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Abstract
Three-dimensional (3D) printing is forecast to cause a paradigm shift in
pharmaceuticals, transitioning away from a ‘one-size-fits-all’ treatment approach
towards personalised medicine. However, a major barrier to clinical integration lies
in the inability to ensure the quality of the 3D printed tablets. Current quality control
(QC) methods are inherently destructive, which would be unsuitable for the realtime release of printed medicines at the point-of-care. As such, this PhD thesis
aims to evaluate the ability of process analytical technologies (PAT), including near
infrared (NIR), Raman and terahertz spectroscopy, to act as alternative nondestructive QC methods for 3D printed medicines produced using selective laser
sintering (SLS). The major findings were as follows: 1) NIR spectroscopy enabled
the dose quantification of a single drug (paracetamol) and two distinct drugs
(amlodipine and lisinopril) in a rapid, point-and-shoot process. Raman microscopy
was found suitable to evaluate the drug distribution and solid-state characteristics
across the dosage form surface and cross-section; 2) Amorphous solid dispersions
of a BCS II drug (itraconazole) were produced using SLS 3D printing. Amorphous
quantification was successful using NIR spectroscopy and Raman spectroscopy,
which were comparable to reference x-ray powder diffraction (XRPD) analysis; 3)
Laser scanning speed has a significant impact of 3D printed drug product density
and drug release. Due to the different surface presentations of the dosage forms,
preliminary data showed that FT-NIR spectroscopy may be a promising tool for the
prediction of density and drug release. Overall, for the first time, this research
demonstrates the potential for PAT technologies to undertake QC of 3D printed
pharmaceuticals, overcoming a major barrier and hence supporting the integration
of this technology into the clinic.
296 words
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Impact Statement
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medicine production via twofold reasons: 1) By providing a comprehensive
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time, by developing a series of validated non-destructive quality control (QC)
measure to enable the real-time-release of 3D printed medicines. This research
contributes towards overcoming one of the major hurdles towards clinical
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understanding the technical printing considerations, whilst providing a strategy to
meet regulatory requirements.
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ensuring the safety and efficacy of the medicines it produces on-demand. As such,
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this research increases the confidence in the use of 3D printing in the
pharmaceutical industry and clinical pharmacy practice, and provides a strategy
towards checking the quality of printed medicines at the point-of-care. In 5 years,
this research could aid in the integration of 3D printing into clinical trials, specials
manufacturing units and on the front-line in hospital and community pharmacies.
To date, this PhD thesis has generated three original review articles and two
original research articles, as well as fifteen oral and poster presentations and
countless outreach opportunities (e.g. via interviews, trade articles and social
media etc). Such practices have enabled the increased engagement of major
stakeholders in 3D printing pharmaceuticals; namely clinicians, pharmacists,
industrial scientists, excipient and equipment manufacturers, regulatory bodies and
the public. This practice of dissemination and knowledge transfer has led to an
increased receptiveness and confidence in the use of 3D printing technologies
across the healthcare community.

477 words
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1. Introduction
Three-dimensional printing (3DP) is forecast to cause a paradigm shift in the way
that medicines are designed, manufactured and administered. The potential for
3DP lies in its ability to produce medicines that are tailored to the patient (e.g. dose,
shape, size, drug combinations and release characteristics (1-6)) directly at the
point of care, such as within a community or hospital pharmacy setting.
Conventional pharmaceutical manufacturing processes were first introduced
around 200 years ago and, despite the significant technological advancements in
the 21st century, many of these are still in use today. Whilst these methods are
cost-effective for large-scale production, they are inherently time consuming,
labour intensive and dose inflexible. Using 3DP could revolutionise the way that
tablets are manufactured, moving away from a ‘one-size-fits-all’ approach toward
personalised medicines. Indeed, 3DP could be utilised throughout the drug
development timeline, ranging from pre-clinical development and first-in-human
(FIH) clinical trials through to front-line medical care.
Despite this, to date, there remain a number of challenges before integration of
3DP technology into the clinic will be achieved; namely relating to ensuring the
quality control (QC) and safety of the fabricated drug products on site. Due to the
novelty of 3DP techniques in the pharmaceutical field and restrictive regulatory
conditions, no definitive approaches have been established to best regulate and
ensure the quality of 3D printed medicines. Current established QC methods for
drug products, such as dose quantification (e.g. ultraviolet-visible; UV-Vis
spectroscopy and high performance liquid chromatography; HPLC), thermal
analysis (differential scanning calorimetry; DSC, and thermogravimetric analysis;
TGA) and evaluation of critical quality attributes (CQAs) (hardness, friability and
drug release), necessitate high labour and maintenance costs, are inherently bulky,
complex and involve expensive machinery, and require sample preparation and
destruction during analysis.
Instead, it was envisioned that the application of miniaturised and non-destructive
process analytical technologies (PAT) for automated at-line monitoring and QC of
the final printed products would be a timely approach for enabling the adoption of
3DP into clinical pharmacy practice. Therefore, this PhD thesis has focussed on
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exploring the applicability of a number of PAT tools (including near infrared; NIR,
Raman and Terahertz spectroscopic methods with chemometric analyses) for QC
of printed pharmaceuticals, gaining a deeper understanding about their respective
advantages and limitations and to pave the way for the integration of 3DP into the
clinic to enable personalised medicines to become a reality.

