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Abstract
The rise of polypharmacy and knowledge of pharmacogenetics has the potential to
revolutionise dosing regimens for patients. Already, many single nucleotide
polymorphisms have been identified as cause for alternate dosing in particular patient
populations. Current manufacturing techniques in the pharmaceutical industry fall
short on producing on demand, personalised, and patient tailored dosage forms.
During this study, we propose that personalised multiparticulate drug delivery systems
encompassing both nanoparticles and microparticles, produced through on-demand
microfluidic-assisted production methods could help integrate current and future
therapeutics for geriatric patients with high pill burdens. Microfluidic assisted particle
production enables the user to have greater control on particle size through flow rate
ratios and chip design along with traditional parameters already used in the field of
polymeric nanoprecipitation such as solvent choice, polymer concentration, polymer
characteristics and surfactant use. Through the application of this technology to drugs
of different biopharmaceutical class types, this project aims to introduce the
microfluidic platform as a strategy to produce ‘on demand’ personalised dosage forms.
Currently, the project is using the FDA approved Poly(lactic-co-glycolic acid) (PLGA),
a biocompatible and biodegradable polyester. Particle sizes of 80 nm to 400 nm have
been achieved by using a 190 µm droplet junction microfluidic device. At polymer
concentration of 2.5 mg/mL particle size was increased from 74 nm ± 1.6 nm to 128nm
± 1.3 nm through reducing continuous phase flow rate while keeping the polymer
phase flow rate constant. Similar size control was observed at all concentrations
studied except where agglomeration and consequent chip blockages resulted in
unreliable results. Altering the polymer phase to aqueous phase flow ratio within the
microfluidic system as well as reducing polymer concentration helped prevent
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blockages, however resulted in an overall reduced particle size with all the samples
collected having a PDI < 0.15. A ‘levelling off’ of particle size is observed at which point
NP size does not alter significantly even with changing flow rates and concentrations
when mixing conditions are optimal. The model drug chosen is the dihydropyridine
calcium channel blocker Nifedipine for encapsulation with PLGA. Future works include
release studies and surface analysis techniques to characterise Nanoparticles.
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Abbreviations
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Active Pharmaceutical Ingredient
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Biopharmaceutics Classification System
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OrbiSIMS

3D OrbiTrap™ secondary ion mass spectrometry
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Poly(lactide-co-glycolic acid)
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Qcon

Continuous phase flow rate

Qdis

Dispersed phase flow rate

RPM

Rotations Per Minute

SEM

Scanning Electron Microscopy

SHM
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Transmission Electron Microscopy
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1. Background
1.1. Polypharmacy
In 2013, the King’s Fund report on polypharmacy and medicines optimisation
concluded that ‘There is a need to develop systems that optimise medicines use where
there is polypharmacy so that people gain maximum benefit from their medication with
the least harm and waste’ (1). As a result of this report, the Royal Pharmaceutical
Society and the National Health Service have issued guidance to clinicians to tackle
polypharmacy. Polypharmacy is defined as the concurrent use of multiple medicines
by an individual, often defined as 5 or more medicines (2,3). The rise of multimorbidity
in the geriatric population is also correlated with the rise in polypharmacy. Renal and
hepatic function changes in this patient population, altered body mass, problems with
cognition and dexterity can each be a reason for personalised dosing which is both
convenient and more effective than current clinical strategies. One fifth of the people
in the UK are aged 65 or over and the proportion is rising (1). In a study on 1.7 million
patients residing in Scotland, 70% had at least one chronic condition by the age of 60
and almost half of those with a chronic condition had multi-morbidity (1). ‘Pill burden’
is known to be one of the primary reasons for non-adherence and is currently being
tackled from different clinical angles of deprescribing, depot injections, fixed dosage
polypills, less frequent dosing regimens and the error prone monitored dosage
systems prepared in the pharmacy (4,5).
With

everchanging

clinical

guidelines

and

increased

understanding

of

pharmacogenetic (6) and organic disease influences on medicines absorption,
distribution, metabolism and elimination in individual patients, there is a lack of ‘on
demand’ production methods for individualised and personalised medicines.
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The development of such technologies has the potential to revolutionise the industry
and enable clinicians to formulate personalised dosage forms to meet the needs of
their patients on an individual basis.
1.2. The direction of Pharma
After the decline in approval of new molecular entities and biologics between 20002010, there has been a steady increase in new approvals since. Thanks to an
increased knowledge of the molecular biology of disease manifestation, the majority
of new approvals encompass oligonucleotides and biologics, with a record high of new
approvals by the FDA taking place in 2018 and the second highest in 2020 (7). As a
result, there has been an increase in biotechnology stock prices, increasing by 20% in
2020 (8). Both oligonucleotides and biologics can require delivery systems in order to
bypass in vivo delivery challenges, as a result of this, drug modifications,
microenvironment modifications and drug delivery systems have been implemented in
the area to overcome biological barriers to the delivery of this growing class of
therapeutics (9). Precision medicine, a layer deeper into personalisation of treatments,
aims to understand disease extensively to develop more targeted therapy (10). This
growth in the development of precision medicines shows the shift in the pharmasphere from ‘one-size fits all’ approach to a more targeted and personalised
philosophy. This begs the question, should a revolution in dosage form production
techniques follow suit?
1.3. Personalisation
‘Personalisation’ within healthcare remains a verb which can have differing meanings
to the reader. While formulation personalisation can imply having control over drug
release rates in a co-formulated medicine (11), in precision medicine, personalisation
bases treatment choice on the growing fields of proteomics, transcriptomics and
metabolomics alongside pharmacogenetics to reduce adverse effects or improve
8

