 0.1 1 - 10080 
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1H NMR (400 MHz, Chloroform-d) δ 5.30 – 5.10 (m, 1H, CH), 4.41 – 4.32 (q, 1H, 

HOCH(CH3)), 4.32 – 4.19 (m, 4H, CH2), 3.64 (s, 4H, CH2), 3.38 (s, 3H, CH3), 1.62 – 1.50 

(m, 3H, CH3) (Table 4.4, Entry B2 and B3). 

4.5.1.3 ROP in Dense Phase CO2  

The polymer syntheses in the presence of CO2 were carried out in the standard 60 mL 

autoclave described in Chapter 2. As previously described, before the reaction could 

commence the system had to be leak tested at reaction conditions (120 °C and 240 

bar of CO2). Synthesis in dense phase CO2 was carried out using the same reagent 

quantities as described in sections 4.5.1.1 and 4.5.1.2 and detailed in Table 4.2. The 

D,L-lactide, initiator and catalyst were weighed directly into the autoclave base and 

the system was assembled as described in Chapter 2. The system was then purged 

with CO2 at 2-3 bar for 5-10 minutes to remove any residual water and oxygen. 

Following this, the autoclave was then sealed and pressurised to the reaction 

conditions of 240 bar and 120 °C in accordance with the general procedure described 

in Chapter 2. The reaction was left to proceed for 1 hour with stirring after which 

time the vessel was cooled on ice to a temperature below 25 °C. The system was 

then vented and a sample removed for 1H NMR analysis. A CO2 extraction method 

for the removal of any residual D,L-lactide has previously been reported and was 

adapted for use in this work.211 A small amount of ethanol (2 mL) was injected into 

the reaction vessel and the system pressurised to 240 bar with CO2 at 45 °C. The 

vessel was then flushed with CO2 while maintaining these conditions until there was 

no trace of the residual monomer visible in the 1H NMR spectra. The PD,LLA 

homopolymer was flushed with CO2 for 30 minutes, while the block copolymers were 

exposed to the CO2 flow for up to 2 hours. Upon cooling and venting the samples 

were collected (entries S1-S3, Table 4.4).  

4.5.2 Polymer Characterisation 

Both the purchased and the synthesised polymers were characterised by DSC, GPC 

and 1H NMR as described in Chapter 2.  
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4.5.2.1 1H NMR 

1H NMR were obtained as described in section 2.6.3. The NMR spectra were used to 

calculate conversion and molecular mass of the polymers and the dn/dc values of 

the block copolymers for GPC. The dn/dc values of the block copolymers were 

calculated from equation 4.1 using the weight percent of the individual blocks as 

determined from 1H NMR and the known dn/dc values of the individual blocks (0.042 

and 0.067 mL/g for PD,LLA and PEG in THF, respectively).167,169,212 The weight fractions 

of the PD,LLA and PEG blocks, x and y respectively can be determined from the ratio 

of the integrals corresponding to the polymer backbones (signals a’ and c, Figure 4.2). 

This gave a dn/dc value of 0.055 and 0.051 mL/g for the PEG5-b-PLA5 and PEG5-b-

PLA10 block copolymers, respectively. 

𝑑𝑛

𝑑𝑐
= 𝑥 (

𝑑𝑛

𝑑𝑐
)

PEG
+ 𝑦 (

𝑑𝑛

𝑑𝑐
)

PLA
 4.1 

 

4.5.3 Rheological Measurements 

All rheology measurements were performed following the high temperature method 

described in Chapter 3 (Section 3.5.1.2).  

Homopolymer samples and the block copolymers were weighed directly into the 

measurement cell. The blends were weighed into a vial and physically mixed prior to 

being loaded into the measurement cell. Table 4.3 gives the composition details of 

the blends of PEG and PD,LLA homopolymers, and the PEG-b-PD,LLA block copolymers. 
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Table 4.3. Composition details of PEG/PD,LLA blend and PEG-b-PD,LLA block copolymer samples 
investigated in this chapter. Subscript numbers give the number average molecular weight 

(x 103 g/mol) of the preceding polymer. 

 

Before the measurement commenced, the samples were heated to 80 °C and left to 

equilibrate for 1 hour to allow the formation of a molten disk. Initial viscosity was 

measured at ambient pressure by performing consecutive rotational shear ramps 

from 0.1 to 1000 s-1 (described in detail in Chapter 3). Following these 

measurements, the sample was pressurised to 140 bar CO2 using the syringe pump 

and the high pressure viscosity analysis performed as described in Chapter 3. After 

the high pressure measurement was complete all samples had reached their 

minimum viscosity (saturation viscosity (ηsat)). After the high pressure 

measurements, the cell was vented over 20 minutes with constant shearing to 

remove all the CO2, while temperature was maintained at 80 °C. The ambient 

Sample Name 
PEG5 

[wt.%] 

PLA11 

[wt.%] 

PLA11100 0 100 

PEG55:PLA1195 5 95 

PEG510:PLA1190 10 90 

PEG533:PLA1167 33 67 

PEG550:PLA1150 50 50 

PEG5100 100 0 

Sample Name 
PEG10 

[wt.%] 

PLA11 

[wt.%] 

PEG10100 100 0 

PEG1050:PLA1150 50 50 

Sample Name 
PLA5 

[wt.%] 

PLA11 

[wt.%] 

PLA5100 100 0 

PLA510:PLA1190 10 90 

Sample Name 
Mw  PEG block [g/mol] / PEG block 

[wt.%] 
Mw PD,LLA block [g/mol] / PD,LLA block 

[wt.%] 

PEG5-b-PLA5 5000 / 50 5000 / 50 

PEG5-b-PLA10 5000 / 33 10,000 / 67 
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pressure measurements were then repeated to assess whether or not the use of CO2 

had any long lasting effects on viscosity.  

The saturation time of the samples was determined by fitting the η0 values to an 

empirical formula as described in Chapter 3.  

 Results and Discussion 

In order to investigate the effect of PEG and CO2 on the viscosity of PD,LLA it was 

necessary to produce the blend and block copolymer samples. Following this, the 

benefits of PEG and CO2 as processing aids for PD,LLA were quantified using a high 

pressure rheometer. Finally, the influence of PEG on the system as either a blended 

excipient or as a component of a diblock copolymer were compared. 

4.6.1 Polymer Synthesis 

Typically, the homopolymers and the block copolymers were synthesised by ROP of 

D,L-lactide initiated by the hydroxy end groups using tin (II) 2-ethyl ethanoate catalyst. 

Due to the toxicity of heavy metals other catalysts have been investigated.194,213,214 

Here a supercritical ROP method previously established in the group was followed to 

produce the polymers,211 and the resultant polymers were compared to those 

produced via conventional methods. 

An amorphous PD,LLA and two PEG-b-PD,LLA copolymers of target PD,LLA molecular 

weights of 5000, 5000, and 10,000 g/mol (PLA5100, PEG5-b-PLA5 and PEG5-b-PLA10 

respectively, Table 4.2) were synthesised by ROP of D,L-lactide (Scheme 4.1).  

Polymers synthesised via bulk ROP were purified by repeated washing with ethanol 

while those synthesised in CO2 were purified by a CO2 extraction method (see section 

4.5.1.3 for further details).211 All polymers were characterised by 1H NMR, GPC and 

DSC and the results are reported in Table 4.4 and Table 4.5. 
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Table 4.4. Characterisation of polymers synthesised by ROP in the bulk (entries B1-B3) and in CO2 
(entries S1-S3). 

Entry Polymer 
Conv. 
(%)a 

PEG Mn 
(g/mol)a 

PD,LLA Mn 
(g/mol)a 

Total Mn 
(g/mol)a 

Mn 
(g/mol)b 

Mw 
(g/mol)b Ðb 

B1 PLA5100 92 - 5200 5200 4100 4800 1.2 

B2 PEG5-b-PLA5
 94 5500 4900 10,000 8900 9400 1.1 

B3 PEG5-b-PLA10
 90 5600 9700 15,000 12,000 1300 1.1 

S1 PLA5100 99 - 5200 5200 5500 6300 1.1 

S2 PEG5-b-PLA5
 91 5300 4600 10,000 8600 9600 1.1 

S3 PEG5-b-PLA10
 94 5200 9400 15,000 11,000 13,000 1.1 

Subscript number in polymer name refers to molecular weight (x103 g/mol) of the preceding block, 
while the letter B denotes that the polymer was synthesised via conventional bulk methods and S 
refers to polymers synthesised in CO2. (a) Calculated from 1H NMR. (b) Determined from triple 
detection GPC. dn/dc values for block copolymers were calculated from NMR to give 0.055 and 0.051 
mL/g for the PEG5-b-PLA5 and PEG5-b-PLA10 block copolymer respectively (equation 4.1), a dn/dc value 
of 0.042 mL/g was used for the PD,LLA homopolymer.167,169 

 

The conversion was calculated from the 1H NMR spectrum of the crude samples by 

taking the ratios of the integrals of the methine signal in the polymer backbone (a’, 

δ = 5.18 ppm, Figure 4.2 top) and the corresponding monomer signal (a, 

δ = 5.03 ppm) following equation 4.2. The Mn of the PD,LLA was calculated from the 

1H NMR spectrum of the pure samples by comparing the integrals of the benzyl 

signals from the initiator (c, δ = 7.34 ppm) and the polymer methine signal (a’, δ = 

5.16 ppm) (Figure 4.1) using equation 4.3, where 72 g/mol corresponds to the 

molecular weight of the lactide repeating unit, and 5 is the number of protons 

associated with the initiator signal. 

Scheme 4.1 Reaction scheme for the ring opening polymerisation of D,L-lactide to give the 
homopolymers and the block copolymers. 
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Conversion (%) =
∫(𝒂′)

∫(𝒂′) + ∫(𝒂)
× 100 4.2 

𝑀𝑛 =
∫(𝒂′)

∫(𝒄) ÷ 5
× 72 4.3 

 

In order to calculate the Mn of the block copolymers the integral of the PD,LLA 

polymer signal (a’, δ = 5.18 ppm) was compared to that of the methyl signal 

associated with the PEG macroinitiator (c’’, δ = 3.38 ppm) as described by equation 

4.4 (Figure 4.2). The molecular weight of the PEG macroinitiator was also confirmed 

by 1H NMR analysis by taking the integral of the signal associated with the PEG 

polymer backbone (c, δ = 3.64 ppm) and multiplying by the molecular weight of the 

ethylene glycol repeating unit, 44 g/mol, following equation 4.5 (Figure 4.2). 

𝑀𝑛 =
3 ∫(𝒂′)

∫(𝒄′′)
× 72 4.4 

Figure 4.1. 1H NMR spectrum of crude and purified PLA5100 synthesised by ring opening of D,L-lactide 
with benzyl alcohol initiator in CO2, analysed in CDCl3. 

Purified 
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𝑀𝑛 =
3 ∫(𝒄)

4 ∫(𝒄")
× 44 4.5 

 

The polymers were also analysed by GPC to obtain the weight average molecular 

weight (Mw) and dispersity (Ð) along with the Mn which compared favourably with 

that calculated from 1H NMR (Table 4.4). Comparison of the block copolymers with 

the PEG macroinitiator (PEG5) showed a transition to higher molecular weight in 

accordance with the growing PLA chain (Figure 4.3). This confirmed the successful 

synthesis of PEG-b-PD,LLA block copolymers, both via conventional polymerisation in 

bulk and via synthesis in CO2. 

Figure 4.2. 1H NMR spectrum of pure PEG5-b-PLAx block copolymer synthesised by ring opening of 

D,L-lactide with PEG5 macroinitiator in CO2, analysed in CDCl3. 



 

4-116 
 

 

The thermal transitions of the polymers were detected by DSC (Table 4.5). The PLA5 

homopolymers had a Tg around 35-38 °C which was close to the expected value of 

40 °C.215 The block copolymers showed a reduction in Tm compared to that of PEG5, 

which had a Tm of 60 °C. This was possibly due to some miscibility between the PEG 

and the PD,LLA components. In fact, this phenomenon became more pronounced in 

the PEG5-b-PLA10 copolymers where a Tg and a Tm were detected.  

 

 

 

 

Figure 4.3. Typical GPC traces of synthetic polymers showed an increase in overall molecular weight 
as the target molecular weights increase from 5000 g/mol for PEG5 homopolymer, to 10000 g/mol 
and 15000 g/mol for PEG5-b-PLA5 and PEG5-b-PLA10 block copolymers, respectively.  
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Table 4.5. Thermal transition of synthesised polymers determined by DSC. 

Entry Polymer Tg (°C) Tm (°C) 

B1 PLA5100 35 ± 0.79 - 

B2 PEG5-b-PLA5 - 51 ± 0.24 

B3 PEG5-b-PLA10 -15 ± 3.1 51 ± 1.1 

S1 PLA5100 38 ± 0.69 - 

S2 PEG5-b-PLA5 - 52 ± 0.69 

S3 PEG5-b-PLA10 -13 ± 0.70 50 ± 1.1 

4 PEG5 -41* 59 ± 0.19 

*Value taken from literature216 

4.6.1.1 Comparison of Polymerisations Performed in the Bulk 

and in CO2  

Both methods of synthesis were performed in duplicate and produced polymers at 

high conversion with reproducible molecular weights and narrow dispersity. 

Polymers synthesised in the bulk were purified by washing with an excess of ethanol. 