1.1. Personalised Medicine
Every person is unique. Clinicians have been observing since ancient times that
different patients will respond differently to disease states and therapeutic
interventions due to each individual’s inherent physiological differences. Indeed,
Hippocrates observed this over 2500 years ago and famously stated:

‘It is much more important to know the patient who has the disease, than the
disease that the patient has’ – Hippocrates 400 BC

Over the past 100 years, substantial evidence has emerged displaying that a large
portion of variability in therapy response is genetically determined; age, sex,
ethnicity, health status, nutrition, environmental exposure, epigenetic factors, and
concurrent therapy have all been shown to play important contributory roles. Such
an understanding fashioned the need to personalise treatments based on the
individual characteristics of each patient. In 1907, medical pioneers Ottenberg and
Hektoen developed what is regarded as the world’s first personalised therapy
approach after working on blood transfusions. The researchers built upon the
knowledge that people have different blood types and determined that by matching
blood groups increased the chances for successful transfusions and lowered the
risk of the body rejecting transfused blood. Over 20 years ago, reporters from The
Wall Street Journal published an article titled ‘New Era of Personalized Medicine –
Targeting Drugs for Each Unique Genetic Profile’ which first introduced tailored
therapeutics and their benefits to healthcare (7). In the 20th Century, clinicians
continued to personalise treatments and diagnose by probing family histories for
disease risk factors that were likely to have a genetic component.
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However, it wasn’t until the beginning of the 21st century that personalised medicine
took on its current meaning, with the completion of the Human Genome Project.
The mapping of the human genome showed that mankind’s genetic make-up is
99.9% identical, however 0.1% inter-individual genetic differences creates and
contributes towards the vast variability that exists within the human species (8).
Importantly, these genetic and genomic differences explain each individuals
inherent differences in terms of susceptibility to diseases, and play an important
role in the individual responses to specific drug therapies relating to drug
absorption, distribution, metabolism and excretion in the body (9-11).

It is important to understand that ‘personalised medicine’ does not refer to unique
treatments for each individual as the term might suggest, but rather optimisation of
pharmaceutical treatment and preventative measures based on patient
characteristics such as genetic and genomic differences, age, sex, race, metabolic
capacity, anatomical and physiological features, history of prior treatments,
environmental factors, lifestyles, and so on. A common analogy used to describe
personalised medicine is ‘providing the right treatment to the right patient, at the
right dose at the right time’.
In the new millennium, the global research efforts in this area have increased
considerably which is reflected in the increased number of articles published
related to the terms ‘personalised medicine’, ‘personalized medicine’ and ‘precision
medicine’ in PubMed library of medicine (Figure 1). Indeed, publications have been
seen to grow exponentially over the past 20 years, with almost 30,000 new articles
being released in 2019 related to the area of personalised medicines.
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Figure 1. Number of publications related to the topic of ‘personalised
medicine’, ‘personalized medicine’ or ‘precision medicine’ on PubMed library
between the years of 1957 – 2019.
Since the implementation of the Precision Medicines Initiative in the U.S. in 2015,
there has been increasing emphasis placed on moving medical treatment away
from a ‘one-size-fits-all’ approach towards personalisation (12). Conventionally,
tablets are mass manufactured in a few discrete strengths, which are selected from
early phase clinical trials and represent the dose required for a safe and therapeutic
effect in the majority of the population (13). In fact, the current blockbuster
approach of treating patients via a ‘one-size-fits-all’ approach as the standard of
care has been practiced commonly based on the ‘average patient’. However, a
report by NHS England titled ‘Improving Outcomes through Personalised Medicine’
found that the traditional model of giving patients the same treatment leads to only
30-60% efficacy, compared with personalised treatments which have higher
efficacy and reduced side effects (Figure 2) (14). The therapeutic approach of
‘personalised medicine’ or ‘precision medicine’ has been developed to address the
shortcomings of the traditional model and to transform the paradigm of medicinal
practice by allowing a patient’s individual information to play its crucial role in the
search for optimal course of medical treatment.
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Figure