patient outcomes (6,12). Greater understanding of disease progression at the
molecular level in specific patient populations has increased the potential of successful
treatments for patients, especially in the field of oncology where specific genetic
markers can define drug treatment, particularly when combined with companion
diagnostics (13). Although, unspecified, personalisation in healthcare should always
have one unifying core at its centre, the patient.
1.3.1. The Genetic Angle
Genetic differences between patients can be used in predicting therapeutic
effectiveness and adverse drug reactions. Pharmacogenomics, known as the
relationship between genetics and the response to medicines, adds another layer of
complexity to treatment plans. The previous barriers in this field, namely cost, have
dramatically reduced with advancing technology. The first human genome sequencing
project has been estimated to cost between 0.5-1 billion dollars (14), three million
times more costly than a commercial genome sequencing service provided by a
private company in the US in 2021 (15). The UK government has recently published
a policy paper on ‘Genome UK’ announcing its recent strategy on the future of UK
healthcare with pillar 1 involving diagnosis and personalised medicine. By 2024, the
National Health Service (NHS) is committing to sequencing 500’000 whole genomes
(16). In the US, the Food and Drug Administration (FDA) is also pushing for scientists
and pharmaceutical companies to submit information on gene-drug risks on drug
monographs (17). Some examples include; Clopidogrel sensitivity (CYP2C19),
Simvastatin (SLCO1B1), Warfarin (CYP2C9 and VKORC1) (18). It is evident that with
the field of pharmacogenetics advancing through reduced cost, policy implementation,
increased funding, and regulation, current production methods will not be able to meet
the needs of the pharmacogenetic treatment plans of the future.
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1.3.2. The Formulation Angle
Dosage form personalisation is a practice already undertaken by the pharmacy
profession. This can involve personalising formulation by choosing formulation
flavours which are more favourable by the patient to more complex formulation
designs such as particulate systems to enable successful delivery through a
nasogastric tube. Dosage form personalisation through combining multiple different
drug entities into one formulation to reduce pill burden is a relatively modern invention,
with the first poly-pill invented in 1999 for cardiovascular disease (19). Poly-pills
however remain at the mercy of mass production systems unable to account for
personalised drug strengths or release systems required by individual patients with
individualised and pharmacogenetic needs. Minitabs™ a commercialised mini-tablet
which can be comprised of multiple mini tablets ≤ 3 mm (20) with different release
patterns or active compounds formulated within a capsule is also a solution to
polypharmacy and dosage form personalisation.
3D printing has been paving the way for personalised dosage forms in recent years.
From 3D printed tablets with braille patterns for the visually impaired (21) to producing
five-in-one polypills with defined release rates (11). Methods used in 3D printing
include fused deposition modelling(22), selective laser sintering (23) and Inkjet printing
(24). Although 3D printing technology has been applied to produce drug loaded
microparticles (25), Nanoparticle (NP) production itself through 3D printing remains a
less explored area (25) perhaps due to physical restrains imposed by current
production technologies. Furthermore, the optimisation of ‘inks’ as well as the use of
high temperatures during production creates a formulation challenge that needs to be
addressed (26).
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1.3.3. Comprehensive personalisation
Both genetic and formulation personalisation can help create pharmaceutical
regimens with the potential of reduced side effects, improved patient outcomes and
reduced long term healthcare costs. However, to truly produce personalised dosage
forms of the future, the ‘five rights’ of medication administration (27), commonly used
in clinical practice can be applied to formulation design with the patient at the centre.
a summary of which can be found in Table 1.
Table 1 - Applying the 'five rights' of medication administration principles to the
personalisation of drug formulation in personalised dosage forms
Five rights
The right patient

Application of ‘personalisation’
Genetic testing to eliminate drugs unsuitable for patients
Genetic testing to choose drugs suitable for patients e.g.,

The right drug
Trastuzumab for HER2+ cancers
The right time
The right dose

The right route

Clinical, social, and drug physiochemical factors
Clinical
– Patient specific pharmacokinetic-pharmacodynamic
complexities
Social
– Patient occupation, preferences, and lifestyle
Drug physiochemical factors
– Stability, Solubility, Mode of action, among others

1.3.4 Clinical & Legal Challenges
Practically, the future of a personalised and tailor-made dosage formulation production
method will require a clinical and legal framework within which to operate.
In the UK, The National Institute for Health and Care Excellence (NICE) is responsible
for the appraisal of health-care technologies. Evidential backing is required to
demonstrate the economical and health benefits of new technologies if they are to be
employed for use in the NHS. As a result, clinical and cost analysis studies will need
to take place if such a technology is to revolutionise the pharmaceutical care sector in
the UK.
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Legal framework for preparing one-off unlicensed medication for an individual patient
supplied from a pharmacy in accordance with a prescription already exists under the
Human Medicines Act 1968 and Regulation 4 of the Human Medicines Regulations
2012 (28). However, currently, manufacturing medicines in a community pharmacy
setting is very rare. ‘Off licence’ manufacturing of special medicines most often occurs
at a central production facility on a ‘made to order’ basis. For a more seamless
transition, this centralised model could be utilised to produce personalised dosage
forms, allowing for more robust and expensive quality assurance processes to be
utilised.
As the area of personalised medicines expands, logistical and legal development
alongside technology realisation will be required to integrate new personalised
manufacturing methods into the healthcare setting.
The technology proposed has the potential to disrupt and shake up the current
pharmaceutical business model. If an instrument was to be produced with the ability
to create personalised dosage forms as per need of the patient, quality assurance and
current legal frameworks need to be put in place to ensure safety and quality. Central
or community-based production facilities will be required to meet patient need. Each
of which will have various implications such as patient access or potential costs and
benefits to the healthcare economy. Additionally, clinical equivalence or even
enhancement of therapeutics will need to be established for such a technology to be
accepted by the healthcare community and the wider public. In addition to this, the
healthcare workforce will need to be involved in determining the production model to
ensure integration within current healthcare systems. With pharmacists at the centre
of pharmaceutical care of patients, such a technology will involve redefining the role
of pharmacists, pharmacist technicians and dispensers in adjunct to training
12

requirements needed to ensure safe working practices. As a result, consultation with
the workforce would be necessary to envisage this change in geriatric care towards
personalised dosage form production. Although there is much to be done and studied,
this space remains an exciting new avenue for the future of healthcare.
1.4. Multi-unit drug delivery systems
As mentioned previously in 1.3.2., multi-unit drug delivery systems have previously
been developed using 3D-printing technologies. However, with the expansion of
oligonucleotide and biological therapeutics, delivery systems able to bypass biological
barriers are of interest, namely nanoparticulate vehicles for drug delivery (29).
As a result of the physical constraints imposed by 3D printing, a versatile production
platform able to produce varying particle sizes from nano to micro, using a multitude
of materials based on formulation need, is needed to meet formulation personalisation
for geriatric patients of the future.
Presently, to aid geriatric and vulnerable patients with their medication adherence, four
times a day monitored dosage systems (MDS) are prepared in community
pharmacies. Although helpful for patients, MDS’ are error prone, highly time
consuming to prepare and can be rigid to alter in the case of medication changes (30).
Based on this knowledge, on demand personalised production of integrated but
defined release systems for each drug within a multi-unit dosage form has the potential
to reduce tablet burden, reduce medication errors and improve health outcomes. A
strategy to address this issue can be by encapsulating different drugs in unique
particles with defined release kinetics in one delivery medium such as a capsule.
Several theories for drug release from particles have been proposed, including but not
limited to desorption of drug bound to particle surface, diffusion of drug through the
polymer matrix, diffusion through the polymer matrix, diffusion through the polymer
13

wall of nano capsules, NP matrix erosion and combined erosion-diffusion process (31).
The main consensus with drug release from NPs being that an increase in size of the
particle decreases the release rate (32). Therefore, a simple way to control drug
release on an individualised basis could be through controlling drug-particle size.
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1.5. Nanoprecipitation
Nanoprecipitation or interfacial deposition was first described by Fessi et al. in 1989
(33) as a method of NP production. Polymer precursor dissolved in a water-miscible
solvent such as acetone is emulsified in an aqueous solution in which the polymer is
insoluble. The mixing of the two phases results in the diffusion of the water-miscible
solvent into the aqueous phase. Consequently, local areas of unimer supersaturation
within the aqueous phase result in the nucleation of NPs as unimers aggregate
together. To achieve homogenous supersaturation and as a result, a homogenous NP
size distribution, extremely rapid mixing between the solvent and aqueous phase is
required with the nanoprecipitation method (34).
The nucleation-growth mechanism theory can be summarised in a 3-step process:
1- Nucleation of NPs in local areas of supersaturation.
2- Growth of NPs through aggregation of unimers.
3- Kinetically locked NPs as concentration of unimers drop and water-miscible
solvent mixes into the aqueous phase.