It was necessary to repeat the purification process multiple times over several days 

before an acceptable level of purity was achieved (<1% monomer by 1H NMR). Even 

after several hours of drying, a significant amount of ethanol (~2 % with respect to 

polymer by 1H NMR) remained in the final product (Figure 4.4 red trace). By 

comparison, purification via CO2 extraction required only a very small amount of 

ethanol (2 mL) and was completed in one step in less than 2 hours. The resultant 

polymers contained trace amounts of ethanol (~0.3 wt.% with respect to the polymer 

by 1H NMR) but showed complete removal of the residual monomer (Figure 4.4 blue 

trace). Based on the higher purity of the polymers synthesised in CO2 these were 

chosen for the following rheological studies. 
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4.6.2 Viscosity Analysis 

4.6.2.1 Effect of Molecular Weight on Viscosity 

It is well established that lower molecular weight polymers have lower viscosity than 

higher molecular weight polymers. This is because lower molecular weight polymers 

have shorter polymer chains and therefore fewer chain entanglements compared to 

higher molecular weight polymers with longer chain lengths.114 This results in 

materials that will flow more easily and have lower viscosity. The viscosity of PLA5 

was determined at ambient pressure and at 140 bar in dense phase CO2 (T = 80 °C) 

and compared to commercially obtained PLA11 (Figure 4.5). At ambient pressure it 

was apparent that the PLA5 had a much lower η0 of 1200 Pa.s than the commercial 

PLA11 (6800 Pa.s). Upon treatment with 140 bar CO2 both polymers underwent a 

significant viscosity reduction, with the lower molecular weight polymer maintaining 

a lower viscosity than the PLA11. The same trend was seen for PEG, with PEG10 having 

a larger viscosity at both ambient pressure and at 140 bar in dense phase CO2 

compared to that of PEG5. 

Figure 4.4. Comparison of 1H NMR spectra of PLA5 synthesised and purified in the bulk (red) vs CO2 
(blue). All of the residual monomer had been removed from the sample synthesised in CO2 and only 
trace amounts of ethanol were present. 
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Depending on whether the polymer chains are entangled or not, zero shear viscosity 

scales either linearly with molecular weight (M) or with a much higher power of M 

(typically 3.4)(equation 4.6).180 For a pair of polymers the scale factor is calculated 

from equation 4.7. From this, PD,LLA viscosity scaled as M2.3±1 at ambient pressure 

and as M1.6±0.8 once the polymer was saturated with CO2. The entanglement 

molecular weight (Me) for PLA has been reported as ~9000 g/mol217. Therefore, the 

value of 2.3 ± 1 was in line with a transition across Me. The viscosity scaled as M3.5±0.6 

at ambient pressure and as M4.1±0.8 for PEG. This was in agreement with the expected 

correlation of M3.4 as PEG is reported to have an Me of 1900 g/mol. It should be noted 

that there was increased uncertainty associated with the low viscosity 

measurements and possible solvent effects of CO2.218 

𝜂 ∝ 𝑀𝑛 4.6 

𝑛 =
log 𝜂1 − log 𝜂2

log 𝑀1 − log 𝑀2
 4.7 

 

Figure 4.5. Comparison of the viscosities of 10000 g/mol and 5000 g/mol PD,LLA and PEG at ambient 
pressure and after saturation with 140 bar CO2. Error bars represent ±1 standard deviations from the 
mean. (T = 80 °C). 
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In the above equations η is the viscosity, M is the molecular weight and n is the 

power. The uncertainty was propagated from the uncertainty in the viscosity and 

molecular weight measurements.219 

4.6.2.2 Effect of PEG as a Blended Excipient  

In order to assess the effect of PEG as an excipient, blends of different ratios of PLA11 

and PEG5 were prepared (Table 4.3). The aim of these experiments was to give an 

indication of how increasing amounts of PEG could influence processing parameters 

by reducing the viscosity of the polymer melt.  

Rheological measurements were performed at 80 °C and ambient pressure, and 

immediately following this, the samples were pressurised to 140 bar with CO2 and 

sequential measurements performed over 18 hours. After the viscosity had been 

measured at 140 bar, the samples were depressurised over 20 minutes and the 

viscosity at ambient pressure was measured again. This protocol was designed to 

give information not only regarding the viscosities of the system at ambient and high 

pressure but also during the CO2 soaking procedure and to investigate how well the 

system recovered after CO2 removal. Increasing the PEG content (wt.%) resulted in a 

decrease in viscosity across all stages of the experiment (Figure 4.6). These data were 

in agreement with other results reported in the literature140 and confirmed that PEG 

can be employed as a processing aid for PD,LLA systems. At ambient pressure a 

significant decrease in zero shear viscosity of 64% was evident even at relatively low 

PEG content (5 wt.%), with PEG55:PLA1195 having a viscosity of 2400 Pa.s compared 

to 6800 Pa.s for PLA11100. This suggested that PEG does indeed efficiently plasticise 

PD,LLA, given the effect of such a small quantity of additive.  
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The addition of 10 wt.% PEG (PEG510:PLA1190) yielded a drastic reduction in viscosity 

of 94% to 400 Pa.s compared to the ambient pressure viscosity (η0(pamb)) of PLA11. 

Comparison with a blend of PD,LLA homopolymers of different molecular weights, 

where 10 wt.% PLA5 was mixed with 90 wt.% PLA11 (PLA510:PLA1190) was carried out 

to assess whether it was merely the presence of shorter polymer chains which 

reduced viscosity or the PEG molecules themselves. This experiment was performed 

as recent literature studies have reported that short chain PLA oligomers can be used 

as plasticisers.220 The data shown in Table 4.6 demonstrate that the presence of 10 

wt.% short chain PLA5 had a negligible effect on the viscosity of the PLA11 at ambient 

pressure. The addition of 10 wt.% PEG5 significantly decreased viscosity; confirming 

that it is not the presence of short polymer chains causing the reduction in viscosity 

but the plasticising effect of the PEG molecules themselves.  

 

Figure 4.6. Increasing PEG content (wt.%) resulted in decreasing viscosity of PEG:PD,LLA blends at 
ambient pressure, with 140 bar CO2 after 1 and 18 hours soaking and after venting. Error bars 
represent ±1 standard deviations from the mean (T = 80 °C). 
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Table 4.6. Zero shear viscosities of PLA11 blended with 10 wt.% PLA5 and PEG5 at ambient pressure. 
Error reported as ±1 standard deviation from the mean (T = 80 °C). 

Sample 
η0(pamb) % Decrease 

relative to 
PLA11100 Average  ± SD (Pa.s) 

PLA11100 6800 ± 4300 - 

PLA510:PLA1190 7500 ± 1100 -11 

PEG510:PLA1190 400 ± 200 94 

 

Pressurising the samples to 140 bar with CO2 resulted in a decrease in viscosity of 

over 50% for all compositions even after 1 hour of soaking at 10 s-1 (Figure 4.6-green 

symbols, Table 4.7). The viscosity was measured at regular intervals over an 18 hour 

period to ensure all samples had experienced the same soaking procedure and were 

saturated with CO2. The saturation time (tsat) and the saturation viscosity (ηsat) were 

calculated as described in Chapter 3. Saturated samples had such a low viscosity that 

the effect of additional PEG was minimal (Figure 4.6- red symbols), although a 

decrease in the time required for complete saturation was observed (as discussed 

later in the chapter).  

Once the viscosity had been measured at 140 bar, the pressure was released and the 

viscosity at ambient pressure was measured again. This provided an insight into the 

reversibility of the effects of CO2 treatment on the polymer samples. It has previously 

been reported that the effects of CO2 as a plasticiser are completely reversible upon 

depressurisation.131 In this study, all samples recovered their viscosities (Figure 4.6- 

pink symbols) and therefore this data agreed with the literature reports.  

Allowing the samples to soak for 18 hours resulted in complete CO2 saturation and a 

more reliable comparison, but it should be noted that this timescale was purely a 

function of the measurement geometry. Inside the measurement cell there was 

limited accessible surface area available for the CO2 to contact the sample, giving rise 

to longer diffusion times (Figure 4.7). Previous studies from the group have 

demonstrated that in our view cells the polymers liquefy within minutes at pressures 

as low as 20 bar.221 When using the high pressure rheometer geometry the PD,LLA 

homopolymer took approximately 5 hours to become fully saturated with CO2. 



 

4-123 
 

Introducing PEG as a blended excipient resulted in a decrease in the time taken for 

samples to reach equilibrium viscosity, to 1 hour for the 50 wt.% PEG blend 

(PEG550:PLA1150) (Figure 4.8). It was not possible to calculate the exact tsat for the 

PEG5100 homopolymer as the sample reached its minimum viscosity before the first 

measurement was performed after 1 hour of soaking. Table 4.8 details the time 

taken for each sample to reach saturation. 

 

Owing to the PEG molecules having greater mobility than the PD,LLA molecules the 

relaxation time and viscosity of the blends at ambient pressure was substantially 

reduced in comparison to PLA11. Accordingly, the CO2 penetration through the 

polymer occured more quickly with increased PEG content, reducing the saturation 

time. 

Figure 4.7. Schematic of the inside of the rheometer measuring cell showing how the CO2 contact area 
is relatively small compared to the sample size, where a is the measuring cell wall, b is the spindle of 
the measuring geometry, c is the upper parallel plate and d is the polymer sample.  
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4.6.2.3 Effect of PEG as a Covalently Linked Block on the 

Viscosity of PD,LLA 

With a view to making a comparison between the effect of PEG as a blended 

excipient and as part of block copolymer,  two PEG-b-PD,LLA copolymers were 

synthesised by ROP in dense phase CO2 using a 5000 g/mol PEG macroinitiator, as 

detailed above (section 4.5.1, Table 4.2). Two different PEG:PD,LLA ratios were 

targeted and these block copolymers were compared to polymer blends of similar 

polymer weight fractions. To this end the viscosity of a block copolymer with a 1:1 

PEG:PD,LLA ratio (PEG5-b-PLA5) was compared to that of a 50 wt.% 10,000 g/mol PEG 

blend (PEG1050:PLA1150, Table 4.3); and the viscosities of a second block copolymer 

with a 1:2 PEG:PD,LLA ratio (PEG5-b-PLA10) and a 33 wt.% PEG blend (PEG533:PLA1167) 

were compared. A summary of the polymers being discussed is given in Scheme 4.2. 

 

Figure 4.8. Saturation time (tsat) of PEG5:PLA11 blends. Increasing PEG content resulted in a decrease 
in tsat. Error bars represent ±1 standard deviations from the mean (T = 80 °C). 
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Taking first the data obtained at ambient pressure it was found that the block 

copolymers had notably lower viscosities than the PD,LLA homopolymer; 5.6 Pa.s and 

44 Pa.s for PEG5-b-PLA5 and PEG5-b-PLA10 respectively in comparison with 6800 Pa.s 

for PLA11100 and 1200 Pa.s for PLA5100 (Figure 4.9- blue bars). Surprisingly, the 

viscosity observed for the weight equivalent PEG533:PLA1167 blend (η0(pamb) 27 Pa.s) 

was significantly lower than the viscosity of the PEG5-b-PLA10 (η0(pamb) 44 Pa.s). This 

can be explained by thinking of the composition of the samples in terms of their 

composition and chain mobility. The blend was composed of highly mobile, shorter 

PEG chains and less mobile, longer PD,LLA chains. On the other hand, the block 

Scheme 4.2. A series of schematics depicting the various block copolymers and their comparable 
blends, along with the homopolymers for reference. PD,LLA is shown in blue and PEG is shown in red. 
Viscosities at ambient pressure (η0(pamb)) and molecular weights (Mw) are also given. 



 

4-126 
 

copolymer represents the covalently linked counterpart and as such had a reduced 

degree of freedom in the PEG chains (Scheme 4.2). This resulted in less mobility and 

therefore increased viscosity by comparison. The overall molecular weight of the 

block copolymer (15,000 g/mol) is also larger than either component of the blend 

(5000 g/mol PEG plus 10,000 g/mol PD,LLA) and contributes to the elevated viscosity. 

 

By contrast, a reversal of this trend is seen for the comparison of the PEG5-b-PLA5 

block copolymer (η0(pamb) 5.6 Pa.s) which had a lower viscosity than its equivalent 

blend PEG1050:PLA1150 (η0(pamb) 17 Pa.s). Once again, this can be explained by 

considering the molecular weights of the individual components. Here the molecular 

weight of the block copolymer is equivalent to the two homopolymers of the blend. 

Therefore it consists of a less mobile but much shorter (5000 g/mol) PD,LLA chain 

covalently bound to a highly mobile PEG moiety (5000 g/mol) resulting in a much 

lower viscosity than PLA11 (Scheme 4.2). The blend is a mixture of two individual 

polymers both with Mn = 10,000 g/mol and so the viscosity correlates with the 

molecular weights of the individual polymers being much larger than the separate 

Figure 4.9. The viscosities of PEG:PLA blends and PEG-b-PD,LLA copolymers at ambient pressure and 
after 18 hours in CO2 at 140 bar pressure are compared. The hatched bars represent the blends while 
the block colours represent the block copolymers. Error bars represent ±1 standard deviation from 
the mean (T = 80 °C). 
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blocks. This is coupled with a dominance of the PD,LLA and becomes apparent when 

the viscosity of the corresponding PD,LLA chains is considered. The PLA5 has a viscosity 

of 1200 Pa.s while the PLA11 has a much greater viscosity of 6800 Pa.s. Even for the 

highly mobile PEG, increased chain length results in increased viscosity from 0.4 Pa.s 

for PEG5 to 3.5 Pa.s for PEG10. 

The same trends follow for both block copolymers when they are exposed to CO2. 

Based on previous work it was expected that the samples with a 33 wt.% PEG content 

would be more miscible than those containing 50 wt.% PEG.140 This correlates with 

the data presented in Table 4.5, where an intermediate Tg was observed for the 

PEG5-b-PLA10 indicating partial miscibility of the two component polymers. A Tg was 

not detected at all for the PEG10-b-PLA10 copolymer due to it being masked by the 

PEG Tm. Where polymers exhibit greater miscibility, it has been reported that a 

greater decrease in viscosity is observed.140 However, the viscosities observed in 

Scheme 4.2 do not follow this trend, indicating that although miscibility can influence 

viscosity, in this case it is not a dominating factor. 