2.
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characterising patients for personalisation. Reproduced from (14).
For this model to become a reality, the pharmaceutical industry is required to adapt
accordingly in order to find practical solutions to enable the flexible tailoring of
patient-specific formulations with small batch manufacturing capabilities, all of
which is possible using novel 3D printing technologies.

1.2. 3D Printing Technologies
3D printing (3DP) has gained momentum in many industries such as the aeronautics,
robotics, electronics, manufacturing and food industries and, more recently, within
medicine and pharmaceuticals (15). Within the pharmaceutical field, there is a critical
need to transition away from the standard mass production of medicines of fixed
strength towards creating personalised dosage forms and dose combinations (1618). By creating medicines in a layer-by-layer manner, 3DP technology can produce
printlets (3D printed tablets) that are customised to a patient’s disease state,
individual factors and therapeutic needs (19-23). Due to the ability for precise
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material deposition, several studies have demonstrated the potential for 3DP to
create drug products with tailored dosages, geometries, drug release profiles and
multi-drug combinations (3D printed polypills, aka polyprintlets) (24-29).
Since the founding and commercialisation of the first 3DP technology in 1986 by
Charles Hull (30), an increasing number of 3DP methods have been developed. As
such, 3DP is now used as an over-arching term to describe a wide range of printing
technologies. In general, all of these 3DP technologies follow a common process for
printlet production, herein described as the ‘3 Ds of 3D printing’ (Figure 3):
1. Design: Printlets are typically designed by using computer aided design
(CAD) software to create a 3D representation of the object, often by creating
an .stl file. Desired characteristics are chosen to suit the pre-clinical or clinical
requirements of the dosage form. Designed templates are then transferred to
the selected 3D printer,
2. Develop: Printlets can then be developed by selecting the 3DP technology,
excipients and printing parameters, which are typically based on the drug
characteristics and desired outcomes,
3. Dispense: The 3D printer can then be loaded with the drug-loaded feedstock.
Formulations are prepared in a layer-by-layer fashion, which are then ready
for ‘dispensing’. This method of production varies depending on the printing
platform selected.

Design

CAD software

Develop

Excipient selection
Printing parameters

Dispense

On-site printlet production
and dispensing

Figure 3. The 3 Ds of 3D printing describing the general process for
formulation manufacture
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A number of different printing technologies (and hence methods of ‘dispensing’ 3D
printed medicines) exist, each with their own unique considerations. There are
seven main categories of 3DP technologies, classified by the American Society for
Testing and Materials (ASTM) (31). Within pharmaceuticals, generally six main
3DP technologies have been researched, including binder jet printing, fused
deposition modelling (FDM), semi-solid extrusion (SSE), direct powder extrusion
(DPE), selective laser sintering (SLS) and stereolithography (SLA) (Figure 4). The
mode of action, benefits and drawbacks of each 3D printing technology for
pharmaceuticals has been summarised in Table 1.
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Figure 4. Diagrams of the six most commonly used 3D printing technologies in pharmaceuticals: A) Binder jet
printing, B) Fused deposition modelling, C) Semi-solid extrusion, D) Direct Powder Extrusion, E) Stereolithography
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and F) Selective laser sintering

Material
vat

Table 1. List of mode of action, benefits and limitations of commonly used 3D printing technologies in pharmaceuticals
3D Printing

Mode of Action

Benefits

Drawbacks

References

Technology

Binder Jet
Printing

Fused Deposition
Modeling

A nozzle containing a binder
liquid moves along an x-y axis
and deposits the liquid onto a
flat powder surface. The liquid
binds the powder particles
together,
causing
layer
solidification. The fabrication
build plate is then moved
down along the vertical z-axis.
A thin powder layer is
distributed on top and the
process
is
repeated
sequentially to fabricate a 3D
object (Figure 4A).
An extrusion-based process
whereby a filament composed
of
a
drug-loaded
thermoplastic polymer is
extruded through a heated
nozzle. The printer head is
moved along the x-y axis to
release the molten extrudate,
which solidifies at room
temperature onto a build plate
(Figure 4B). The build plate is
sequentially lowered (along