Figure 1. Schematic diagram of the nucleation-growth mechanism theory of NP
formation.
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Mixing time between the aqueous and solvent phase needs to be ultra-rapid (in the
older of milliseconds) as it determines particle size and size distribution (35,36). To
ensure low polydispersity of the particles, mixing time needs to remain shorter than
the time taken for the aggregation of unimers to complete into the kinetically locked
NPs described in (32). The two-dimensional model developed by Karnik et al. (32)
can be used to estimate mixing time of the solvent and aqueous phase.
1. 𝜏𝑚𝑖𝑥 ≈

𝑤2
1

9𝐷(1+ 2 )
𝑅

Where τmix is the mixing time expressed in seconds, w is the microfluidic channel width
expressed in µm, D represents the diffusivity of water (approximately 10 -9 m2/s) and R
is the ratio of flow rate of the polymeric phase to the total flow rate of water (Qdis/Qcon).
However, once NPs are formed, particle size can change over time. Their growth will
also depend on diffusion limited cluster–cluster aggregation (34). NPs may also
aggregate further through the process of Otswald ripening if solvent removal is not
complete (34).

Figure 2. 1) Newly precipitated NPs 2) Cluster-cluster aggregation; occuring when
there is a high concentration of NPs, increasing the chance of collision and growth of
aggregates 3) Ostwald ripenning; a thermodynamically favourable process by which
smaller particles deposit onto the larger aggregates.
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Historically, nanoprecipitation has been achieved using batch production methods
through sonication (37), magnetic stirring and homogenisation (38). As mixing of the
two phases determines the particle size and particle size distribution, batch particle
production can cause non-homogenous mixing conditions. Eddies produced upon
mixing of the solvent and anti-solvent vary in size depending on relative distance to
the mixing vortex. Smaller eddies closer to the centre of the vortex result in smaller
particles while larger eddies further away result in larger particles. Consequently, this
can result in a greater polydispersity index or particle size distribution as evidenced by
Recent work by Donno et al. (39). This is unfavourable in drug delivery as particle
behaviour would be non-uniform as a result.
1.6. Milli-fluidic and Microfluidic particle production
NP production in flow was introduced using the milli-fluidic confined impinging jet
mixers used by Johnson and Prud’homme in 2003 (40). Other milli-fluidic mixers such
as multi-inlet vortex and coaxial mixers have also been used to achieve
nanoprecipitation (41).

Figure 3. Milli-fluidic NP production in flow. The precursor solution containing
dissolved polymer in solvent is shown in green. The non-solvent of the polymer is
introduced into the jet mixer from the side, shown in blue. The nanoparticles are then
collected from the outlet (41).
By introducing the polymer and aqueous phase through separate inlets, rapid mixing
between the two phases occurs within the device, resulting in nanoprecipitation.
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Altering solvent (Qdis) and aqueous (Qcon) phase flow rates through the device enables
for increased production parameter control, confers further influence over particle size
and size distribution compared to batch nanoprecipitation methods. In comparison to
batch production methods, in-flow production results in superior reproducibility of
particles due to the establishment of homogenous mixing conditions within the in-flow
reactors (41). Within the last two decades, microfluidic-assisted nanoprecipitation has
grown to be a continuation of the ‘In-flow’ NP production story. With reduced reagent
utilization, and an ability to be a platform for microparticle and NP production,
microfluidic devices are ideal for economical high-throughput screening of novel
formulation prototypes (35,42,43). As a result, microfluidic devices can tackle
problems associated with prevailing particle production technologies (44,45).
There are two types of fluid flow, turbulent and laminar. The turbulent flow regimen is
characterised by vortices, eddies, and fluctuations in fluid flow in space and time (46).
Conversely, laminar flow regimens are characterised by fluid flowing in parallel with
mixing among fluids dominated by molecular diffusion (46,47). Therefore, to obtain
optimal mixing of the two phases, a turbulent flow or a controlled mixing regimen is
needed within the microfluidic device (see Figure 4). This can be acquired through

Figure 4. Microfluidic assisted nanoprecipitation device schematic. Aqueous solution
(blue) and precursor solution (yellow) enter through the left channels and meet at the
junction where the nucleation-growth mechanism gives rise to the nanosuspension
(green).
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high flow rates in larger microfluidic chips or through the alteration of the chip
geometric design.
Whitesides et al. (48) have developed the staggered herringbone mixer (SHM)
topology which reduces mixing time and as a result particle size and polydispersity.
The SHM design results in the crisscrossing of the fluid routes within the chip (See
Figure 5) resulting in a three dimensional twisting of the fluids (35), consequently
inducing chaotic stirring, efficient mixing, and swift mass transfer (49).

Figure 5 – Adapted SHM diagram (35).

Indeed,

this

microfluidic

design

is

currently

commercialised

by

Precision

NanoSystems Inc. ® and has been employed by a variety of research groups for drug
delivery purposes (49,50). However, the effect of the geometric shape of the
microfluidic chip remains a less studied within the field of NP production (36).
To inform particle formulation design, a classification system is required from which
examples of APIs can be used as proof of concept. An example of a pharmaceutical
classification system for oral delivery of drugs is the Biopharmaceutics Classification
System.
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1.7. Biopharmaceutics Classification system
The biopharmaceutics classification system (BCS) was developed in 1995 (51). Using
this system, active pharmaceutical ingredients (APIs) are classified by two
characteristics; permeability and solubility when orally administered. Accordingly,
based on their classification, different regulatory procedures apply to become licensed
medicines. The European Medicines Agency (EMA) has defined high solubility as
when the dose administered to the patient can be dissolved in 250 mL of aqueous
buffers in the pH range between 1.2 and 6.8 (52). To determine permeability across
the gastrointestinal tract, the EMA approved published human data with the gold
standard reference being the absolute bioavailability; comparing API blood levels
gained from an intravenous dose to the orally administered dose. However, the FDA
allows for use of Caco-2 monolayer cell lines or animal studies for passively absorbed
APIs (51).
Multimorbidity and polypharmacy in the geriatric population results in patients having
to consume a combination of BCS drugs, taken daily at multiple times a day.
Polypharmacy has been defined as when a patient takes five or more medicines by
the Royal Pharmaceutical Society (3). Using drug delivery systems such as polymeric
NPs, it is possible to manipulate the bioavailability of drug molecules and create
multidose systems with distinct release profiles for each drug which is not possible
with classical tabletting. Utilising a capsule with drug loaded nano and microparticles,
would create unique micro and nano ‘environments’ for each specific drug, preventing
direct physical and chemical interaction between the drugs. Ultimately, if successful,
patients would be able to benefit from reduced daily intake of medicines and
additionally have a personalised dosage formulation specific to their own bodies’
pharmacokinetics.
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In this thesis, the encapsulation of two different drug molecules; Propranolol
hydrochloride and Nifedipine were investigated using the microfluidic assisted
nanoprecipitation method (see Table 2.) as they have different BCS classifications
and are commonly used in pharmaceutical management of patients in the UK.

Permeability
Low permeability

High

Table 2. BCS table with example drugs used within this thesis in bold (53).