As both block copolymer formation and blending with PEG significantly reduce the 

viscosity of PD,LLA, either strategy could be employed to improve processability and 

the decision of which to use will be based on other properties of the block copolymer 

or blends, which may be desirable for the final application. For example, the 

enhancement of hydrolytic degradation is important for drug delivery applications 

and can be achieved by the introduction of hydrophilic channels via blending. 

Conversely, the use of block copolymers could result in improved drug solubility.222
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Table 4.7. Calculated zero shear viscosity values (Pa.s) obtained using the Carreau model fitting (T = 80 °C) 

Sample 

Viscosity at ambient 
pressure 

(η0(pamb)) 

Viscosity at 140 bar after 1h 
soak 

Saturation viscosity 

(ηsat)a 
Viscosity after venting 

% 
decrease 

from 
PLA11100 

Average 
Standard 
deviation 

Average 
Standard 
deviation 

% 
drop 
from 
pamb

* 

Average 
Standard 
deviation 

% 
drop 
from 
pamb

* 

Average 
Standard 
deviation 

% 
difference 

from 
pamb

* 

PLA11100 6800 4300 1400 900 79.75 1.2 0.15 99.98 9800 2900 +45.96  - 

PEG55:PLA1195 2400 1200 420 130 82.61 0.85 0.31 99.96 1400 970 -39.94 64.35 

PEG510:PLA1190 420 200 140 34 67.36 0.84 0.13 99.80 550 320 +31.95 93.82 

PEG533:PLA1167 27 12 12 9.2 56.09 0.46 0.05 98.30 26 4.8 -3.97 99.60 

PEG550:PLA1150 3.7 0.69 1.1 0.06 70.77 0.22 0.08 94.02 3.1 1.5 -16.18 99.95 

PEG5100 0.40 0.04 0.11 0.01 72.26 0.04 0.01 89.57 0.39 0.03 -2.73   

PEG10100 3.5 0.21 1.6 0.11 53.37 0.63 0.05 81.82 2.9 0.24 -15.35  - 

PEG1050:PLA1150 17 0.59 7.6 0.55 55.64 0.85 0.04 95.00 14 0.46 -14.99 99.75 

PEG5-b-PLA5 5.6 0.71 1.8 0.26 66.48 0.38 0.03 93.26 6.00 0.67 +6.82 99.92 

PEG5-b-PLA10 44 5.3 14 1.8 67.40 0.95 0.16 97.84 41 2.6 -6.08 99.35 

PLA5100 1200 130 520 30 54.90 0.35 0.17 99.97 1100 95 -7.13 -  

PLA510:PLA1190 7500 1100 1500 580 80.29 0.95 0.04 99.99 5300 1200 -28.64 -10.70 

*% drop from pamb = The percentage drop in viscosity from the ambient pressure (pamb) viscosity. a) Calculated from equation 3.2.  



 

4-129 
 

Table 4.8. Time to saturation as determined from equation 3.2. 

Sample 

Time to saturation, 
tsat (hours) 

Average 
Standard 
Deviation 

PLA11100 5.26 0.62 

PEG55:PLA1195 2.56 0.67 

PEG510:PLA1190 2.65 0.32 

PEG533:PLA1167 2.34 0.28 

PEG550:PLA1150 1.28 0.41 

PEG5100 -   - 

PEG10100 1.25 0.01 

PEG1050:PLA1150 2.34 0.04 

PEG5-b-PLA5 1.61 0.07 

PEG5-b-PLA10 2.49 0.18 

PLA5100 4.43 0.36 

PLA510:PLA1150 5.13 0.47 

 

 Summary 

Homopolymers of PD,LLA and PEG-b-PD,LLA block copolymers were synthesised and 

purified by conventional bulk methods and were comparable to those produced in 

CO2. Both techniques gave good conversions, molecular weights and narrow 

dispersities. However, following purification, the bulk polymers contained a 

significant amount of residual ethanol and it was not possible to remove all of the 

residual D,L-lactide monomer via conventional methods. Whereas the polymers made 

via ROP in CO2 had only trace amounts of ethanol and no residual monomer. 

Although the synthesis of PLA in CO2 has previously been reported, this is first time 

that the established method of ROP of D,L-lactide in CO2 has been extended to the 

synthesis of a PEG-b-PD,LLA copolymer. The CO2 synthetic method yielded polymers 

with good agreements between theoretical and experimental molecular weights and 

narrow dispersities. 
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Rheological analysis of PD,LLA and PEG samples of different molecular weights (5000 

and 10,000 g/mol) showed that viscosity scaled with molecular weight as 

expected.223  

The addition of PEG as a processing agent along with the use of CO2 can dramatically 

reduce the viscosity of PD,LLA, improving the processability of the polymer. The effect 

of PEG is apparent whether its role is as a blended excipient or as a component of a 

block copolymer. Viscosity reductions from 6800 Pa.s (for PLA11 homopolymer) to 

less than 1 Pa.s were observed when the PD,LLA was treated with PEG and CO2.  

Furthermore, this work also showed that PEG reduces the saturation time of CO2 

through the polymer melt resulting in shorter processing times. A soaking time of 5 

hours was required to saturate the PD,LLA homopolymer with CO2. This was 

immediately reduced to approximately 2 hours with the addition of just 5 wt.% PEG 

(Table 4.8). Rheology measurements also confirmed that the use of CO2 has no 

lasting effects, as upon its removal all samples recovered their viscosity. 

 Conclusions 

The rheological data in this chapter documents the quantification of the process 

improvements that CO2 and PEG could provide. The reduction in saturation time 

required for CO2 to reduce the viscosity of the polymer melt is a key benefit of the 

combination of PEG and CO2. This is also the first time that the effect of PEG on the 

melt viscosity of PD,LLA has been quantified both as a component of a PEG/PD,LLA 

blend and a PEG-b-PDLLA block copolymer in CO2. In these studies reduced viscosity 

was achieved at 80 °C; over 100 °C lower than contemporary processing 

temperatures. However, this temperature is still too high for use with thermally 

labile APIs such as the proteins used in the formulations in the following chapter. In 

order to measure the viscosity at lower temperatures an alternative system of 

polymer blends was employed. The following chapter aims to exploit these data to 

aid formulation design.



 

 

  
 

Can the Rheological Properties of a 

Formulation Provide an Insight into 

the Drug Release Profile? 
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 Abstract 

The previous chapters describe the development of a high pressure rheology method 

to investigate the effect of CO2 and additives on the viscosity of polymer melts. This 

chapter aims to use the knowledge and skills previously acquired to investigate the 

viscosity of polymer-based formulations containing a model drug for sustained 

release. The data presented herein are used to investigate whether the rheological 

properties of a formulation correlate with its performance during an in vitro 

dissolution study. 

At present, it is necessary to perform in vitro dissolution studies for all potential drug 

delivery systems in order to establish whether they have promising release 

properties for sustained or controlled drug delivery. These studies are time 

consuming and sometimes carried out only to find that the formulations are not 

suitable for successful drug delivery based on their poor and inconsistent release 

profiles. In addition, these studies are costly, especially when performed on large 

batch sizes. They are also prone to large experimental uncertainties resulting in the 

need for multiple repeats and large sample pools. 

It is expected that a formulation with a homogeneous distribution of API throughout 

the polymer matrix will produce reproducible release profiles during in vitro 

dissolution studies. It is hypothesised that rheology could be used to assess the 

homogeneity of a formulation, and therefore be used to predict how well a 

formulation will perform in a dissolution study. Rheology could be used as a 

preliminary test to aid the development of sustained release formulations. This 

would not only reduce the number of long-term in vitro dissolution studies that need 

to be carried out but also save costs and time within the formulation development 

process.  

This chapter addresses this question by first using the high pressure rheology method  

along with other high pressure techniques to determine a suitable polymer matrix. 

Following this a series of formulations were produced using a CO2 mixing procedure.  

The viscosity of these formulations was then measured using the high pressure 

rheology method described in Chapter 3. A content assay and micro Raman 
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spectroscopy provided information on the success of blending and on the 

homogeneity of the formulations. Finally, a one-month in vitro release study was 

performed and the release profiles were compared to the rheology data. 
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 Introduction 

The process of developing a new route for sustained drug delivery for the 

pharmaceutical market is cost and time consuming. Whilst, the active 

pharmaceutical ingredient (API) is often well studied and understood, the impact of 

the polymer and additives on the stability and release behaviour is often unknown. 

Therefore, all formulations must undergo rigorous testing before being submitted 

for pre-clinical in vivo studies. These tests include monitoring the stability of the API 

in the presence of the formulation components, during processing and during 

storage via the appearance of degradation products. Assessing the toxicology of the 

proposed formulation using cell culture studies is also a key test. Not least, in vitro 

dissolution testing is required for all dosage forms in which absorption of the API is 

necessary to achieve the desired therapeutic effect.157  

For most APIs to be effective they must be absorbed into the systemic circulation 

before they become bioavailable. This is a two-phase process that involves 

dissolution of the API from the formulation into the surrounding environment 

followed by absorption of the API into systemic circulation. Dissolution of the API 

into the surrounding environment has been shown to be critical for bioavailability 

and in many cases is the rate-limiting step for successful absorption of the drug.224,225 

This can be assessed by in vitro dissolution studies, where the dissolution of the API 

into the solution media is directly related to the rate of release of the API from a 

formulation. 

Therefore, in vitro dissolution studies are invaluable for the optimisation of drug 

release, and are also used to detect physical changes in the API and the formulated 

product, such as the formation of degradation products. They are one of the most 

important quality control tools for ensuring batch-to-batch consistency, as well as 

serving as a comparative study for in vitro- in vivo correlation (IVIVC) or relations 

(IVIVR).226 An in vitro- in vivo correlation is a rational relationship between biological 

properties or parameters derived from the physiochemical properties associated 

with a dosage form. The first dissolution study was performed in 1897 investigating 

the chemical and physical dissolution of sparingly soluble benzoic acid and lead 
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chloride in water.227 However, the pharmaceutical importance of dissolution was not 

recognised until the early 1950s225,228 and the impact of dissolution on the 

therapeutic effect of drugs was not investigated until the 1960s.224 In 1971, a study 

by Lindenbaum et al. investigated the intestinal absorption of digoxin from tablets 

prepared by a variety of manufacturers.229 This was prompted by increased reports 

of variations in bioavailability and reports of low serum concentrations despite the 

administration of large doses. Their study showed significant differences in serum 

concentration levels despite supposedly equal digoxin tablet concentration. These 

differences were not only observed between different manufacturers, but also 

between different batches produced by the same manufacturer. This led to an 

investigation by the U.S Food and Drug Administration (FDA) into the dissolution of 

44 formulations of digoxin from 32 different manufacturers.224 This study 

complemented the results reported by Lindenbaum, exposing a wide variation in the 

in vitro release profiles of the different formulations and thus rationalising the 

differences in bioavailability. Herein, the FDA and United Sates Pharmacopeia (USP) 

introduced official dissolution requirements for the evaluation of the in vitro release 

characteristics of pharmaceutical formulations. The test soon became a standard 

quality control tool for the pharmaceutical industry and to date there are seven 

specified apparatus for in vitro dissolution testing that adhere to those 

requirements.157,224 In 1997, the FDA published four guidances that revolutionised 

the use of the dissolution test in drug delivery research. These guidances cover the 

general expectation of the test for immediate release (IR) dosage forms,230 general 

expectations on the development, evaluation and application of IVIVC for modified 

release (MR) forms231 and regulations on the scale up and post approval for IR232 and 

MR dosage forms.233 These guidances cemented the reliance on in vitro dissolution 

studies to rule out bioequivalence and to predict in vivo bioavailability.  

The conditions of the in vitro dissolution tests are determined by the characteristics 

of the dosage form and the route of administration i.e. the dissolution media, 

apparatus and agitation rate should all be suitable for the product. A good dissolution 

study should be robust, free of artefacts, have low variability and discriminate 

between different formulations while having sufficient day-to-day reproducibility.157 
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By selecting experimental conditions that replicate in vivo conditions, it is possible to 

predict a trend in in vivo performance, generating successful IVIVC, and hence 

perform biorelevant dissolution studies.234 Such correlations are of the utmost 

importance for the development of sustained release dosage forms because carrying 

out in vivo release studies of this nature would be impractical due to the long time 

scales and the need for multiple sampling occasions over the course of the study. 

The in vitro method also allows developers to ensure each batch of the same 

formulation performs identically before being tested in vivo.157 

The Biopharmaceutics Classification Scheme suggested that, where possible, in vivo 

clinical studies should be substituted by biorelevant in vitro dissolution studies.235 

These in vitro dissolution studies act as a guide for formulation development and 

help to determine or reduce the need for bioavailability/bioequivalence tests in 

animals and humans.234 Therefore, they are undoubtedly necessary for the 

development of drug delivery systems. However, the extended timescales required 

for the in vitro dissolution study of sustained release formulations means that it can 

take years of development until a formulation can enter the in vivo preclinical trial 

phase. In the case of sustained release formulations each dissolution study could last 

for 1, 3 or 6 months depending on the desired residence time of the API. The large 

experimental uncertainty associated with these tests means that large batch sizes 

and many reiterations have to be performed to ensure statistically accurate results. 

Therefore, although these tests are necessary, they are inefficient, time consuming 

and costly to the industry. Hence, this chapter explores the possibility of using a high 

pressure rheology technique as a pre-screening process to determine whether a 

formulation should be subjected to in vitro dissolution studies. It is expected that a 

homogeneous formulation would generate reproducible release profiles from in 

vitro dissolution studies. It is hypothesised that the homogeneity of a formulation 

during processing could be assessed by rheology. Hence, the rheology could be 

related to how well the formulation performs during the dissolution studies, and the 

number of unnecessary dissolution studies could be reduced. 