•

•

•
•
•

Capable of forming highly
porous
dosage
forms
(rapidly dissolving)
Capable for scale up (as
demonstrated by Aprecia
Pharmceuticals for the
manufacture of Spritam)
Very fast production speed
High resolution process
(89-120 µm)
Room temperature process

•

•

•
•
•

•

•
•
•
•

Affordable 3D printing
method (commercial
printers cost as little as
£500)
Technology is readily
available
Average production speed
Sufficient resolution (100300 µm)
Ability for multi-nozzle
printing (production of
multi-drug combinations)

•

•

Often poor mechanical
properties (low breaking
force, high friability)
Multi-step process which
requires
drying
postprinting to remove residual
solvent
Highly expensive printers
(£15,000 - £35,000)
Requires a specialised
powder facility
Use of volatile solvents

(32-34)

High temperatures used
(typically >100°C) may
cause premature
degradation of the API,
which can be problematic
for thermally sensitive
drugs
Significant optimisation
times required for filament
development

(5, 35)
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Semi-Solid
Extrusion

Direct Powder
Extrusion (DPE)

the vertical z-axis) to enable a
layer-by-layer fabrication of a
3D object.

•

A drug-loaded semi-solid
material (e.g. gels or paste) is
extruded using a syringebased tool head (Figure 4C).
The printer head is moved
along the x-y-z axis to release
the extrudate, which solidifies
at room temperature onto a
build plate (Figure 4C).

•

An extrusion-based process
whereby
a
drug-loaded
formulation blend composed
is inserted into a powder
hopper. The hopper feeds into
a heated single screw
extruder in the print head
which creates a molten
extrudate, which solidifies at
room temperature onto a build
plate (Figure 4D). The build
plate is sequentially lowered
(along the vertical z-axis) to
enable
a
layer-by-layer
fabrication of a 3D object.

•

•
•
•

•
•
•
•

Capable of forming
amorphous solid
dispersions for enabling
formulation strategies
Does not require filament
production prior to printing
Often conducted at room
(or low) temperatures
Possible for high drug
loading
Production of chewable
and palatable formulations,
suitable for paediatrics
Does not require filament
production prior to printing
Possible for high drug
loading
Average production speed
Sufficient resolution (100300 µm)
Capable of forming
amorphous solid
dispersions for enabling
formulation strategies

•

•

•

•

•

Large nozzle diameter
(0.4-0.8mm) creates
dosage forms with poor
resolution
Requires drying or
solidification time postprinting
Challenging to control
material flow rate through
nozzle
High temperatures used
(typically >100°C) may
cause premature
degradation of the API,
which can be problematic
for thermally sensitive
drugs
Relatively new technology
in pharmaceuticals and
hence less evidence base
for the production of drug
products

(36, 37)

(38, 39)
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SLA involves exposing a
photopolymerisable resin to
high-energy light (e.g. UV
light) to induce polymerisation
and solidification of the
Stereolithography material. Each time, the resin
(SLA)
is solidified to a defined depth,
the platform is moved down
vertically along the z-axis and
the built layer is recoated with
resin and the process is
repeated (Figure 4E).
SLS employs a laser, which is
directed to draw a specific
pattern on the powder bed to
cause selective partial or full
melting to bind powder
Selective Laser
particles. Once the layer is
sintered, a roller distributes a
Sintering (SLS)
fresh layer of powder on top of
the sintered material. The
process is repeated layer-bylayer to fabricate a 3D solid
object (Figure 4F).

•

•
•

High resolution and
accuracy (superior to other
3D printing technologies)
Room temperature process
Capable of forming
amorphous solid
dispersions for enabling
formulation strategies

•
•

•
•

•
•

•
•
•
•

High resolution process
(100 µm)
Single-step and capable of
producing objects with
various porosities and
microstructures
Average printing speed
Capability for scale up
Feedstock production is
simple (powder mixture)
Most cost-effective
technology

•
•

•

Requires curing postprinting
Safety concerns with the
commercially available
resins and photoinitiators
(cytotoxic)
Residual analysis required
for pharmaceuticals
Long printing time if high
resolution required

Risk of photodegradation
due to presence of laser
Certain polymers require
high temperatures for
sintering
A more novel technology in
pharmaceutics – requires
increased understanding