High solubility

Low solubility

Class I

Class II

Propranolol hydrochloride

Nifedipine

Diltiazem

Piroxicam

Bisoprolol

Phenytoin

Class III

Class IV

Ranitidine

Furosemide

Gabapentin

Chlorothiazide

Atenolol

Ritonavir
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2. Parameters of Consideration for Microfluidic-Assisted Nanoprecipitation of
Drug Loaded NPs
2.1. Polymer Choice
The distinct characteristics of the polymer used in NP production impacts the
characteristics of the particles produced, namely; shape, size and charge which all
have a crucial influence on bioactivity (54).
Owing to its biocompatible, biodegradable, and non-toxic qualities, within the
pharmaceutical industry, the FDA approved Poly(lactide-co-glycolic acid) (PLGA)
(Figure 6) is used in extended and modified release formulations, as a gelling and
microencapsulating agent (55). As a versatile polyester, PLGA can be chemically
functionalised with various biochemical entities to suit the need of the application.
PLGA also has a rigid chain structure with a glass transition temperature (Tg) above
37 °C (56).
Furthermore, as PLGA is extensively used as a model polymer in research, ostensibly
shown with the topic search of ‘PLGA and drug delivery’ revealing 6,624 publications
from the past 20 years on ‘Web of Science’ search engine alone. it was chosen as a
model polymer within this report to investigate microfluidic-assisted nanoprecipitation.
More homogenous dispersion of the drug in the polymer matrix is achieved using D,LPLA over L-PLA (56). Increasing PLGA molecular weight has shown to decrease NP
size due to a more rapid precipitation as a result of reduced solubility within the
aqueous phase, using the nanoprecipitation method (39). End-capped PLGA using
esters as opposed to free carboxylic acid end groups in uncapped PLGA results in
slower degradation of PLGA. The free carboxylic acid end group is able to create an
acidic condition through which hydrolysis of PLGA is favoured (37). Finally, copolymer
composition in the case of PLGA can impact biodegradation and drug delivery
22

capability (56). By altering lactide:glycolide molar ratio, the biodegradation rate of the
polymer can be altered due to an increase in the rate of hydrolysis with higher ratios
of glycolide. This effect has been previously utilised with the commercialised Zoladex®
depot injections with one-monthly injections having a 50:50 lactide to glycolide ratio
whereas Zoladex LA® being three-monthly depot injections having a 95:5 ratio (57).

Figure 6. PLGA copolymer ratio is a rate determining factor on in vivo hydrolysis.
The monomers glycolic and lactic acid are both metabolised in the body through the
Krebs cycle (58).

Drug loading can be achieved during NP production or through adsorption of drug onto
the NP through incubation of the NPs in a drug solution (59). Generally, drug loading
during NP production results in higher drug encapsulation compared to incubation of
NPs within a drug solution post production to achieve drug adsorption (59). With this
method, the drug chemistry and conditions of NP production affect the encapsulation
efficiency. The encapsulation efficiency of drug loading can be calculated using the
following equation:
𝐴

2. 𝐸𝐸 = 𝐵
Where EE is encapsulation efficiency expressed in %, A is the amount of drug bound
and B is the total amount of drug used for NP production.
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It is generally accepted that with an increase in polymer concentration, an increased
capacity for drug loading is achieved (60). Polymer-solvent-drug interactions are also
key in successfully producing drug loaded particles.
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2.2. Solvent Choice
Solvent properties and solvent-polymer interactions can have a considerable impact
on NP properties. In nanoprecipitation, water-miscible solvents such as acetone are
required to ensure optimal mixing conditions, furthermore, the solvent and polymer
concentration chosen for the precursor solution should be optimal in order to ensure
unimers being able to act as ideal chains (Figure 7) as this is when the best conditions
for nanoprecipitation can be achieved (34).
Solvent characteristics such as volatility and viscosity determine the solvent
evaporation rate which can also affect NP size. It is therefore important to maintain
conditions affecting solvent evaporation rate when conducting experiments. This can
include but not limited to rotations per minute of the magnetic stirrer bar used in the
drying step, temperature of the medium as well as the application of vacuum.

Figure 7. 1) favourable interactions between the unimers and a solvent at an
appropriate concentration resulting in the unimers having an ideal chain composition.
2) Unfavourable polymer-solvent interactions resulting in the unimer chains coiling on
themselves. Both these processes are thermodynamically driven.
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2.3. Made for Nanoencapsulation, The Hydrophobic APIs
The encapsulation of hydrophobic drugs within PLGA such as Nifedipine (61),
Indomethacin(33), Risperidone (62) and Doxorubicin (63) have been enabled using
the nanoprecipitation technique (58). As the solvent diffuses into the aqueous phase,
hydrophobic APIs remain attached to NP nuclei, whereas hydrophilic APIs are less
likely to interact with the solvent phase and consequently the PLGA NP nuclei, making
them harder to encapsulate. Consequently, the highest reported encapsulated APIs
are hydrophobic and belonging to the class II BCS.
2.4. Overcoming The Hydrophilic API Problem
Although the encapsulation of hydrophilic drugs within PLGA such as Propranolol
hydrochloride (64), Acetylcysteine (49) and proteins (58) have been reported, often
times the method of production involves non-microfluidic assisted methods of
production such as w/o/w double emulsion technique (58).
However, manipulations of microfluidic production parameters have shown to be
successful in encapsulating hydrophilic APIs within PLGA and these can be
subcategorised into chemical or physical approaches.
i)

The chemical approach.
a. Using surfactants such as Poly(vinyl alcohol) (PVA) (65)
b. PEGylation of PLGA; giving PLGA an amphiphilic nature (66)
c. Using mixed solvents Dimethyl sulfoxide (DMSO) and Dichloromethane
(DCM) (63)

ii)

The physical approach.
a. Employing a SHM; by inducing chaotic mixing and increasing rapid mass
transfer, N-Acetylcysteine loaded PLGA NPs have been produced (49).
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3. Parameters of consideration with analysis
3.1. Lyophilisation
By removing water, lyophilisation enables the long-term storage of PLGA NPs. As
explained previously, PLGA is prone to hydrolysis and if kept in an aqueous solution
over time, PLGA NPs degrade. In addition to this, to be able to undertake dissolution
and release studies, it is important to set a t=0, where drug release is not already in
equilibrium with the surrounding environment, therefore, lyophilisation is a key step by
which drug-NPs are ‘locked’ so that the release behaviour of the NP can be
investigated.
Lyophilisation itself can cause the aggregation of NPs, preventing successful
reconstitution. As a result, cryoprotection with pharmaceutically accepted excipients
such as Trehalose, Sucrose or Mannitol can be necessary to recover NPs post
lyophilisation (67).
3.2. Drug Release
To establish drug release behaviour from delivery systems, dissolution studies are
required. Most described release behaviour from PLGA NPs is the ‘burst-release’
phenomena within literature. The ‘burst’ portion of release is describing the rapid
release of the loaded drug from the particles, hypothesised to be adsorbed drug on
the surface of the particles (31,68). While the ‘release’ portion refers to a steady
release overtime mainly governed by the degradation of the NP (37).
Investigating the physico-chemical interaction between the encapsulated drug and the
NP has been analytically challenging historically. This not only highlights the
importance of post-production strategies to separate unbound drug from drug bound
NPs but also sheds light on the importance of the latest developments in surface
characterisation techniques such as secondary ion mass spectrometry (3DOrbiSIMS).
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3.3. The future is Automation
Scalability is often cited as a concern for microfluidic particle production, however,
parallelising and in-tandem production (Figure 8) is a solution to this issue for
applications within industry. Due to the nature of microfluidic devices, once particle
production has been optimised, it is possible to automate the production process with
minimal manipulation required by the operator (66). To achieve this, it is important to
understand the design space in which the system operates. A solution to this is using
Design of Experiments (DoE) to create a robust model for particle production can
optimise parameters to attain desired size distribution, particle size or drug loading
efficiencies. Machine learning has been predicted to replace DoE in the future (69).