Rheology is already a vital technique for the optimisation of polymer processing and 

as described in Chapter 1 biodegradable polymers such as poly(D,L-lactide) and its 
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derivatives have been investigated for use in the pharmaceutical industry for 

decades.18,22–25 These polymers are chosen as they are generally biocompatible and 

break down into non-toxic water-soluble molecules.22 By encapsulating APIs in a 

polymer based matrix it is possible to produce delivery systems with controlled 

release. These systems also offer some protection of the drug molecules against 

degradation.17–19 There are many methods for producing these polymer-based 

systems including emulsion, spray drying and extrusion techniques, described in 

more detail in Chapter 1. In particular hot melt extrusion (HME) processing of 

polymers is gaining ground in the pharmaceutical industry,59 and the key to its 

success as a processing technique lies in the characterisation of the polymer 

viscoelastic properties to aid processing and formulation design. Rheology has been 

used extensively in pharmaceutical HME to determine processing parameters such 

as melt temperature and screw rotation speed. For instance, reliable and accurate 

rheology data can be used in flow simulation and reduce the need for trial and error 

approaches to process design. In turn, this can save time, labour, materials and 

ultimately reduce waste and costs.59  

It is well documented that the addition of APIs can alter the viscosity and viscoelastic 

properties of the polymer matrix, as covered in detail in Chapter 1.59 The solubility 

and miscibility of the API in the polymer matrix will influence the flow properties of 

the formulation and these can be detected using rheology.145,146 For example, 

miscible small molecule APIs act as plasticisers for the polymer matrix and lead to 

reduced Tg and viscosity.142,143 Conversely if the API is immiscible or insoluble it will 

act as a filler, increasing the viscosity of the formulation.143,149 It is clear that these 

rheological investigations are invaluable for process development and for the 

determination of processing parameters. The question is, can the data obtained from 

rheology also be used to predict how well a formulation could perform in in vitro 

dissolution studies? 

Various studies have been carried out to try to relate rheological properties to 

release. Lyons et al. reported on the use of agar as a filler for monolithic matrices.150 

Their study showed that an increased filler content resulted in an increase in viscosity 

and a decrease in the rate of release of the API. However, they attributed the 
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decrease in rate of release to a lack of disintegration and not the increased viscosity. 

Avgerinos et al. investigated the correlation between the mechanical properties of 

solid matrices, specifically cylindrical pellets and mini tablets, and the release of a 

model drug.151 They found that in some cases, the release kinetics were inversely 

proportional to the tensile strength of the tablet but this was dependent on the 

processing method. Andrews et al. demonstrated that release from highly structured 

gel platforms is related to the elasticity and viscosity of the gel.152 They showed that 

an increase in viscosity is related to increased internal structure, which in turn slows 

the rate of release; but this is also governed by the presence of different additives. 

Similarly, Aminabhavi et al. concluded that although the viscosity of a formulation 

has some influence over its release profile, it is the composition of a formulation that 

ultimately determines the release kinetics.153 In all cases, the authors have tried to 

relate the rate of release to the rheological properties of the final product rather 

than the rheological properties of the formulation during processing. This work 

analysed the rheological properties of the formulations during processing with a view 

to assess the homogeneity of the formulation. It is assumed that a homogenous 

formulation will exhibit batch-to-batch reproducibility during in vitro dissolution 

studies. Therefore, if rheology can be used to describe the homogeneity of a 

formulation it could predict the in vitro release performance of the formulation, 

thereby improving the efficiency of the development process by reducing the 

number of in vitro studies that are required. 

The cited investigations were performed at ambient pressure, because the authors 

sought to use the rheology data as a tool for process optimization for conventional 

polymer processing techniques. In all cases, the polymer must be in a liquefied state 

to enable thorough mixing of the formulation components. Typically, this would 

involve heating the polymer above its Tg or Tm or dissolving the components in an 

organic solvent.  However, both of these methods can be detrimental to the API, 

especially those derived from proteins or peptides.14,71 Temperatures above 40 °C 

can lead to the thermal degradation of protein and peptide based APIs. As described 

in Chapter 1, CO2 has been extensively investigated as a potential green solvent 

alternative, to enable processing to occur at lower temperatures.93 Although there 
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have been several reports acknowledging the ability of CO2 to reduce the viscosity of 

the polymer-drug mixture, the processing temperatures are still high (110-190 °C) 

and there is no mention of high pressure rheology.154–156 Lyons et al. report on the 

use of supercritical CO2 (scCO2) as a polymer plasticiser during hot melt extrusion 

processing of oral drug delivery devices.155 The torque and die head pressure of the 

extruder are directly related to the viscosity of the mixture. Their results show a 

decrease in die pressure and torque with the use of CO2 which they extrapolate to a 

reduction in viscosity. The use of CO2 also increased the dissolution rate of the API, 

but this was attributed to the increased surface area on the monolith due to foaming 

upon CO2 release.155 Verreck et al. also investigated the use of CO2 as a temporary 

plasticiser for hot melt extrusion processes.156 Again there is no report of any high 

pressure rheology, and the ability of the CO2 to successfully act as a plasticiser is 

inferred from the torque of the extruder. In this report, the authors show that CO2 

can sufficiently reduce the processing temperature, allowing for the incorporation of 

a thermally labile drug.156 

This chapter focuses on investigating whether a high pressure rheology technique 

can be used to assess the homogeneity of pharmaceutical formulations. The 

hypothesis is that a homogeneous formulation will exhibit batch-to-batch 

reproducibility and comparable release profiles during in vitro dissolution testing. 

Therefore, rheology could be used to predict the performance of formulations 

reducing the need for multiple, lengthy release studies on every single formulation 

produced. This would also lower costs, save time and improve the efficiency of the 

whole formulation development process. Therefore, a series of formulations 

containing a model protein drug, BSA, encapsulated in a biodegradable polymer 

matrix were produced using a CO2 mixing technique, similar to the particles from gas 

saturated solutions method described in Chapter 1. It was expected that the BSA 

would remain solid throughout the process and therefore the formulation would be 

akin to an amorphous solid dispersion and the presence of the API would increase 

the viscosity of the polymer melt.149 The rheological properties under high pressure 

processing conditions were assessed using the high pressure rheology method 

developed previously. Micro Raman spectroscopy and a content assay provided 
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information on the homogeneity and BSA content of the formulations. Finally, an in 

vitro release study was performed and the results were compared to the rheology 

data. 

 Materials 

Poly(ethylene glycol) with molecular weights of 400 g/mol and 6000 g/mol (PEG0.4 

and PEG6, respectively) (Sigma Aldrich) and polycaprolactone with a molecular 

weight of 14,000 g/mol (PCL14) (Sigma Aldrich) were stored at room temperature. 

The poly(D,L-lactic acid) with a molecular weight of 12,000 g/mol (PLA12) (100 DL 2A, 

Evonik Industries) and poly(D,L-lactide-co-glycolide) with a molecular weight of 

36,000 g/mol (PLGA36) (7525 DLG 4A, Evonik Industries) were stored at -20 °C, see 

Table 5.1 for details. PEG6 was ground using a pestle and mortar before use, while 

the other polymers were used as received. 

Table 5.1. Details of the polymers used in this chapter. 

Polymera 
Mn

b 

(g/mol) 

Mw
b 

(g/mol) 
Ðb 

Tm
c 

(°C) 

Tg
c 

(°C) 

PEG0.4 400* - - 6 -41# 

PEG6 6000* - - 61 -41# 

PCL14 10,000* 14,000* 1.4 53 -60# 

PLA12 7000 12,000 1.620 - 44 

PLGA36 24,000 36,000 1.510 - 47 

a) Subscript numbers refer to the molecular weight (x103 g/mol) of the polymer. b) Measured by triple 
detection GPC in THF using dn/dc value of 0.042 mL/g. c) Measured by DSC.*Nominal molecular 

weights from supplier. #Values taken from literature.29,216,236–239 
 

Bovine serum albumin (BSA, Sigma Aldrich) was stored at 2-8 °C. Before use, the BSA 

was ground and milled to produce two different particle sizes. Large, irregular 

particles with an approximate diameter of 200 µm were produced using a pestle and 

mortar, herein referred to as BSAg. Jet milling was used to produce smaller, uniform 
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particles with an approximate diameter of 5 µm, herein referred to as BSAm. The 

particle sizes were estimated from SEM images (Figure 5.8). 

Dialysis tubes with a molecular weight cut off of 100,000 g/mol (Spectrum 

Laboratories, Float-A-Lyzer G2, 1 mL) were purchased for use in the in vitro release 

study. Before use, the dialysis tubes required pre-wetting in an 10% alcohol/water 

solution in order to remove the glycerin coating as stated in the operator manual.240 

Dulbecco’s phosphate buffered saline (DPBS, modified without calcium chloride and 

magnesium chloride, liquid, sterile-filtered, suitable for cell culture, Sigma Aldrich) 

was used as received.  

Food grade CO2 (99.8%; BOC, UK) for the high pressure rheology experiments, SFC 

grade CO2 (99.99%; BOC, UK) for the CO2 mixing, THF (HPLC grade, Fisher Scientific), 

propan-2-ol (Reagent grade, VWR) and deionised water were all used as received. 

 Methods 

The materials were characterised by DSC, GPC, SEM, and Micro Raman Spectroscopy 

as described in Chapter 2. View cell experiments of the polymer blends were carried 

out according to the procedure described in Section 2.5.2.1. The CO2 mixing 

procedure described in Section 2.5.3.1 was used to produce the final formulations.  

5.5.1 Jet Milling of the BSA 

In order to reduce the particle size of the BSA an Atritor M3 microniser was used 

(Upperton Pharma Solutions, August 2017). 15 g of BSA was manually fed into the 

venture of the microniser over a period of approximately 3 minutes. The venturi 

pressure was set to 6 bar; the maximum achievable in the lab. Initially, the grinding 

air pressure was set to 2 bar and increased to 4 bar during the first 10 seconds of the 

procedure. In order to achieve the desired particle size the micronised BSA was 

collected and passed through the microniser a second time. The processing time of 

the two runs was 9 minutes in total. 



 

5-143 
 

5.5.2 Rheology 

All rheology measurements were performed following the low temperature method 

as described in Chapter 3 (Section 3.5.1 and 3.5.1.2.3). The measurements were 

performed directly at 40 °C and 140 bar CO2. All data was fitted to the Carreau 

model166 to give calculated values for the zero shear viscosity (η0, Pa.s) as described 

in Chapter 2. The results of a minimum of four measurements per sample with a 

minimum of two samples per formulation were averaged. 

The saturation viscosity (ηsat) and saturation time (tsat) of the samples was 

determined by fitting the η0 values to an empirical formula as described in Chapter 3.  

5.5.3 BSA Content Assay 

The BSA loading of each formulation was determined using the RI signal of a 

multidetector SEC system as described in Section 2.6.2. In order to determine the 

BSA concentration, a series of known concentrations of BSA in DPBS solution were 

analysed for calibration, and the integral of the sample peak (I) was plotted against 

the BSA concentration (C, mg/mL) (Figure 5.1).  
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To ensure this method of analysis would be suitable for the formulations, polymer 

solutions in DPBS were spiked with known amounts of BSA and analysed. The results 

of the content assay demonstrated the suitability of this method for determining the 

BSA content of the formulations (Table 5.2, R2 = 0.979).  

Table 5.2. Comparison of the actual and calculated BSA content of the spiked polymer solutions. 

Sample 

Actual BSA 
concentration 

(mg/mL) 

Integral of the 
resolving peak 

Calculated BSA 
concentration 

(mg/mL) 

1 2.2 1133967.6 2.22 

2 1.9 863556.1 1.69 

3 0.9 302794.3 0.61 

 

This GPC method was also used to assess the amount of BSA that was released during 

the dissolution study. 

Figure 5.1. The integral of the resolving peak is plotted against the known BSA concentrations (blue 
squares) and fitted to a linear equation (black dashed line).  
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5.5.4 In Vitro Dissolution Study 

The in vitro dissolution study was carried out using 1 mL dialysis tubes (Float-A-Lyser 

G2 100,000 g/mol) submerged in 25 mL of DPBS. Prior to use the dialysis tubes were 

pre-wetted in a 10 v/v% solution of propan-2-ol in deionised water for 10 minutes. 

Subsequently, the membranes were rinsed repeatedly with deionised water then 

soaked in DPBS buffer overnight.240 

The release study was performed on two tablets from each batch of the 

formulations. Tablets were pressed from 50 mg of sample using a 5 mm diameter 

mould at 2 tonnes of pressure for 30 seconds. Prior to loading into the dialysis tubes, 

the weight of each tablet was recorded and the approximate mass of BSA calculated 

from the content assay.  

The tablets were loaded into individual dialysis tubes along with 1 mL DPBS buffer. 

These were then submerged in 25 mL DPBS buffer. A zero hour sample of each tablet 

was taken before being placed in the incubator shaker (Thermoscientific MaxQ 6000) 

at 180 rpm and 37 °C. Samples were then taken every 30 minutes for the first 4 hours 

and then every hour for the next 4 hours. Following this, samples were taken at 11, 

24 and 48 hours to cover the initial burst period. As the study progressed, further 

samples were taken at 4, 7, 10, 15, 22 and 29 days. Samples were taken by removing 

1 mL of the surrounding buffer and replacing with 1 mL of fresh DPBS; they were 

then analysed using the SEC-MALS method described previously in section 5.5.3.  

 Results 

The aim of this chapter was to determine whether the rheology of a formulation 

could be used to predict how well it will perform during an in vitro dissolution study. 

The first aspect was to determine which blend of polymers would be most suitable 

for the polymer matrix. This blend must have a low enough viscosity to enable 

thorough mixing and yield a solid, homogeneous product upon removal of the CO2. 