(37)

(40)
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1.2.1. Selective Laser Sintering (SLS)
This PhD thesis focuses predominantly on the use of selective laser sintering
(SLS), a relatively new 3DP technology to the pharmaceutical sector. To date, the
application of SLS to medical research has been mostly limited to the field of tissue
engineering, for example for the production of scaffolds (41, 42) or to fabricate
model drug delivery devices (43). This may be in part due to the high localised
temperatures required to sinter materials, which was initially thought to pose a risk
to drug or excipient degradation (44). In 2017, Fina. et al. described the first
application of SLS to manufacture immediate and modified release tablets
containing paracetamol, at three different drug loadings, encouragingly with
absence of drug degradation (45).
Due to the precision of the laser, a higher resolution can be achieved using SLS
compared to other methods, enabling the generation of complex structures and
dosing accuracy. For example, Fina. et al. used SLS printing to create drug-loaded
dosage forms in the shape of complex gyroid lattices, enabling a specific tailoring of
drug release (46). In 2019, Awad. et al. showed the capability of SLS 3D printing to
produce novel, small dosage forms in the form of 3D printed pellets (termed
miniprintlets, size: 1mm and 2mm) (47). In 2020, SLS 3D printing was used to
develop novel dosage forms with Braille and Moon patterns on the surface, aiding
medication identification and hence independence for patients with visual impairment
or visual loss (48).
Another unique feature of SLS 3D printing is that highly porous dosage forms can be
created as the laser causes a ‘superficial’ binding of particles, enabling the production
of fast-disintegrating oro-dispersible tablets (49, 50). Interestingly, previous studies
have found that by altering the laser scanning speed, dosage forms with different
CQAs (tablet weight, dosage, hardness, friability, disintegration time and drug
release profiles) can be generated (51). Furthermore, SLS is a solvent-free process
(52) and requires only the preparation of a suitable powder mixture for printing
compared to the need for drug-loaded filament production for other methods.
Compared with the alternative 3D printing technologies, SLS has been shown to be
more cost-effective due to the low cost of the feedstock material (53, 54). For all of
these reasons, it is thought that SLS printing would likely be a highly suitable
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technology for healthcare due to its versatility, cost-effectiveness and speed of
production and, as such, was the technology of choice within this PhD research
thesis.
The SLS printing apparatus is comprised of five main parts (Figure 5A); 1) A
building platform, where the 3D printed object is produced; 2) A laser which causes
the powder sintering process; 3) Galvano mirrors, used to direct the laser beam to
the correct printing positions; 4) A reservoir platform that holds and dispenses new
powder onto the building platform; and 5) An automatic roller that spreads and
flattens new powder on the fabrication platform. The SLS 3D printing process
involves directing a CO2 or diode laser beam to draw a specific pattern onto a
powder bed to cause selective partial or full melting to bind powder particles (55).
The sintering process in SLS 3D printing is termed solid-state sintering (SSS),
which involves the bonding and densification of particles by the application of heat
below the melting point of a material which leads to necking (formation of a
superficial connection) between adjacent powder particles. Since many empty
spaces are left inside the structure, objects manufactured using SSS are always
porous. Depending on the sintering parameters, different degrees of porosity can
be generated with different levels of pore connectivity. Once the layer is complete,
a roller distributes a fresh layer of powder on top of the sintered material (40). The
process is repeated layer-by-layer to fabricate a 3D solid object.

A

B

Figure 5. Diagram of the SLS 3D printing process (A) and a diagram depicting
solid state sintering which occurs during the printing process (B). Reprinted
from (56).
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1.2.1.1

SLS Printing Parameters

The SLS printing parameters used can highly influence the characteristics of the
final print. It is thus of critical importance to optimise the parameters to best suit the
powder properties and the intended application. The main processing parameters
relating to the SLS technology can be described as follows:
1.2.1.1.1 Printing Temperature
Controlling the printing temperature is essential for promoting the sintering process.
The powder bed temperature (the temperature of the powder in the fabrication
platform), is regulated using two parameters: 1) The surface temperature (the
temperature of the superficial layers of the powder) and 2) The chamber
temperature (the temperature inside the entire printer chamber). By pre-heating the
powder bed, in turn the amount of laser energy required for sintering is reduced,
limiting internal stresses and thermal deformations. Thermoplastic polymers can
be classified as amorphous or semi-crystalline; in the case of amorphous polymers,
the printing temperature is usually set to around the glass transition temperature
(Tg) of the material. For semi-crystalline polymers, the bed temperature is typically
set a few degrees (e.g. 3 − 4°C) lower than the melting temperature (Tm). For semicrystalline materials and polymer mixtures, the optimum bed temperature is usually
set close to their Tg, which can be calculated using the Simple Fox Equation 1:

(1)
Where WX refers to the weight fractions of each polymer and TgX refers to the Tg of
each individual polymer, respectively (57).
1.2.1.1.2. Laser Scanning Speed
The laser scanning speed (units mm/s) refers to the distance at which the laser
beam travels over a given time when drawing the pattern. The laser scanning
speed can directly affect the laser energy density on the powder surface, with the
relationship between both parameters being explained using Equation 2:
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(2)
where Ev refers to the laser energy density, P is the laser power and Sd is the laser
spot size and Vs is the laser scanning speed (58).
Typically, reducing the laser scanning speed increases the contact time between
the powder bed and the laser beam, which allows a higher energy transmission
and results in a higher degree of sintering and producing denser objects (59). A
faster laser scanning speed results in a low energy density and less energy being
transmitted to the powder, leading to reduced sintering and objects with higher
porosity. By changing the laser scanning speed, studies have been able to produce
dosage forms with differing drug release profiles and dosages (60).

1.2.1.1.3. Layer Thickness and Scan Spacing
Layer thickness refers to the height of each individual layer, which is controlled by
adjusting the depth by which the fabrication platform is lowered before the start of
each layer. The layer thickness typically depends on the 3D printer used and often
ranges between 0.07 and 0.5 mm (61). In a similar manner to other 3D printing
technologies, a thinner layer thickness corresponds with a higher printing
resolution. Nonetheless, to ensure accuracy, the layer thickness should not fall
below the average particle size of the powder (57).
Scan spacing refers to the distance between two consecutive scanning vectors.
The optimum scan spacing should be set with respect to the laser beam diameter
and energy density. If the scan space is too large, the layers might undergo
incomplete sintering and have low mechanical strength as the layers would not be
connected leaving unsintered parts. For both the layer thickness and the scan
spacing, the parameter selected is proportionate to the printing time. As such,
increasing the scan spacing reduces the time needed for printing each layer.
Decreasing the scan spacing lengthens the fabrication process, but it is best for
creating thin and intricate structures. However, this decrease should not exceed
the recommended limit, because if the scan spacing is too short, it might induce
thermal deformations.
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1.2.1.1.4. Particle morphology
Particle morphology (shape, size and particle size distribution) plays a major role
in in the SLS printing process. Importantly, if the particles are too small or irregularly
shaped, the flow properties are often poor due to high electrostatic forces causing
agglomeration (62). Conversely, larger particles will leave large voids between
each particle, requiring higher laser energy input and resulting in poor mechanical
properties. In turn, this causes inefficient distribution of powder via the roller and
hence can affect object quality. Ideally, the powder particles should be spherical in
shape, with sizes ranging between 58 μm and 180 μm (63). This imparts good flow
properties and permits homogenous energy transmittance amongst the powder
bed. It is important to consider the particle size distribution of the powders, which
should be narrow to ensure even absorption of energy.

1.2.1.1.5. Other parameters
There are several other SLS parameters that can also affect the final print quality
of the object. Interestingly, the build position (i.e. the location of sintering on the
fabrication platform) has also been reported to influence the mechanical properties
of the end-products, as objects built in the middle regions may undergo a higher
intensity sintering due their ability to retain heat for longer periods of time (64).
Another factor to consider is the dwell time of the object (the cooldown time
required at the start and end of each layer), whereby typically the longer the dwell
time, the better the overall resolution of the object. Furthermore, differing cooldown
times will likely have an impact on solid state properties of the final dosage form.