Figure 8. Automation of production using artificial intelligence (AI) and parallel
particle production by using multiple chips at any one time can scale up production
while maintaining control over production parameters.

Already, a computationally guided random forest model has been designed to
understand drug-NP interactions (70) and AI has been applied to microfluidic-assisted
PLGA microparticle production (44). Furthermore, with increased development in the
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field of ‘big data’, the combining of NP-Biological interaction datasets, patient specific
information and production parameters will help to produce bespoke, personalised
dosage forms for the need of the future patient (71). Additionally, ‘in-line’ analytical
elements such as HPLC, Spectrophotometers or bench-top NMR can be connected
to the production outlet for quality control and monitoring (72).
Semi-automated, commercialised microfluidic production systems are now available
such as the Asia ® series by Syrris ® have shown to have a wide range of applications
in research including; chemical synthesis (73), biocatalysis (72) and hybrid liposomemetal NP production to name a few (74). The latest clinical translation of microfluidic
technologies has occurred with the microfluidic manufacture of mRNA lipidic NPs for
vaccine development (75).
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Aims
The aims of this study were to investigate the production of PLGA NPs using the
microfluidic-assisted nanoprecipitation method. The encapsulation of two different
APIs of BCS I and II, Propranolol hydrochloride and Nifedipine, respectively, were
explored and the presence of a surfactant during nanoprecipitation, Poly (vinyl alcohol)
was investigated.
Propranolol hydrochloride (Figure 9) is a BCS class I drug (Fig. 11) (76). A hydrophilic
non-selective beta-adrenoreceptor blocker, propranolol is clinically indicated for
cardiac arrhythmias, anxiety and migraine prophylaxis (77). As a weakly basic drug,
propranolol is formulated as a salt (Hydrochloride) to improve solubility in vivo. As a
result, propranolol is highly soluble in water. To formulate propranolol-NPs,
propranolol was introduced to the production system through the aqueous phase.

Figure 9. Propranolol Hydrochloride chemical structure

Nifedipine is a BCS class II drug (78) belonging to dihydropyridine voltage gated
calcium channel blockers (Figure 10). Through influencing the displacement of
calcium ions on myocardial cells, Nifedipine reduces myocardial contractility.
Extended-release

nifedipine

formulations

are

therapeutically

indicated

for

hypertension and angina prophylaxis (77). Due to high solubility in acetone, nifedipine
was introduced to the production system through the solvent phase.
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Poly(vinyl alcohol) (PVA) (Figure 11) is a water-soluble polymer with varying grades
conferring its viscosity levels. Commercially, PVA is used as an emulsion stabilising
agent. In the field of NPs, it is commonly used as an emulsifier (65).

Figure 10. Nifedipine chemical structure

Figure 11. Chemical structure of PVA
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4. Experimental
4.1. Materials
Poly(D,L-lactic-co-glycolic acid) (PLGA) (acid terminated) (50:50, Mw 30,000-60,000
g/mol, Poly(vinyl alcohol) (PVA), (Mw 9,000-10,000, 80% hydrolysed) and (+/-)Propranolol hydrochloride were purchased from Sigma-Aldrich, USA, Japan and
Belgium respectively. Acetone, dimethyl sulfoxide (DMSO) and methanol were
purchased from Thermo-fisher Scientific, UK, USA, and Belgium, respectively. Unless
specified, all solvents used were HPLC grade. Nifedipine (98%) was purchased from
ARCOS organics, China. Deionised (DI) water with >18.2 MΩ electrical resistance was
used as the aqueous phase.
Large droplet junction chip with a 190 μm channel size (part no. 3200130) with the
connection PTFE tubing 1/16” OD x 0.5 mm ID (part no. 3200067) were acquired from
The Dolomite Centre Ltd, Royston, UK. 10 mL borosilicate glass syringe with a gas
tight PTFE plunger and Conventional 20 mL polycarbonate syringes with
polypropylene plunger rods were acquired from Trajan SGE®, Australia and Beckton,
Dickinson and Company, USA, respectively. Syringe pumps PHD ULTRA™ were
obtained from Harvard Apparatus, Massachusetts, USA.
4.2. Preparation of Solutions
PLGA was dissolved in acetone at different concentrations. The FB15051 ultrasonic
bath (Fisher brand, Germany) and Vortex-Genie 2 (Scientific Industries, USA) were
used to dissolve PLGA in acetone. 1 mg/mL PVA in DI water was used as the aqueous
phase when specified. For drug loading experiments, propranolol hydrochloride was
dissolved in DI water at a concentration of 1 mg/mL. A stock solution of Nifedipine in
acetone at 0.05 mg/mL was prepared to then produce PLGA in acetone solutions of
0.5 mg/mL and 1.0 mg/mL.
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4.3. General NP Production
PLGA concentration, solvent flow rate (Qdis) and aqueous flow rate (Qcon) were altered
to achieve particle size control, see Figure 12. Qdis was set at 100 μL/min, unless
specified. A glass syringe and Becton, Dickinson and Company plastic syringes were
used to contain the solvent and aqueous phase, respectively. The solvent phase was
introduced into the chip through the central channel. NP suspensions were collected
after 2 minutes run time to ensure equilibration of the system in a 20 mL glass
scintillation vial from the outlet for 5 minutes. One sample was collected each time
unless specified for analysis. To remove acetone, suspensions were left under
magnetic stirring at 80 rotations per minute (RPM) using the multi-channel stirrer (Jeto
Tech, MS52M, Korea) overnight with the vial caps loosely on.