Once the polymer matrix was selected, a series of formulations containing the model 

drug, BSA, were produced using the CO2 mixing procedure, as described in section 

2.5.3.1. These formulations were then analysed by rheology and an in vitro 
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dissolution study was carried out to assess whether there was any correlation 

between the rheological properties of the formulation and its performance in the in 

vitro dissolution study. 

5.6.1 Polymer Matrix Selection 

Following discussions with Critical Pharmaceuticals Ltd (UK) a series of polymer 

blends were suggested based on a formulation for the extended release of ketamine. 

This formulation exhibited extended release over 3 months with minimal burst 

release and consisted of 60 wt.% API, 7.5 wt.% PLGA36 and 32.5 wt.% PLA. However, 

due to the high molecular weight of the PLGA36, it was difficult to process, resulting 

in low yield and poor API encapsulation. Oral communications with Critical 

Pharmaceuticals revealed that the high molecular weight PLGA36 was required to 

promote extended release and to reduce burst release. Therefore, other polymers 

were investigated for use as a second polymer, which should have a lower viscosity 

than the PLGA36 in order to improve processability and API incorporation without 

negatively affecting the burst release. PEG was chosen as an option for Polymer 2 as 

it is more hydrophilic than the PLGA and could improve the miscibility of hydrophilic 

drugs with the polymer matrix. Conversely, PCL and PLA are more hydrophobic than 

PLGA and will therefore reduce the dissolution rate of the formulation, further 

extending the release. All the polymers investigated for use as Polymer 2 had a lower 

viscosity than the PLGA36; as demonstrated in Chapters 3 and 4 for the viscosities of 

PLA12 and PEG5, respectively. The viscosity of PCL14, (47 Pa.s at ambient pressure and 

80 °C) was reported by Curia et al.131 Thus, all the chosen polymers matched the 

requirements of having a lower viscosity than PLGA36. In order to determine which 

polymer was the most suitable for the polymer matrix, blends of PLGA36 with the 

various second polymers were produced and their behaviour under processing 

conditions investigated. The ratio of the two polymers was based on the ketamine 

formulation as specified by Critical Pharmaceuticals and maintained at 18.75 wt.% 

PLGA36 to 81.25 wt.% Polymer 2, see Table 5.3 for details. 
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Table 5.3. Properties of the polymers used for polymer 2 in the blends. 

Blend ID# Polymer 
2 

Mn
a 

(g/mol) 

Mw
a 

(g/mol) 
Ða 

Tm
b 

(°C) 

Tg
b 

(°C) 

PLGA3618.75:PEG0.481.25 PEG0.4 - 400$ - 6 -41* 

PLGA3618.75:PEG681.25 PEG6 6000$ - - 61 -41* 

PLGA3618.75:PCL1481.25 PCL14 10,000$ 14,000$ 1.4 53 -60* 

PLGA3618.75:PLA1281.25 PLA12 7000 12,000 1.620 - 44 

#Subscript number details the Mw (x103 g/mol) of the preceding polymer, large number depicts the 
content (wt.%) of the preceding polymer. a) Measured by triple detection GPC. b) Determined by DSC. 
$Nominal molecular weights provided by the supplier. *Values obtained from literature.29,216,236–239 

 

View cell experiments were performed on the blends containing PEG6 and PCL14 

(PLGA3618.75:PEG681.25 and PLGA3618.75:PCL1481.25, respectively) in order to 

determine whether these blends would be suitable for rheology studies. The 

components of the blend containing PLA12 (PLGA3618.75:PLA1281.25) had already 

been characterised in detail in Chapter 3 and so it was not necessary to perform the 

view cell experiment. The blend containing PEG0.4 (PLGA3618.75:PEG0.481.25) was not 

investigated in the view cell since PEG0.4 is a liquid at room temperature and thus, all 

the components would certainly be liquefied under processing conditions. 

5.6.1.1 View Cell Experiments 

View cell experiments were performed on the neat PLGA36 and the blends containing 

PEG6 and PCL14 (PLGA3618.75:PEG681.25 and PLGA3618.75:PCL1481.25, respectively). 

The samples were placed in small vials inside the view cell and exposed to 

experimental conditions of 140 bar CO2 at 40 °C. Photos were taken during 

pressurisation to observe any changes in the samples with CO2 addition (Figure 5.2).  

The neat PLGA36 began to plasticise at 55 bar CO2 without heating (Figure 5.2b). By 

the time the cell was at 40 °C (~ 62 bar), the polymer was mostly liquefied (Figure 

5.2c). Upon addition of CO2 to reach a final pressure of 140 bar the sample is 
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completely liquefied confirming that a melt is obtained, which allows for rheological 

characterisation of the sample (previously reported in Chapter 3) (Figure 5.2d).  

 

The blend consisting of 18.75 wt.% PLGA36 and 81.25 wt.% PEG6 

(PLGA3618.75:PEG681.25) remained solid under these experimental conditions 

(Figure 5.3). Hence, it was not possible to perform the rheology experiments and this 

blend was discarded as a potential formulation matrix. It has been well documented 

that PEG liquefies at 55 °C in the presence of CO2
140 and so our observation at 40 °C 

was not unexpected. For the formulations used in this work, a temperature of 55 °C 

is too high, as it would result in the thermal degradation of the protein drug. 

However, this blend could be explored in future experiments for use with 

formulations that can withstand higher processing temperatures.  

 

Figure 5.2. Images of PLGA36 during the view cell experiment. a) PLGA36 is a pale yellow granular solid 
and ambient pressure and temperature. b) Exposure to CO2 causes plasticisation to begin. Increasing 
temperature (c) and then pressure (d) leads to completely liquefaction of the polymer. This 
experiment confirmed that it is possible to perform rheology studies at these conditions on the neat 
PLGA36. 

Figure 5.3. View cell images of PLGA3618.75:PEG681.25 show that the sample remains solid 
throughout the experiment indicating that this blend is not suitable for further studies. 
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For the next blend (PLGA3618.75:PCL1481.25), the PEG6 was replaced with PCL14, 

another semi-crystalline polymer with a similar Tm. Curia at al. demonstrated that 

CO2 can reduce the Tm of PCL by 25 °C; using high pressure rheology and showed that 

these results were consistent with DSC and FTIR analysis.131 In this study, the sample 

partially liquefied after 45 minutes of exposure to CO2 at 140 bar and 40 °C (Figure 

5.4b). The sample was left for a further 18 hours to see if over time it would liquefy 

completely (Figure 5.4d).  

 

As none of the samples were stirred during this experiment and the absence of 

stirring increases the soaking time (Chapter 3) it was decided that rheology 

measurements might be possible for this blend. Especially since Curia et al. showed 

that the PCL14 homopolymer liquefied completely after 50 minutes of exposure to 

CO2 at 120 bar and 45 °C.131 

These view cell experiments suggest that it is not possible to analyse the blend 

containing PEG6 (PLGA3618.75:PEG681.25), as it remained solid throughout the 

experiment. However, it should be possible to measure the viscosity of the blend 

containing PCL14 (PLGA3618.75:PCL1481.25), as the shearing mechanism could 

promote plasticisation. Therefore, the blends containing PEG0.4, PCL14 and PLA12 

(PLGA3618.75:PEG0.481.25, PLGA3618.75:PCL1481.25 and PLGA3618.75:PLA1281.25, 

respectively) were analysed using the low temperature, high pressure rheology 

method developed in Chapter 3 and their viscosities were compared to that of the 

neat PLGA36. 

Figure 5.4. View cell images of PLGA3618.75:PCL1481.25 show that the sample is partially liquefied after 
being exposed to 140 bar CO2 at 40 °C for 45 minutes (b). Leaving the sample for longer allows the 
CO2 to plasticise the sample until it is fully liquefied (d).  
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5.6.1.2 Rheology of the Blends 

The viscosities of the blends were significantly lower than that of the neat PLGA36: 

PLGA3618.75:PEG0.418.25 had a ηsat of 0.2 Pa.s, while PLGA3618.75:PCL1418.25 and 

PLGA3618.75:PLA1218.25 both had a ηsat of 3 Pa.s (Figure 5.5). This equates to a 

reduction in viscosity of > 99%, 97% and 98%, for the blends, respectively, compared 

to the ηsat of 125 Pa.s of PLGA36. 

 

Given that PEG0.4 was a viscous liquid, there were significant inconsistencies with the 

sample loading for that blend, resulting in the samples having a range of 

compositions and final loading weights. Also due to the low viscosity of the blend it 

was not possible calculate tsat, so it was assumed that the sample reached ηsat after 

less than 1 hour soaking in CO2. After venting of the rheometer (i.e. after processing) 

the sample remained liquid which is not suitable for drug delivery formulations. 

Liquid formulations can be less stable than solid formulations so are generally 

considered unsuitable. 

Figure 5.5. The viscosities of the blends were lower compared to that of the neat PLGA36. Error 
calculated as ±1 standard deviation from the mean. T = 40 °C, P = 140 bar.  

. 
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The viscosities of the blends containing PCL14 and PLA12 were very similar (3.56 and 

3.06 Pa.s, respectively) (Figure 5.5). However, upon removal of CO2, the blend 

containing PCL14 phase separated. This was observed during the view cell 

experiments (Figure 5.6) and by DSC.  

 

In the view cell experiments 81.25 wt.% PCL14 was physically mixed with 18.75 wt.% 

PLGA36. In order to investigate whether the polymers exhibited a region of miscibility 

at lower PCL14 concentrations DSC was performed on blends of three different ratios 

of PCL14:PLGA36: 10:90, 25:75 and 50:50 (Figure 5.7). The blends were produced via 

CO2 blending as described in section 2.5.3.1 and ground to form a homogeneous 

powder. The Fox equation, shown in equation 5.1, predicts that if the polymers are 

miscible then a single Tg should be detected at an intermediate value:241  

1

𝑇𝑔,𝑏𝑙𝑒𝑛𝑑
= ∑

𝑤𝑖

𝑇𝑔,𝑖𝑖
 5.1 

 

Where Tg,blend is the predicted glass transition temperature of the blend, Tg,i is the 

glass transition temperature of the individual components and wi is the weight 

fraction of the components. Neat PLGA36 has a Tg of 47 °C while PCL14 has a Tm of 

53 °C and a Tg of -60 °C.29 Due to the crystallinity of the PCL it was not possible to 

detect its Tg. Given that there was no significant difference in Tg for the blends 

compared to the PLGA36 homopolymer and that the values were not comparable 

with the predicted Tgs, it was concluded that the two polymers were not miscible at 

Figure 5.6. Image of PLGA3618.75:PCL1481.25 after the view cell experiment. Removal of the CO2 
results in phase separation of the two polymers. 
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any composition (Figure 5.7). Therefore, this blend is not suitable for future 

formulations as the immiscibility would lead to partitioning of the drug through the 

matrix and an uneven distribution of the drug. However, this could be useful for 

future work, where partitioning of the drug into different polymer phases might be 

exploited to result in controlled delivery.242 In addition, the blend could not be 

readily ground to produce a fine powder. 

 

The viscosity of the blend containing PLA12 was deemed to be sufficiently low to 

enable good mixing of the drug molecules during processing. In comparison to the 

blend containing PCL14, the samples of PLGA3618.75:PLA1218.25 could be recovered 

from the rheometer after venting as a homogeneous solid and easily ground using a 

pestle and mortar to produce a fine powder. The neat PLGA36 was difficult to grind, 

while the PLA12 homopolymer and the blend of the two (PLGA3618.75:PLA1218.25) 

were brittle and easily manipulated. Although, other polymers were investigated for 

Figure 5.7. The Tg of the blends does not change significantly with increasing PCL14 content and does 
not agree with the predicted values from the Fox equation. Therefore, these two polymers are not 
miscible at any composition. Error calculated as ±1 standard deviation from the mean. 
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use as Polymer 2, PLA12 was the most suitable and its blend with PLGA36 

(PLGA3618.75:PLA1218.25) was used for the polymer matrix of the formulations.  

5.6.2 Formulations Containing BSA 

In this work, BSA was chosen as the model drug as it is readily available and is a 

common substitution for protein formulation work. As proteins have also been 

shown to be stable in the presence of high pressure CO2 at mild temperatures BSA is 

a good candidate for this investigation.243 As explained in Chapter 1, the ratio of API 

to polymer is usually high; in order to eliminate the possibility of unwanted side 

effects from the use of excipients. However, it was decided that the amount of API 

in the formulation should be reduced so that the polymers were the main 

component by weight. This would improve API encapsulation efficiency but by 

investigating two different compositions (40 and 20 wt.% BSA), it would still be 

possible to document the effect of API on the rheological properties of the 

formulation. Two different particle sizes of BSA (200 µm and 5 µm approximate 

particle diameter) were also investigated in order to assess if particle size affected 

the viscosity of the formulation and therefor the release profile. The large, irregular 

particles were produced by grinding using a pestle and mortar and subesequent 

sieving, BSAg (Figure 5.8a), while the smaller, uniform particles were produced by jet 

milling, BSAm (Figure 5.8b).  

Thus, five formulations were produced via the CO2 mixing procedure (section 

2.5.3.1), and are detailed in Table 5.4; two batches were produced per formulation. 

For the first four formulations, the polymer ratio was maintained at 

PLGA3618.75:PLA1218.25 while taking into account the addition of the BSA. For the 

final formulation, the BSA content was maintained at 20 wt.% and the polymer ratio 

adjusted. It was possible to grind all formulations to produce homogeneous powders 

for rheology and BSA content analysis, and to press tablets for the in vitro release 

study.  
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Table 5.4. Composition details of the five formulations containing BSA. 

ID* 
Approx. BSA 
particle size 

(µm)a 

BSA 
content 
(wt.%) 

PLGA36 
content 
(wt.%) 

PLA12 content 
(wt.%) 

PLGA3611.25:BSAg40 200 
40 11.25 48.75 

PLGA3611.25:BSAm40 5 

PLGA3615:BSAg20 200 
20 15 65 

PLGA3615:BSAm20 5 

PLGA3630:BSAm20 5 20 30 50 

*subscript number refers to the Mw (x103 g/mol) of the preceding polymer, large number refers to 
the content (wt.%) of the preceding component. a) Approximated from SEM. 