Figure 12 Microfluidic-assisted nanoprecipitation method. Yellow, blue, and green
represent PLGA solution, aqueous phase, and NP suspension, respectively.
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4.3.1. Investigating NP production
Samples were produced (See Figure 12), collected in triplicate and analysed. PLGA
concentration was varied at 2.5, 5.0, 7.5, 10.0 mg/mL. Qdis was kept at 100 μL/min
while Qcon was altered at 400, 800, 1200, 1600 μL/min.
4.3.2. Nifedipine-NP production
The experimental set-up was as described. PLGA concentration of 0.5 mg/mL and 1.0
mg/mL were used. Qdis was kept at 300 μL/min while Qcon was altered at 300, 900 and
1500 μL/min. One sample was collected at each point and analysed.
4.3.3. Propranolol hydrochloride-NP production
Both blank and propranolol hydrochloride containing particles were produced using a
2.5 mg/mL PLGA in acetone solution (Refer to 4.3.) at a Qcon of 400 μL/min with a
collection time of 6 minutes per sample. One sample was collected at each point for
analysis.
4.3.4. NP production with PVA
PLGA in acetone at 2.5 mg/mL was used in microfluidic production (Refer to 4.3.) Qcon
was set at 400, 800, 1200 and 1600 μL/min and samples were collected for 6 minutes.
One sample was collected at each point for analysis.
4.4. Statistical analysis
Where noted, a two-way ANOVA with post-hoc Tukey test was performed. A nonparametric one-way ANOVA followed by a multiple-comparisons test was carried out
when analysing the change of one variable. Differences were considered significant
for values of p < 0.05. GraphPad Prism version 9.1.2 for Windows (GraphPad
Software, San Diego, California, USA) was used to perform statistical tests.
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4.5. Nanoparticle Characterisation
4.5.1. Dynamic Light Scattering
The PLGA NPs were characterised by dynamic light scattering (DLS). A Zetasizer
Nano ZS (Malvern Instruments, Ltd., Malvern, UK) particle size analyser was utilised
for this purpose at a backscattering angle of 173° to the incident beam. All
measurements were made in triplicate (n=3) and mean values ± SD were reported at
25 °C. Each measurement was undertaken with 6 sub runs (10 seconds each). The
hydrodynamic radius was calculated using the Stokes-Einstein relation. Polydispersity
index (PDI) was calculated using a two-parameter fit to the correlation data.
4.5.2. Zeta Potential Determination
Zeta potential was determined by electrophoretic mobility using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK). NP suspensions were measured in triplicate
at 25 °C ± 1 °C using a DTS1061 disposable capillary cell (Malvern Instruments Ltd.,
Malvern, UK).
4.6. Encapsulation Efficiency
Nifedipine encapsulation efficiency
A 2 mg/mL stock solution of Nifedipine in methanol was produced. This was diluted to
200 μg/mL and a serial dilution was carried out to produce the final lowest
concentration of 0.2 μg/mL. The spectra were then collected in triplicate at each
concentration using an Agilent Cary 3500 UV-VIS spectrophotometer in the range of
190 nm and 700 nm in 1 nm steps (Agilent Technologies, Australia) at 15 °C (Figure
13).
Simple linear regression at the chosen absorption peak (236nm) was performed using
GraphPad Prism version 9.1.2 for Windows (GraphPad Software, San Diego,
California, USA). Through suspension of nifedipine-NPs in methanol, the nifedipine-
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NPs can be suspended in methanol to solubilise nifedipine while PLGA remains
insoluble, the solution obtained can then be used to calculate encapsulation efficiency
using the calibration curve (Figure 14) produced.

Nifedipine UV-VIS absobance
1.0

Absorbance (a.u.)

6.2 μg/mL
3.1 μg/mL
1.5 μg/mL
0.8 μg/mL

0.5

0.4 μg/mL
0.2 μg/mL
0.0
200

λ=236

300

400

500

Wavelength (nm)

Figure 13 Nifedipine UV-VIS absorbance. The wavelength of 236 nm was chosen to
produce a concentration calibration curve seen in Figure 14.
Nifedipine in methanol UV-VIS calibration
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Figure 14 Nifedipine in methanol UV-VIS calibration curve
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5. Results & Discussion
5.1. Microfluidic-assisted nanoprecipitation
When first investigating the microfluidic-assisted nanoprecipitation of PLGA, the
lowest Qcon investigated (400 μL/min) gave rise to inconsistent particle size with larger
PDI observed at higher PLGA concentrations of 7.5 mg/mL and 10 mg/mL as shown
in Figure 15. At lower flow rates and higher PLGA concentrations, the microfluidic chip
was prone to blockage. This can be explained by a reduced shearing force acting on
the precursor solution flowing out of the inlet channel. This resulted in backflow into
the central inlet channel within the microfluidic chip and consequently resulting in
PLGA agglomerate formation. This effect within the microfluidic chip was later
determined to be diagnostic of large PDI values post analysis as precipitation within
the channel was inconsistent. Larger PDI values have been observed with increasing
PLGA concentrations which in return has an impact on mixing conditions, therefore,
agglomerate formation being a sign of increased PDI values during the analysis stage
of production is not surprising and in line with literature (34).

0.5
Particle Size (nm)

0.4
300

0.3

200

0.2

100

0.1

Polydispersity Index

400

0.0

0
2.5

5.0

7.5

10.0

PLGA Concentration (mg/mL)

Figure 15. Average particle size (nm) ± SD and average PDI ± SD are shown as
greyscale and orange correspondingly for particles produced at Qcon = 400 μL/min.
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With mixing conditions within the microfluidic chip being vital in determining particle
size and size distribution as previously described in Section 1.5. Nanoprecipitation,
optimisation of the experimental setup was necessary to ensure control over particle
size. To systemically investigate the effect of production variables on particle size and
PDI, PLGA concentration and Qcon were varied while Qdis was kept constant at 100
μL/min to elucidate how significantly a particular variation in the experimental setup
influenced the outcome.
At certain concentrations such as 2.5 mg/mL PLGA, control over particle size was
attainable through altering Qcon, whereas at higher concentrations of PLGA (10
mg/mL) this was not possible as can be seen by Figure 16 and Figure 17.

PLGA Concentration 10 mg/mL
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Particle Size (nm)

300

0.4
200

0.3
0.2
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0.1
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0
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800
1200
Qcon, (µL/min)

1600

Figure 16. Average particle size (nm) ± SD and average PDI ± SD are shown as
greyscale and orange correspondingly for particles produced with 10 mg/mL PLGA.

38

PLGA Concentration 2.5 mg/mL
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Figure 17. Average particle size (nm) ± SD and average PDI ± SD are shown as
greyscale and orange correspondingly for particles produced with 2.5 mg/mL PLGA.

At a 2.5 mg/mL polymer concentration, although between smaller variations of Qcon
(e.g., between 1200 and 1600 μL/min) a statistically significant difference in particle
size was not observed, at larger variations (between 400 and 1600 μL/min) the results
were statistically significant. Similar to the work of Donno et al. (39), increasing Qcon
causes the reduction in particle size which is observable with an overall trend at all
flow rates examined at this concentration. However, as flow rate changes did not result
in a trend in particle size at higher concentrations of PLGA (Figure 18), this indicated
that to achieve a purely microfluidic control over NP size, a set limit exists on the
concentration of PLGA.
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Figure 18. Average particle size (nm) ± SD and average PDI ± SD are shown as
greyscale and orange correspondingly for particles produced at varying conditions to
investigate microfluidic-assisted nanoprecipitation of PLGA NPs.

Further investigations with increasing PLGA concentration did however reveal a
positive correlation with particle sizes produced at 800, 1200 and 1600 Q con μL/min
(Figure 18) this was not surprising as this effect is widely accepted within literature
regarding nanoprecipitation (79). Increasing PLGA concentration causes an increase
in the number of available unimers able to nanoprecipitate and aggregate during and
after nanoprecipitation. In addition to this, the viscosity of the polymer phase also
increases with increasing concentration. Viscosity is a parameter which impacts Tmix
and can consequently result in larger particle formations as mixing time is increased
(34).
During the production of particles with PLGA concentration higher than 2.5 mg/mL,
turbulent and unpredictable flow regimens due to agglomeration within the chip may
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have resulted in non-homogenous mixing conditions, resulting in large particle size
distributions. This is reflected by the large range in PDI value of 0.1-0.5 for samples
collected from 7.5 mg/mL at 400 Qcon. Generally, higher PDI ranges were observed
with increasing polymer concentration. At lower polymer concentrations, smaller NPs
are produced and as such a smaller PDI range is attained due to a more homogenous
and reproducible NP system (34).
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5.2. Optimising Parameters
To optimise and prevent agglomeration within the microfluidic chip at 2.5 mg/mL, Qdis
was increased to 300 μL/min and the Qcon was set at 300, 900 and 1500 μL/min while
PLGA concentration was also reduced to 1.0 mg/mL and 0.5 mg/mL.
Comparable to previous results, increasing polymer concentration correlated
positively with NP size (Figure 19). Through altering production parameters as
described, the PDI of all samples collected were below 0.15 with no significant
difference between the samples. For clinical applications of polymeric nanomaterials,
a PDI of 0.2 and lower is regarded satisfactory (80). Therefore, we have shown the
ability of the optimised system to be potentially clinically applicable. For further
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confirmation of the data, additional repeats of this experiment may be required.
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Figure 19. Particle size and polydispersity index (PDI) of PLGA NPs at a PLGA
concentration of 0.5 and 1 mg/mL. Key: Average particle size (nm) ± SD and average
PDI ± SD are shown as greyscale and orange correspondingly for particles produced
at varying conditions.
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There was a greater difference in particle size between Qcon of 300 and 900 μL/min,
compared to 900 and 1500 across both concentrations of PLGA. This could show that
with increasing aqueous flow rate, particle size decreases in a sigmoidal manner. In
work done by Johnson and Prud'homme using a coaxial confined impinging jet mixer,
increasing flow rates were shown to reduce particle size until a levelling point at which
particle size remained unchanged (40). In this experiment, similar particle size levelling
off was observed between 900 and 1500 μL/min where change was minimal at an
average of ~10nm at both concentrations. Estimated mixing time within this
experimental setup would have been 2, 0.39 and 0.15 seconds for Qcon of 300, 900
and 1500 µL/min, respectively. The reduced mixing time at higher Qcon increases the
rate at which NPs become kinetically locked. This is because unimers are no longer
dissolved in a solvent in which they can exist as ideal chains and NPs are only able to
grow until the energy barrier for insertion of unimers becomes too high and the
particles become ‘kinetically locked’ (34).
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5.3. Nifedipine
With the greater microfluidic control over the particle production at the optimised
settings described above, the encapsulation of Nifedipine was investigated.
Within literature, particle size increase between blank systems and drug loaded
systems is often used to insinuate successful drug loading (81). However, as can be
compared between Figure 19 and Figure 20, the average particle size obtained at
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Qcon of 300 µL/min, the presence of nifedipine had an opposite effect.
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Figure 20. Particle size and PDI of nifedipine-PLGA NPs at a PLGA concentration of
0.5 and 1 mg/mL. Key: Average particle size (nm) ± SD and average PDI ± SD are
shown as greyscale and orange correspondingly for particles produced at varying
conditions.
Still, the overall trend of increasing Qcon and reducing polymer concentration on
reducing particle size was maintained. Similarly, to blank NPs produced, there was a
~10% greater difference in particle size between Qcon of 300 and 900 μL/min,
compared to 900 and 1500 across both concentrations of PLGA which again supports
the theory of ‘levelling off’ previously described (34).
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The PDI of Nifedipine-PLGA-NPs remained at below 0.2 at all samples with the
average PDI of all samples being 0.092 ± 0.031. Jog, Unachukwu and Burgess (82)
produced pH sensitive crystalline nifedipine Eudragit® L100-55 and PVA NPs through
a batch emulsion solvent diffusion method. They were able to produce optimised NPs
with an average PDI of 0.135 ± 0.008. Thus, a more homogenous particle size
distribution was achieved using the reported microfluidic setup compared to that found
in literature, albeit using a different manufacturing method.
During production of Nifedipine-PLGA-NPs, there were no visible agglomerate
formation within the microfluidic chip as can be seen in Figure 21. Although further
investigations such as encapsulation efficiency and dissolution studies are required to
understand the delivery system produced. The optimised parameters in microfluidic
production for continuous production of PLGA-NPs with minimal operator manipulation
enabled the agglomerate-free production of nifedipine loaded PLGA NPs.

Figure 21. Optical microscope image of the microfluidic chip while producing
Nifedipine-PLGA-NPs.
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5.4. Propranolol Hydrochloride
As the encapsulation of the hydrophobic drug Nifedipine in PLGA NPs was
successfully achieved, the next aim of this study was to compare the application of the
microfluidic-assisted nanoprecipitation method to a hydrophilic drug, Propranolol
hydrochloride.
PropranololHCl-PLGA-NPs have previously been produced using a water-in-oil-inwater (W/O/W) multiple emulsion technique utilising a homogeniser for the
emulsification (64). However, to the authors knowledge, microfluidic assisted
nanoprecipitation has not been applied to encapsulating propranolol hydrochloride.
Therefore, a preliminary study was carried out to compare the production of
Propranolol-PLGA-NPs to Nifedipine-PLGA-NPs.
In contrast to the production of the blank particles, during the manufacture of
propranolol particles, the presence of propranolol hydrochloride resulted in extensive
agglomeration (Figure 22) within the chip and the connection tubes disrupted
production.