 

 

5.6.2.1 Rheology of the BSA Formulations 

The addition of BSA increased the viscosity of the formulations in comparison to the 

polymer blend, which had a ηsat of 3 Pa.s (Table 5.5). This is expected as the BSA 

particles remained solid in the polymer matrix and therefore acted as a filler for the 

formulation. In addition, the data can be fitted to the Krieger-Dougherty relationship, 

described by equation 5.2 (Figure 5.9).244–246 Where ηr is the relative viscosity, η is 

the viscosity of the formulation, η0 is the viscosity of polymer matrix, 𝜙 is the volume 

fraction of particles, 𝜙m is the maximum packing and [η] is the intrinsic viscosity 

which is equivalent to 2.5 for spherical particles. 

Figure 5.8 SEM images of BSA particles of different sizes. a) BSAg- large, irregular particles with an 
approximate diameter of 200 µm, produced by grinding and sieving. b) BSAm- small, uniform particle 
with an approximate diameter of 5 µm, produced by jet milling. 
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𝜂𝑟 =
𝜂

𝜂0
= (1 −

𝜙

𝜙𝑚
)

−[𝜂]𝜙𝑚

 5.2 

An increased loading of BSA resulted in an increase in viscosity; as evident from the 

viscosity of the blends containing 40 wt.% BSA and 11.25 wt.% PLGA36 (24 Pa.s) 

compared to the viscosity of the blends containing 20 wt.% BSA and 15 wt.% PLGA36 

(5 Pa.s). 

Table 5.5. ηsat and tsat values determined from the Carreau model fitting and the time to saturation 
calculation. 

Blend IDa 

ηsat (Pa.s) 

tsat 

(hours) 

Average SD 
RSD 

(%) 
Average SD 

PLGA3618.75:PLA1281.25 3.1 0.1 3.2 1.7 0.6 

PLGA3611.25:BSAg40 24* 5 21 < 1** - 

PLGA3611.25:BSAm40 - - - < 2h** - 

PLGA3615:BSAg20 5.8 0.1 1.7 1.8 0.01 

PLGA3615:BSAm20 5.0 0.3 6.0 2.5 0.4 

PLGA3630:BSAm20 14 0.9 6.4 1.8 0.04 

a) BSAg particles were produced by grinding and subsequent sieving and BSAm particles were 
produced by jet milling. *Calculated from the average of the η0 values determined from the Carreau 
Model. **Could not be calculated using the tsat calculation. Error calculated as ±1 standard deviation 
from the mean. T = 40 °C, P = 140 bar. 
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Overall, the addition of 40 wt.% BSA resulted in reduced reproducibility, 

demonstrated by the large relative standard deviation (RSD) in the viscosity 

measurements compared to that associated with the formulations containing 

20 wt.% BSA (Table 5.5). This prevented the calculation of tsat and the standard 

calculation of ηsat for both the blends containing 40 wt.% BSA. It was possible to fit 

the viscosity of the blend containing 40 wt.% BSAg (PLGA3611.25:BSAg40, Figure 

5.10a blue squares) to the Carreau model and so the ηsat was estimated from the 

average of all the η0 values generated from the Carreau model. In general, the 

particle size of the BSA did not have any significant impact on the viscosity profile. 

However, for the blend containing 40 wt.% BSAm (PLGA3611.25:BSAm40) a second 

plateau was observed at high shear rates which meant it could not be fitted to the 

Carreau model, preventing the evaluation of tsat and ηsat (Figure 5.10a red diamonds). 

On the other hand, analysis of the blends containing 20 wt.% BSA were much more 

reproducible with lower RSDs (Table 5.5). Additionally, the data could be fitted to the 

Carreau model and subsequently tsat and ηsat could be calculated (Figure 5.10b). 

Increasing the ratio of PLGA36 with respect to PLA12 resulted in an increase in viscosity 

(14 Pa.s for PLGA3630:BSAm20), this was due to the increased amount of PLGA36 

which has a much higher viscosity than the PLA12 homopolymer (Figure 5.10b).  

Figure 5.9. As the concentration of solid BSA in the formulations was increased, the viscosity increased 
for both particle sizes of BSA. The trend could be fitted with the Krieger-Dougherty relationship. 
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Figure 5.10. The viscosities of the formulations with different BSA loadings and different particle sizes 
are compared. a) Formulations containing 40 wt.% BSA. **The blend containing BSAm (red diamonds) 
could not be fitted to the Carreau model and thus the ηsat could not be quantified. b) Formulations 
containing 20 wt.% BSA. Error calculated as ±1 standard deviation from the mean. T = 40 °C, P = 
140 bar. *Large error bars are observed at low shear rates because the measurement is approaching 
the lower toque limit of the instrument, as explained in Chapter 2. 
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Overall the rheology data could imply that the formulations containing 40 wt.% BSA 

were not very homogeneous, or the BSA content was too high and the presence of 

the solid particles disrupted the rheology measurements. Conversely, the 

reproducibility of the formulations containing 20 wt.% BSA could suggest that the 

drug was evenly distributed throughout the matrix. The formulation containing 

40 wt.% BSAg had a comparatively large RSD, compared to that of the formulations 

containing 20 wt.% BSA (Table 5.5). However, all the RSD values (that could be 

evaluated) are considered to be acceptable for this type of measurement. 

5.6.2.2 Content Assay of BSA Formulations 

An in vitro release study was designed in order to assess the release profile of the 

formulations and determine whether there was any correlation to the viscosity 

measurements. Before the release study could commence it was necessary to 

quantify the BSA loading of each batch of each formulation. The samples were 

analysed by GPC and the area of the peak corresponding to the BSA was evaluated 

using a previously established calibration to generate the BSA concentration (Section 

5.5.3). The loading of each batch of each formulation was determined in triplicate 

and then averaged. The loadings were then used to calculate the mass of BSA in each 

tablet, which was then used to determine the percentage of BSA being released 

during the in vitro dissolution study (Table 5.6). 
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Table 5.6. Loading of BSA formulations determined by GPC compared to the targeted loading. 

Blend ID 

Target BSA 
loading 

(wt.%) 

Actual BSA loading 

(wt.%) 
Percentage 

difference from 
target loading 

(%) Average SD 
RSD 
(%) 

PLGA3611.25:BSAg40 40 
48 0.6 1 20 

48 0.7 2 20 

PLGA3611.25:BSAm40 40 
42 0.7 2 5 

40 0.8 2 0 

PLGA3615:BSAg20 20 
25 1.3 5 25 

25 0.7 3 25 

PLGA3615:BSAm20 20 
19 0.4 2 5 

18 1.8 10 10 

PLGA3630:BSAm20 20 
10 1.8 18 50 

12 2.6 22 40 

 

In general, the formulations containing BSAm and the standard polymer ratio 

(PLGA3611.25:BSAm40 and PLGA3615:BSAm20) are closer to the desired BSA content 

than the ones containing BSAg (PLGA3611.25:BSAg40 and PLGA3615:BSAg20). Across 

both particle sizes the formulations containin 40 wt.% BSA are also closer to the 

target loading than those containing 20 wt.% BSA. When the actual BSA loading 

values were compared with the ηsat values the following trend was observed: 

PLGA3615:BSAm20<PLGA3615:BSAg20<PLGA3611.25:BSAm40<PLGA3611.25:BSAg40, 

as expected. The BSA content of the blend containing increased PLGA36 content 

(PLGA3630:BSAm20) is significantly lower than the targeted loading, and is not as 

uniform across the two batches as for the previous blends. This could be a direct 

consequence of the increased viscosity of this formulation resulting in reduced 

mixing and therefore an uneven distribution of BSA through the formulation. This 

did not influence the uniformity of the ηsat value which has a similar RSD to that of 

the other blend containing 20 wt.% BSAm (PLGA3615:BSAm20). However, there is an 

increased variance in the overall rheology profile of PLGA3630:BSAm20 compared to 

PLGA3615:BSAm20 in accordance with an uneven distribution of BSA.  
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The RSD values for the formulations containing BSAm were larger than those 

containing BSAg suggesting these formulations had a less homogenous distribution 

of BSA. The same observation was made for the RSD values of the rheological profiles 

and the ηsat values indicating that rheology could be used to predict the homogeneity 

of a formulation. Conversely, when the RSD values of the formulations containing 

40 wt.% BSA are compared with those containing 20 wt.% the same trend is not seen 

for the loading as the rheology. For the loading data the formulations containing 

20 wt.% BSA have the larger RSD, while the 40 wt.% formulations have the larger RSD 

values in the rheology data. Overall, the RSD values for the blends (excluding 

PLGA3630:BSAm20) are relatively low suggesting that in general the BSA is evenly 

distributed through the formulations. 

5.6.2.2.1 Distribution of BSA in the Polymer Matrix 

Micro Raman spectroscopy was employed to assess the distribution of BSA through 

the polymer matrix. Each batch of each formulation was pressed into 50 mg tablets 

and analysed by collecting individual point spectra within a defined area to produce 

false colour surface maps where the individual components can be identified and 

spatially located. Discrimination of the PLGA36 and PLA12 proved to be particularly 

challenging due to their similarities in chemical structure. However, it was possible 

to distinguish between the polymer matrix and the BSA, using the intensity of the 

bands at 1769 cm-1 (C=O stretching) and 1656 cm-1 (Amide I band), respectively 

(Figure 5.11). The spectra are all in agreement with previous literature studies.247–249 
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The spectra of the formulations contain signals from the individual components. A 

visual comparison of the peak ratios for the Amide I band at 1656 cm-1 confirms the 

increased loading of BSA in the 40 wt.% blends compared with those containing 20 

wt.% BSA (Figure 5.12). 

Figure 5.11. Component Raman spectra of BSA, PLGA36 and PLA12 where the arrows indicate the 
diagnostic bands of the components at 1656 cm-1 for BSA (blue) and 1769 cm-1 for the polymers 
(green). 
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The surface maps were obtained by acquiring spectra over the range 540-1820 cm-1 

at 100 µm steps within a 3 mm2 area. The intensities (as height) of the bands were 

evaluated using univariate analysis (UVA) in the range 1540-1720 cm-1 and 

1720-1825 cm-1 for BSA (blue) and the polymers (green), respectively (Figure 5.13). 

Classic least squares (CLS) regression analysis was used to quantify the BSA content 

of the formulations, along with the intensity ratio of the BSA and the polymer 

(IBSA/Ipolymer) from UVA. 

 

 

 

 

 

Figure 5.12. Raman spectra of the formulations contain peaks attributed to the presence of BSA (blue 
arrows) and the polymer matrix (green arrows). The increase in BSA content is confirmed by the 
increase in peak intensity of the band at 1656 cm-1. The spectra of blends containing 40 and 20 wt.% 
BSAg (PLGA3611.25:BSAg40 and PLGA3615:BSAg20, respectively) are displayed as representative 
examples of all the blends. 
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Figure 5.13. Surface maps of the tablets generated by Raman spectroscopy. The maps obtained by 
UVA describe the distribution of BSA (blue) and the polymers (green) with the intensity and 
concentration of the blue being lower for the blends containing 20 wt.% BSA (a, c and e) than for the 
blends containing 40 wt.% BSA (b and d). Note that the black pixels are due to fluorescence and 
therefore the contents at those pixels could not be accurately determined. 
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As expected there is increased spacing between the blue domains for the blend 

containing 20 wt.% BSA (PLGA3615:BSAg20, Figure 5.13a) compared to the blend 

containing 40 wt.% BSA (PLGA3611.25:BSAg40, Figure 5.13b) in agreement with the 

reduced BSA content. The BSA appears to be evenly distributed throughout out the 

mapped area of both blends suggesting good mixing has occurred. In comparison, 

there was very little BSA visible in the maps associated with the formulations 

containing 20 wt.% BSAm. This could be attributed to the size of the BSA particles 

being much smaller than the size of the pixels, 5 µm compared to 100 µm, 

respectively. Another explanation could be that the BSA was small enough to be 

encapsulated within polymer microparticles and is therefore not visible on the tablet 

surface (Figure 5.14). 

 

The average particle diameter of the BSAm was 5 µm (Figure 5.14a), while the 

formulation had an average particle diameter of 100-200 µm (Figure 5.14b). 

Therefore, the BSAm was small enough to be encapsulated within the polymer 

matrix (Figure 5.14c). Conversely, the BSAg had an average particle diameter of 

100-200 µm (Figure 5.15a) which was similar to average particle diameter observed 

for the formulation (Figure 5.15b). This meant it was not possible to encapsulate the 

BSAg within the polymer for the formulations containing BSAg (Figure 5.15c). Hence, 

the BSA was clearly visible in surface maps of the formulations containing BSAg. 

Figure 5.14. SEM images of BSAm (a), the formulation containing 20 wt.% BSAm (b) and an expanded 
area of b showing BSAm particles in a polymer matrix (c). 
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Intensity bars allowed for a quantitative description of the BSA concentration as 

determined by CLS fitting (0-100%, scores normalised at each location). By extracting 

the normalised BSA score from the CLS fitting from each pixel within the map it is 

possible to quantify the BSA content (Table 5.7). 

Table 5.7. Loading of BSA formulations determined by CLS fitting compared to the targeted loading. 

Blend ID 

Target 
BSA 

Loading 
(wt.%) 

Measured BSA Loading 
(wt.%) 

Percentage 
difference from 
target loading 

(%) Average SD RSD 

PLGA3611.25:BSAg40 40 
38 9 23 5 

39 9 22 3 

PLGA3611.25:BSAm40 40 
42 2 5 5 

43 4 8 8 

PLGA3615:BSAg20 20 
22 12 55 10 

18 12 65 10 

PLGA3615:BSAm20 20 
24 4 16 20 

25 4 15 25 

PLGA3630:BSAm20 20 
32 3 9 60 

32 3 8 60 

 

In agreement with the content assay, the loading values were within a similar range 

and the loading of the 40 wt.% formulations were closer to the target value than the 

Figure 5.15 SEM images of BSAg (a), the formulation containing 40 wt.% BSAg (b) and an expended 
area of  b with no evidence of encapsulation (c). 
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20 wt.% formulations. However, the loading values of the formulations containing 

elevated levels of PLGA36 were substantially higher than expected at 30 wt.% 

compared to a target of 20 wt.%. These were also higher than the values determined 

by the content assay, although the RSD values were smaller. It was concluded that 

this was a result of photoluminescence associated with the PLGA36 content, which 

manifested as a non-zero-baseline. This was due to the slight yellow colouration of 

the PLGA in the samples. As the PLGA3630:BSAm20 formulations contained double 

the amount of PLGA36 compared to the other formulations, it follows that the 

influence of photoluminescence is greatest in these samples. Therefore, the quality 

of the fit was significantly reduced for the samples where one or more of the 

components contribute to a non-zero baseline.  

As an alternative to the CLS fitting, the BSA loading was quantified by determining 

the intensity of the peak heights using UVA and taking the ratio the BSA to polymer 

(IBSA/IPolymer). This avoided any issues with photoluminescence, and although the 

absolute loading values could not be calculated, the loading was defined and 

followed a general trend (Table 5.8). For example, the results for the formulations 

containing 40 wt.% BSA were approximately double that of the formulations 

containing 20 wt.% BSA (0.7 compared to 0.35 for BSAg and 0.65 compared to 0.27 

for BSAm). In addition, the values for the formulations containing increased PLGA36 

(0.3) were also consistent with the other formulations containing 20 wt.% BSA. 

Furthermore, the trend observed for the IBSA/IPolymer values was the same as that seen 

in the content assay and the ηsat values. 
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Table 5.8. Loading of BSA formulations determined by UVA compared to the targeted loading. 

Blend ID 

Target 
BSA 

Loading 
(wt.%) 

IBSA/IPolymer 

Average SD RSD 

PLGA3611.25:BSAg40 40 
0.69 0.40 58 

0.70 0..40 57 

PLGA3611.25:BSAm40 40 
0.64 0.09 14 

0.65 0.12 18 

PLGA3615:BSAg20 20 
0.35 0.38 109 

0.32 0.33 103 

PLGA3615:BSAm20 20 
0.27 0.07 26 

0.26 0.08 31 

PLGA3630:BSAm20 20 
0.28 0.07 25 

0.27 0.07 26 

 

Overall, the formulations containing BSAg were more variable, with larger RSDs than 

those containing BSAm, which was in contrast with the content assay and the 

rheology data. This was attributed to the size of the BSA in each case, relative to the 

size of the map pixel. For the formulations containing BSAm, the BSA size was 

significantly smaller (5 µm) than the pixel (100 µm) and as such there is an effect of 

averaging that homogenises the BSA distribution. Conversely, the size of the BSAg 

(100-200 µm) was comparable to the mapping pixel. Hence, the chance of finding 

BSA within any given pixel is much more variable making the distribution appear less 

homogeneous. Referring back to the surface maps, where the colour of each pixel is 

very similar throughout the entire map (Figure 5.13c and d), then the BSA loading 

per pixel is more uniform, with the effect being more pronounced at lower loadings. 

In agreement with the content assay, the formulations containing 20 wt.% BSA 

demonstrated larger RSD values than those containing 40 wt.% BSA. However this 

does not correspond with the rheology data, where the 40 wt.% formulations were 

found to have the larger RSD values.  
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5.6.2.3 Dissolution Study of the BSA Formulations 

The formulations were pressed into 50 mg tablets (Figure 5.16) for the release study. 

At least two tablets were produced from each batch, as there were two batches per 

formulation, the release profiles of each formulation are representative of an 

average of four results.  

 

For the larger BSA particles (BSAg, 200 µm), the results from the initial dissolution 

study of the blend containing 40 wt.% BSA (PLGA3611.25:BSAg40) were inconclusive, 

as there were two distinct trends over the four tablets. One tablet from each batch 

released the majority of the BSA (up to 80%) in the first 5 days (Figure 5.17a tablets 

a2 and b2), while the other two tablets showed slower release over the course of the 

study (Figure 5.17a tablets a1 and b1). Since in vitro dissolution studies are prone to 

large experimental uncertainty, the study was repeated with another two tablets 

(one from each batch). However, two different trends were observed (Figure 5.17 a3 

and b3). These are preliminary results but they could support the hypothesis that 

rheology could be used to predict the performance of a formulation during in vitro 

dissolution studies. It was not possible to calculate the tsat and ηsat values for this 

formulation due to the poor rheology (Table 5.5), and the release profiles are very 

inconsistent across the different tablets from two batches of the same formulation 

(Figure 5.17b).  

  

Figure 5.16. Tablets with 5 mm diameter were pressed from 50 mg of formulation. 
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Figure 5.17. a) Release profiles of the six tablets produced from the blend containing 40 wt.% BSAg. 
Profiles a1-3 correspond to tablets from batch a, while b1-3 relate to those from batch b. b) Complete 
rheology profiles of the blend containing 40 wt% BSAg. 
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Three of the tablets (a2, a3 and b2) gave the same release profile, and could be 

averaged to give the overall result. However, this would not capture the extent of 

the inconsistency between the release profiles. Therefore, it could be more thorough 

to average all six profiles (Figure 5.18). 

 

In comparison, the release profiles for the four tablets produced from the blend 

containing 40 wt.% BSAm (PLGA3611.25:BSAm40) were more comparable to one 

another (Figure 5.19a). This could be due to the reduction in particle size; however, 

the same trend is not apparent in the content assay or rheology data. Each tablet 

showed accelerated release in the first few days of the study before plateauing at 

around 50-70% release after 10 days. However, the average of all four profiles still 

resulted in large uncertainty in the overall release profile for this formulation. This 

was consistent with the rheology data being unsuitable for Carreau model fitting and 

the subsequent calculation of tsat and ηsat (Table 5.5 and Figure 5.19b). 

Figure 5.18 Comparison of the averages of the release profiles shown in Figure 5.17a. 
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Figure 5.19. a) Release profiles of the four tablets produced using the blend containing 40 wt.% BSAm. 
Profiles a1-2 correspond to tablets from batch a, while b1-2 relate to those from batch b. An average 
of all four profiles was used for the overall comparison. b) Rheology profiles for the blend containing 
40 wt.% BSAm. 
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At lower loadings, it was expected that the samples would show greater 

homogeneity and this is reflected in the uniformity of the release profiles for the 

formulation containing 20 wt.% BSAg (PLGA3615:BSAg20) (Figure 5.20a). An average 

of the profiles generated by tablets a1, b1 and b2 was used for the overall 

comparison while the profile for a2 was excluded from the evaluation. This 

correlated with the rheology data, where the rheological profiles were reproducible 

across the two batches suggesting that the formulation consisted of a homogeneous 

blend of the BSA and the polymers (Figure 5.20b). 
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Figure 5.20. a) Release profiles of the four tablets produced using the blend containing 20 wt.% BSAg. 
Profiles a1-2 correspond to tablets from batch a, while b1-2 relate to those from batch b. An average 
of the profiles from tablets a1, b1 and b2 was used for the overall comparison. b) Complete rheology 
profiles for the blend containing 20 wt.% BSAg.  
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The release profiles of the tablets produced from the blend containing 20 wt.% BSAm 

(PLGA3615:BSAm30) also only had one anomaly (Figure 5.21a). Hence, the overall 

profile for this formulation was calculated from an average of the profiles from 

tablets a1, a2 and b1. Once again, this corroborated with the conclusions drawn from 

rheology suggesting that the homogeneity of a formulation can be predicted by 

rheology and be related to its release profile (Figure 5.21b). 
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Figure 5.21. a) Release profiles of the four tablets produced using the blend containing 20 wt.% BSAm. 
Profiles a1-2 correspond to tablets from batch a, while b1-2 relate to those from batch b. An average 
of the profiles from tablets a1, a2 and b1 was used for the overall comparison. b) Complete rheology 
profiles for the blend containing 20 wt.% BSAm. 
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Increasing the PLGA36 content of the formulation to produce a blend containing 

20 wt.% BSAm and 30 wt.% PLGA36 (PLGA3630:BSAm20) resulted in reproducible data 

from rheology (Figure 5.10b). However, the increased PLGA36 content resulted in 

increased viscosity, which appeared to impede the mixing of the blend, as evidenced 

by the loading and Raman results (Table 5.6, Table 5.7 and Table 5.8). This seemed 

to result in an inhomogeneous distribution of BSA as indicated in the release study, 

where the profiles of the four tablets are dissimilar (Figure 5.22). Due to time 

constraints, it was not possible to repeat the study with more tablets and therefore 

the average of the four profiles was used for the overall comparison.  

  

Figure 5.22. Release profiles of the four tablets produced from PLGA3630:BSAm20. Profiles a1-2 
correspond to tablets from batch a, while b1-2 relate to those from batch b. An average of the profiles 
from all four tablets was used for the overall comparison. 
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Although it is not a main focus of this investigation, it is worth mentioning the 

comparison of the release profiles of the five blends (Figure 5.23).  The formulations 

containing 40 wt.% BSA showed very similar release profiles (Figure 5.23 red circles 

and green triangles, respectively) in correlation with their comparable rheology 

profiles. Conversely, the same was not seen for the formulations containing 20 wt.% 

BSA where PLGA3615:BSAg20 (Figure 5.23 blue squares) exhibited a significantly 

faster rate of release than PLGA3615:BSAm20 (Figure 5.23 orange triangles). This 

could be attributed to the size of the BSA particles, for example, the larger BSA 

particles (BSAg) are less likely to be encapsulated in the polymer matrix and 

therefore will be more accessible to the water molecules. In comparison, the smaller 

BSAm particles could be encapsulated in the polymer matrix and this could inhibit 

the dissolution of the BSA. For the formulations containing BSAm (PLGA3615:BSAm20 

and PLGA3611.25:BSAm40), increasing the BSA content significantly increases the 

rate of release from the tablets (Figure 5.23 orange and green triangles) as a result 

of the increased surface area of BSA with respect to the polymer matrix. Following 

this argument it makes sense that formulation containing 40 wt.% BSAm released at 

a faster rate than the one containing 40 wt.% BSAg.  



 

5-178 
 

 

Increasing the PLGA36 ratio also results in a faster release when PLGA3630:BSAm20 

(Figure 5.23 pink diamonds) is compared with PLGA3615:BSAm20 (Figure 5.23 orange 

triangles) as expected due to the increased hydrophilicity of the PLGA compared to 

PLA. However, the real question is whether there was a correlation between the 

rheological profiles of the formulations and their release. This can be answered by 

looking at the associated variance in the results (Table 5.9). 

 

Figure 5.23. Comparison of the release profiles of the different formulations. Error calculated as ±1 
standard deviation from the mean.  
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Table 5.9. Average RSD values for the full release profile and rheology profile for the five 
formulations. 

Blend ID 
Average RSD 

Release Rheology 

PLGA3611.25:BSAg40 13 8 

PLGA3611.25:BSAm40 44 99 

PLGA3615:BSAg20 9 12 

PLGA3615:BSAm20 31 206 

PLGA3630:BSAm20 22 114 

 

In general, where a large variance was observed in the rheological profile of the 

formulation the release profile also exhibited large variability. 

5.6.2.4 Is There a Correlation Between Rheology and Release? 

As a general observation, if the formulations can be analysed by rheology, giving 

reliable, reproducible results then the release profiles over the different batches and 

tablets are comparable.  

For instance, the rheology data of the formulations containing 40 wt.% BSA 

(PLGA3611.25:BSAg40 and PLGA3611.25:BSAm40) were unsuitable for Carreau model 

fitting and the tsat calculation (Table 5.5). In both cases, the release profiles showed 

inconsistencies between the two batches and multiple tablets (Figure 5.17 and 

Figure 5.19).  

On the other hand, the formulations containing 20 wt.% BSA with 15 wt.% PLGA36 

(PLGA3615:BSAg20 and PLGA3615:BSAm20) exhibited reproducible rheology profiles 

that could be fitted to the Carreau model enabling the calculation of tsat and ηsat 

(Figure 5.10b). The release profiles of both formulations were comparable over the 

two batches, with each formulation having one distinct anomaly, which were 

discarded from the overall result (Figure 5.20 and Figure 5.21).  

However, this was not supported by the content assay (Table 5.6) and the Raman 

spectroscopy (Table 5.7 and Table 5.8), which suggested that the formulations 

containing 40 wt.% BSA possessed a more homogeneous distribution of BSA than the 
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20 wt.% formulations. One possible explanation for the rheological behaviour could 

be an inhomogeneous distribution of the two polymers due to the presence of BSA, 

resulting in inconsistent dissolution rates or an effect of the irregular particle shape 

and size which would be more pronounced at higher loadings of BSA.250 

The blend with increased PLGA36 content (PLGA3630:BSAm20) presented an 

interesting case. The increase in PLGA36 content increased the viscosity of the 

formulation and consequently prevented homogeneous mixing of the drug and the 

matrix, as determined from the BSA content assay (Table 5.6) and the CLS results 

from Raman (Table 5.7). This resulted in inconsistent release profiles across the four 

tablets (Figure 5.22). However, an initial assessment of the rheological data showed 

it to be reproducible as evidenced by the low RSD value associated with the ηsat 

value. Upon closer inspection, it became apparent that despite the reproducibility of 

the ηsat value there was actually a large variation throughout the full rheology profile. 

This could describe the homogeneity of the formulation and would correlate with 

the large variations observed in the content assay, Raman data and release profiles. 