Figure 22. Chip blockage during Propranolol-PLGA-NP production

The propranolol particles had an average size and zeta potential of 2.3 μm ± 0.75 and
8.7 mV± 2.3, respectively. In comparison, the blank particles had an average size and
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zeta potential of 130 nm ± 2.5 and -45 mV ± 1. Reduced colloidal stability within the
nanosuspension due to the presence of both cations and anions in the form of cationic
propranolol and anionic chloride ions may have resulted in the large particle size
increase in the drug loaded system in comparison to the blank particles. This is
supported by the fact that propranolol as a weakly basic drug with a pKa of 9.6 is a
~100% ionised at a pH of 7. Although a pH reading of the nano-emulsion was not
obtained, it is likely for the emulsion system to have a pH lower than 7.
Deprotonation of drugs is a method utilised to improve encapsulation within NP
systems (63,83). Through removing the salt present in commercially available
medicines such as hydrochloric acid in propranolol hydrochloride, the drug is less likely
to ionise in solution and is rendered more hydrophobic with favourable loading
capability within the drug delivery system. However, in doing so, the product is no
longer in its licensed or approved format. Additional chemical changes to drug entities
are also unfavourable with the aims of this project.
As propranolol hydrochloride is a highly water-soluble drug, the potential for the drug
escaping PLGA NPs into the aqueous phase while the particles dry is great. However,
through increasing the pH of the aqueous system, an increase in propranolol
hydrochloride loading into particles has been observed previously by Ubrich et al. (64).
Although hydrolysis of the PLGA polymer is a concern at the extremes of the pH scale,
an optimisation study also involving a wider range of microfluidic parameters such as
an increased mixing time could be investigated.
Ultimately, PLGA remains a polymer with higher affinity toward the encapsulation of
hydrophobic APIs. Furthermore, the nanoprecipitation method requires for both the
drug and polymer to be soluble within the same solvent system for favourable
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encapsulation results. Therefore, the use of other polymers with affinity toward
hydrophilic APIs may be necessary in achieving successful encapsulation. For
example, modification of PLGA with polyethylene glycol (84) or alginate (85) have
been shown to be effective strategies to encapsulate hydrophilic APIs. The
nanoprecipitation method has also been shown to be applicable to polysaccharides
such as starch (86), modified cellulose (87) and chitosan as well as other polyesters
such as polycaprolactone (88). Exploring other polymeric material during production
could enable the progress of the project toward the goal of encapsulating a wide range
of APIs from all four BCS categories to facilitate the production of personalised dosage
forms.
Surfactants used during production can improve the interaction between the NP and
hydrophilic API through ionic interactions or the formation of hydrogen bonds between
the hydrophilic moieties of the surfactant and the hydrophilic API. In work done by
Meikle et al. (50), the use of PVA resulted in the doubling of rifampicin encapsulation
efficiency. To investigate the production of PLGA NPs in the presence of a surfactant,
the use of PVA in the aqueous phase was investigated.
5.5. Poly(vinyl alcohol) as a surfactant.
To understand the effect of surfactant presence on the PLGA-NPs produced through
the microfluidic-assisted nanoprecipitation method, Poly(vinyl alcohol) (PVA) was
used. Although precipitation within the chip was reduced by decreasing PLGA
concentration to 0.5 mg/mL and 1 mg/mL, it may be necessary to increase PLGA
concentration in future formulations. Therefore, the water-soluble polymer PVA was
utilised as not only a future strategy to increase hydrophilic drug loading but also to
study precipitate formation within the microfluidic chip.
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It has been reported that with increasing PVA concentration, the increased viscosity
of the aqueous phase, results in an increase in mixing time between the solvent and
aqueous phase can cause particle growth during nanoprecipitation (49). However as
only a 1 mg/mL concentration was used, increased viscosity was an unlikely factor in
increased particle size.
The association of PVA and PLGA during the nanoprecipitation process can occur
when the hydrocarbon backbone of PVA enters the organic phase and remains
attached onto the polymer matrix (49) this leaves the hydroxyl groups facing the
aqueous phase by forming hydrogen bonds. However, PVA is insoluble in acetone
and this theory may therefore not explain the increase in the size of NPs when PVA
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Figure 23. Particle size and PDI of NPs at a PLGA concentration of 2.5 mg/mL. Key:
Average particle size (nm) ± SD and average PDI ± SD are shown as greyscale and
orange correspondingly for particles produced at varying conditions.
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Instead, PVA hydroxyl groups could be forming hydrogen bonds with the carboxyl
groups on PLGA. Alas, the presence of PVA increased the Zeta potential of PLGA
NPs to -18.5 ± 6.7 mV from -44.7 ± 1.5 mV (Figure 24). The reduction in the strength
of electrophoretic mobility suggests a reduction in repulsion between particles.
Supporting the theory that PVA may be blocking the anionic carboxyl groups from
interacting with the aqueous media as PVA itself does not have ionisable functional
groups.
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Figure 24. Zeta Potential of blank PLGA NPs compared to PLGA NPs produced in
the presence of 1 mg/mL PVA.
The magnitude of Zeta potential is important in ensuring colloidal stability (89). A
neutral Zeta potential can compromise colloidal stability as NPs experience reduced
‘inter-particle’ repulsion (90). Ironically, using PVA to reduce agglomeration within the
microfluidic chip during production, could itself result in agglomeration of particles
within the emulsion after production over time, however, through lyophilisation this
process can be prevented as the aqueous phase is removed.
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6. Critical assessment of results achieved
During the undertaking of this research, an understanding of the optimisation
parameters in the field of microfluidic polymeric NP production was gained. Once an
understanding of parameters affecting production are increased, Design of
Experiments studies can help to further optimise parameters and prevent blockages,
consequently defining the unique range of production constraints in which a specific
drug, solvent, polymer, surfactant, and chip combination can operate in to result in the
required product. Other polymers as well as surfactants will be used to optimise
parameters for different BCS category APIs to show the ability to continuously
manufacture personalised dosage forms with the microfluidic platform.
The shape and size of the produce NPs will need to be investigated using technologies
such as TEM and SEM. Additionally drug loading determination of the particles will be
important in further characterising the particles, this will involve dissolving the drugloaded particles in a suitable solvent and measuring drug loading using High
Performance Liquid Chromatography with a UV-VIS detection.
To study the release kinetics of the drug loaded NPs based on oral release, dissolution
rigs will need to be set up according to US Pharmacopoeia standards. Additional
release studies will be needed to understand the effect of the encapsulation material
itself on the release of APIs. Ensuring the pH of the release media used is equivalent
to the pKa of the API in question, will eliminate the solubility of each drug affecting
release rates.
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7. Conclusions and further work
In this work we were able to showcase the ability of the microfluidic platform to produce
NPs ranging from 80 nm - 400 nm through altering concentration and flow rate. We
were able to optimise the microfluidic-assisted nanoprecipitation method to maintain
continuous and controllable production of NPs (ranging from 90 – 170 nm) even in the
presence of the hydrophobic API, nifedipine. Additionally, we have presented the
microfluidic platform as a NP production method which has the potential of being
scaled up while maintaining low PDI at < 0.2. Finally, we investigated the possibility of
including a surfactant during production to improve hydrophilic drug loading to enable
the encapsulation of a variety of APIs in the future belonging to different BCS
categories. Progressing towards the production of personalised and tailored dosage
forms as the control over particle size will control drug release.
For this research to succeed in reaching the aim of producing personalised and
tailored dosage forms, a cycle of production exists (Figure 25) in which every
parameter may affect the next stage. Particle size will alter drug release, polymer
choice may alter particle size and so on. Through the analysis of the data, an optimised
design of parameters can be achieved, however, to systematically achieve this, a
Design of Experiments (DoE) should be employed. This will enable the statistical
prediction of a desired particle for further study. ‘The design space’ obtained from
carrying out a DoE study will enable production of particles with optimised or desired
settings such as high encapsulation or reduced PDI. This in turn will help to guide
future works listed below.
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Figure 25 The cycle of particle production within this project, changing design
parameters can alter encapsulation, drug release, particle size and morphology

High performance liquid chromatography (HPLC) will be used to undertake
encapsulation efficiency studies of different APIs. In undertaking and developing
dissolution studies to investigate release of chosen drug from the NP system, a deeper
understanding of the effect of microfluidic parameters on drug dissolution can be
gained. Additionally, the utilisation of Transmission Electron Microscopy (TEM) and
Scanning Electron Microscopy (SEM) in conjunction with advanced particle
characterisation techniques such as the 3D OrbiSIMS will aid understanding of the NP
system morphology and the drug-NP interaction. Through depth profiling of the drug
loaded NP, a novel understanding of the drug within the polymeric particle system can
be sought.
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