Therefore, a comprehensive comparison should be made to fully qualify the quality 

of the rheology data. 

Overall, this suggested that rheology of the formulations as they are being prepared 

can be used as an indicator of their performance during dissolutions studies. 

However, the Raman spectroscopy and content assay of the blends show that the 

40 wt.% formulations contain a more even distribution of the BSA than the 20 wt.% 

formulations. This does not mean that rheology cannot provide an insight into the 

homogeneity of a formulation. For example, the increased presence of the solid BSA 

could disrupt the polymer miscibility and induce inhomogeneity in the polymer 

distribution, which would not be detected by the BSA content assay or the Raman 

spectroscopy.250 

 Summary 

The aim of this chapter was to determine whether the rheology of a formulation 

could be used to predict its performance in an in vitro dissolution study. It was 

expected that a homogeneous formulation would have reproducible release profiles 
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on a batch-to-batch basis. Therefore, if rheology could assess the homogeneity of a 

formulation it could be related to its performance in the in vitro dissolution studies. 

Initially, a selection of polymers were investigated for their suitability as a polymer 

matrix for the encapsulation of BSA, a model protein based API. Following view cell 

experiments and rheology measurements a blend of PLGA36 and PLA12 

(PLGA3618.75:PLA1218.25) was found to be the most suitable. 

The CO2 mixing procedure was used to produce five formulations with different BSA 

loadings, BSA particle size and shape and polymer ratios. All formulations could be 

ground to yield dry powder samples for rheology and BSA content analysis, and 

which could be pressed into tablets for the in vitro release study.  

In comparison with the viscosity of the polymer blend, increasing BSA content 

increased the viscosity (3 Pa.s, 5 Pa.s and 24 Pa.s for 0, 20 and 40 wt.% BSA 

respectively, Table 5.5). This was expected as the BSA remained solid during 

processing and acted as a filler for the formulation. Changing particle size had no 

effect on the viscosities of the formulations. It was not possible to fit the rheology 

data of the formulations containing 40 wt.% BSA to the Carreau model or the tsat 

calculation (Figure 5.10a). On the other hand, the formulations containing 20 wt.% 

BSA produced typical η versus γ̇ profiles (Figure 5.10b). Increasing the ratio of PLGA36 

with respect to PLA12 resulted in an increase in viscosity (Figure 5.10b). This was 

unsurprising considering the elevated viscosity of the neat PLA36 in comparison with 

that of the PLA12 homopolymer (125 Pa.s and 1.2 Pa.s, respectively, see Chapter 3). 

The BSA content of each formulation was determined by GPC and Raman 

spectroscopy (Table 5.6, Table 5.7 and Table 5.8). The BSA content of the blend with 

increased PLGA36 content was found to be much lower than expected and less 

uniform across the batches. This could be a direct result of the increased viscosity 

inhibiting mixing.  

An in vitro dissolution study was performed to assess the release of BSA from the 

formulations. The release of BSA from the 40 wt.% blends were found to be non-

uniform over the different tablets and batches (Figure 5.17 and Figure 5.19) and this 

correlated with the divergence observed in the rheology results. By contrast, the 
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release profiles of the formulations containing 20 wt.% BSA were more consistent 

coinciding with their reproducible rheology results (Figure 5.20 and Figure 5.21). 

However, the formulation containing 30 wt.% PLGA36 did not exhibit uniform release 

profiles despite having reproducible ηsat values (Figure 5.22).  

 Conclusions 

In general, there was a trend between rheology and release. If the rheology of a 

formulation could be measured and analysed and the viscosity was sufficiently low 

to promote good mixing of the components then the release profiles should be 

consistent across the batches. These are preliminary results and more work on a 

range of formulations should be completed before a definite conclusion can be 

drawn on whether rheology can assist in formulation development by reducing the 

need for extensive release studies. For example, the investigation needs to be 

extended to include different API molecules and to fully investigate the correlation 

of increased or decreased viscosity on the release profiles. Future work will also 

investigate the presence or absence of any interactions between the polymers, APIs 

and CO2.
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 Overview 

This chapter summarises the key outcomes of this thesis, from the development of 

a robust and reliable rheology method through to the investigation of the role of 

rheology for formulation development. An outlook on potential future work is also 

provided. 

 Summary 

The aim of this thesis was to investigate whether rheology could be used to aid the 

formulation development process by reducing the number of extensive in vitro 

dissolution studies that usually need to be performed. It was expected that a 

formulation that can be readily processed would be homogeneous and exhibit 

batch-to-batch consistency during a release study. Conversely, an inhomogeneous 

formulation would be expected to show inconsistent release profiles. If rheology 

could predict the homogeneity of the formulations, the need for multiple in vitro 

release studies could be reduced. 

First, a robust and reliable rheology method was developed that was used 

throughout this thesis to assess the viscosity of the polymers and formulations in the 

presence of dense phase CO2. Chapter 3 demonstrated that the viscosity of both a 

semi crystalline polymer, polycaprolactone (PCL112) and an amorphous polymer, 

poly(D,L-lactic acid) (PLA11) could be measured at ambient pressure and elevated 

temperatures. Directly following this, the samples were exposed to 140 bar of CO2 

while the set temperature was maintained. It was discovered that shear was 

necessary to aid the absorption of CO2 into the polymers. Therefore, the viscosity 

was analysed at defined time points while the samples were kept under constant 

shear. This methodology allowed for the calculation of the saturation time (tsat), 

which was the time taken to reach the point where no further viscosity reduction 

was observed, defined as the saturation viscosity (ηsat). These values were 

determined by fitting the zero shear viscosities (η0), derived from the Carreau model, 

to an empirical formula.  
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Next, a method was developed for the analysis of the viscosity at a reduced 

temperature of 40 °C, suitable for use with formulations containing thermosensitive 

APIs such as proteins or peptides. Initial studies were performed using PLA11; 

however, because it was supplied as a voluminous powder a pre-melting step at 

80 °C was required. Hence, this polymer was unsuitable for use with thermally 

sensitive APIs and a different PD,LLA (PLA12) was sourced, along with a poly(D,L-lactide-

co-glycolide) (PLGA36). These polymers did not require preheating because they were 

supplied as granular powders that could be sealed within the measurement cell 

without heating. Thus, the viscosity was measured directly at 40 °C in the presence 

of 140 bar of CO2. Again, the viscosity was measured at defined time intervals and 

the tsat and ηsat were determined.  

The polymers were characterised by GPC, 1H NMR and DSC before and after the 

rheology experiments to confirm that these rheology methods had no detrimental 

effects on the polymers. No significant changes were observed for the PD,LLAs, 

however, GPC definitively demonstrated that the PLGA36 was more susceptible to 

degradation, especially after exposure to higher temperatures.  

The high temperature method developed in Chapter 3 was exploited in Chapter 4 to 

assess the effect of poly(ethylene glycol) (PEG) on the viscosity of PLA11 in 

combination with dense phase CO2. The effect of the mode by which PEG was 

introduced was explored, by comparing the rheological properties of PEG/PLA blends 

with that of PEG-b-PD,LLA copolymers. Homopolymers and block copolymers were 

synthesised via conventional bulk methods and in dense phase CO2 and found to 

have comparable properties regardless of synthesis method. However, the CO2 

purification method proved to be more efficient than the conventional method, with 

the final polymers having much lower levels of residual monomer and ethanol than 

those produced via bulk synthesis. 

The rheological data showed that PEG and CO2 can dramatically reduce the viscosity 

of the PLA11 and this effect was apparent whether the PEG was added as a blended 

excipient (PEG/PD,LLA blend) or as a covalently linked entity (PEG-b-PD,LLA). A further 

benefit of the presence of PEG was a reduction in tsat from approximately 5 hours for 
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the PLA11 homopolymer down to approximately 2 hours with the addition of 5 wt.% 

PEG5. 

The aim of Chapter 5 was to determine if rheology could be used to predict whether 

a formulation was suitable for in vitro release studies. In order to do this a series of 

formulations containing BSA were produced. An investigation was performed to 

identify the most suitable polymer matrix, based on the miscibility of the two 

polymers and the viscosity of the matrix at processing conditions. It was found that 

a blend of PLGA36 and PLA12 (PLGA3618.75:PLA1281.25) was the most suitable. Five 

formulations were then produced in duplicate using the CO2 mixing method. These 

formulations contained two different BSA loadings (20 and 40 wt.%), two different 

particle sizes of BSA (200 and 5 µm, referred to as BSAg and BSAm respectively) and 

two different PLGA36 to PLA12 wt.% ratios (18.75:81.25 and 37.5:62.5). The 

rheological properties, BSA loading and in vitro release of each formulation were 

then analysed. In general, if a large variance was observed in the rheological profiles 

of the formulation then the release profile also exhibited large variability (Table 6.1).  

Table 6.1. Average RSD values for the full release profile and rheology profile for the five 
formulations. 

Blend ID 
Average RSD (%) 

Release Rheology 

PLGA3611.25:BSAg40 13 8 

PLGA3611.25:BSAm40 44 99 

PLGA3615:BSAg20 9 12 

PLGA3615:BSAm20 31 206 

PLGA3630:BSAm20 22 114 

 

For example, a larger distribution was evidenced in the formulations containing 

40 wt.% BSA in comparison with the 20 wt.% formulations. This suggested that the 

40 wt.% formulations had a less homogeneous distribution of BSA than the 20 wt.% 

formulations. However, this was not reflected in the content assay or the Raman 

data, which suggested that the 40 wt.% was more homogeneous than the 20 wt.% 

formulations. It is possible that the rheology data can predict the homogeneity of the 
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formulation with respect to the distribution of the two polymers. For example, the 

increased presence of solid BSA could disrupt the polymer miscibility, reducing the 

homogeneity of the formulation. This would not be detected by the content assay or 

the Raman spectroscopy because both of these techniques were specifically used to 

assess the BSA distribution. 

 Conclusions 

This thesis has successfully demonstrated that the rheological properties of complex 

systems can be measured in a reproducible, reliable and robust manner at both 

ambient pressure and in the presence of dense phase CO2. It has also been shown 

that the viscosity can be measured at temperatures suitable for thermally sensitive 

APIs. However, the investigation into whether the rheology can be used to determine 

if a formulation should undergo a release study was inconclusive. Although there was 

a correlation between formulations exhibiting consistent rheology and release data 

this did not appear to be related to the BSA distribution or the homogeneity of the 

formulation. Therefore, there is plenty for scope for further investigation into the 

relationship between the rheological properties of formulations and their release 

profiles. 

 Future Work 

In order to draw a definitive conclusion regarding the use of rheology to determine 

whether formulations are suitable for in vitro dissolution testing there are several 

avenues of investigation that could be followed. 

One such avenue is the investigation into the particle size of the components 

compared to that of the final formulation. This could be investigated using laser 

diffraction or SEM. This would provide information on how the particles pack during 

compression, and could explain some of the discrepancies seen in the release 

profiles. If the particles have a wide size distribution then they will pack closely and 

upon compression form a more uniform and solid compact. This could also result in 

inconsistencies in the compact formation, explaining the variability in the release. 

However, this would not account for the inconsistencies observed in the rheology 
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data as the measurements are performed on molten samples where packing is not 

an issue. 

Another avenue of investigation is the determination of interactions between the 

drug and the polymer that could influence the rheological properties and the release 

profiles. Preliminary Raman studies on the formulations containing BSA did not 

exhibit any peak shifts indicating a lack of interactions between the polymer matrix 

and the API. Therefore, studies should be performed using other APIs. For example, 

1H NMR showed that aripiprazole, a small molecule API, interacted via hydrogen 

bonding between the amine group of the aripiprazole and the carbonyl group of the 

polymer backbone. This could perturb the interaction of CO2 with the polymer 

backbone diminishing the plasticisation effect. In turn, this could result in elevated 

viscosity and insufficient mixing leading to inhomogeneous formulations and 

inconsistent release. In order to assess whether polymer/drug interactions could 

disrupt the CO2/polymer interactions, analysis of the formulations in CO2 could be 

performed under high pressure. For example, the University of Nottingham has 

recently procured a high pressure NMR tube, capable of withstanding pressures up 

to 1000 bar. There is also the possibility for high pressure FTIR or DSC studies to 

investigate these tertiary systems. 

A brief study was carried out to determine the most promising polymer matrix 

composition. However, a series of different polymer ratios could also be investigated 

to evaluate the effect of viscosity on the homogeneity and consistency of the 

formulations. Alternative polymers could also be investigated.  

In this work, the release study was performed on solid tablet forms of the 

formulations. Although initial Raman data suggested there were no interactions 

present in the dry tablets, the presence of the release buffer could alter 

intermolecular interactions. To simultaneously measure changes in the chemistry of 

the tablet components and the release of an API, a Raman UV-vis flow cell system 

could be implemented (Scheme 6.1). Here, the Raman spectroscopy could be used 

to detect changes in the physical and chemical properties of the tablet components 

whilst the UV-vis spectrometer would detect the release of the API. In this set up, 

the tablet would be placed in a flow cell positioned directly under the objective of 
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the Raman microscope. The dissolution medium could then be continuously pumped 

through the flow cell and the dissolution rate monitored by in line UV-vis 

spectrophotometry.251 

 

 

Another possibility is to produce microspheres of the formulations rather than 

tablets and perform the release studies on those. An investigation into the 

optimisation of the modified PGSS method could be performed exploring the effect 

of rheological properties on particle formation and subsequent release. As it was not 

possible to produce microparticles during this work, this could be an interesting 

continuation of the preliminary data presented in this thesis. For example, will the 

same trend be seen for the microparticles as was observed for the tablets, where 

increased variability in the rheology data coincided with increased variability in the 

release study? 

  

Scheme 6.1. Experimental set up of the Raman UV-vis flow cell, where the arrows indicate the 
direction of flow of the release medium. 
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