1.3. Benefits of 3D Printing Personalised Medicines
3DP could help to drive the field of personalised medicine due to its capabilities of
producing individualised printlets in small or ‘one-off’ batches, directly at the point
of care. The dosage form could be designed to contain an appropriate dosage,
drug combinations, formulation type and/or aesthetics that are tailored to suit the
patient. This process could benefit a number of different situations and patient
groups on the front-line, which will be discussed in turn.
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1.3.1. Dose Personalisation
In young children and the elderly, dosing requirements can be markedly different
compared to adults due to differences in physical characteristics (e.g. body weight,
surface area and age) and pharmacokinetics (e.g. metabolic capacity, drug clearance
and organ function) (65, 66). Furthermore, certain medicines with complex dosage
regimes, such as narrow therapeutic index drugs (13), require exact dosing to
maintain treatment efficacy and patient safety. This can be particularly problematic
for those medicines that are formulated as single discrete strengths or formulation
types. As such, it has become common practice for patients or carers to split tablets
or for staff to extemporaneously prepare formulations (e.g. by crushing licensed
tablets or by opening capsules and using the contents) to achieve the target dose.
However, such practices pose the risk of inaccurate dosing, dose variation (67, 68)
and dose-dumping for enteric coated tablets, which could have severe therapeutic
consequences (69, 70). In addition, extemporaneous preparation can often be a
particularly laborious and time-consuming task for clinical staff.
In these cases, 3DP could instead be used to create a printlet containing an exact
dosage of drug. For example, 3DP has been used to print exact dosages of
theophylline, a narrow therapeutic index (NTI) drug used to treat asthma (71-73). In
turn, this could simplify administration and reduce the risk of dose variation and
medication errors. 3DP could also be used to simplify drug administration for those
medicines that have rapid dose changes on initiation or reducing regimes. For
example, corticosteroids can have complex reducing regimes and, as such, 3DP has
been explored to dispense exact doses of prednisolone (74) and budesonide (4, 71).
1.3.2. Multi-Drug Combinations
With an aging population, polypharmacy (the concurrent use of more than one
medicine) is an increasing consideration that can cause non-adherence (75).
Patients who are hospitalised or have conditions such as tuberculosis or HIV can
also be affected by a high tablet burden and complex dosage regimes (76). In these
instances, combining multiple actives and/or dosages into a single formulation (to
create personalised ‘polypills’) could improve medication adherence and reduce
administration errors. However, traditional manufacturing processes currently do not
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support true individualisation of polypills, as they can only produce fixed-dose
combinations that do not account for the changing needs of the patient.
Due to the excellent flexibility and capabilities for accurate spatial distribution of drug,
3DP could be used to produce polypills. Thus far, a number of 3DP papers have
demonstrated the production of polypills using a range of printing technologies
including binder jet printing (52), FDM (77-79), SLA (80, 81) and semi-solid extrusion
(82). For example, Khaled. et al. (3) successfully printed a five-drug cardiac polypill
with different release rates, containing aspirin, hydrochlorothiazide, atenolol, ramipril
and pravastatin (Figure 6).

Figure 6. 3D printed polypill containing five different drugs
with different release profiles. Source: (3).

1.3.3. Tailored Release Profiles
Encouragingly, by selecting appropriate excipients and printing parameters, printlets
could also be developed to have defined drug release profiles (e.g. by using different
rate-controlling polymers). Several studies have evaluated this concept for single
drugs (5, 83, 84) and polypills (3, 82). For example, one study described the
production of enteric-coated caplets by printing a methacrylic polymer-based shell
surrounding a drug core (71). In 2017, Goyanes. et al. (84) showed that delayed
release tablets could instead be produced by incorporating the drug within an enteric
polymer, negating the need for an outer enteric shell.
Release profiles could also be tailored by changing the geometry of the tablet (1).
One study found that by changing the surface area to volume ratios of different
40

shaped printlets (cube, pyramid, cylinder, sphere and torus; Figure 7A) enabled the
modification of drug release. When tablets were formulated with a constant surface
area/volume ratio, the release rates (fastest first) were in the order of sphere and
cube > torus > cylinder > pyramid (Figure 7B).

Figure 7. A) Printlets of different geometries B) Drug release profiles of
printlets with constant surface area/volume ratios. Source: (1)
1.3.4. Improved Medication Adherence
Printing technologies can be used to produce ‘patient-friendly’ formulations. For
example, the oral dosage form could be tailored to the patient’s needs by enabling
clinicians to select a specific required dosage and/or drug combinations. This benefit
would improve treatment efficacy whilst reducing the risk of adverse effects due to
inaccurate dosing. Furthermore, patients or carers could be empowered to design or
select their own formulation from a ‘menu’, choosing their desired formulation type
(e.g. solid, chewable or oro-dispersible) and geometric factors, such as shape, size,
colour and texture, potentially improving medication adherence and understanding.
Patient-friendly formulations, such as fast dissolving tablets (32, 85), oro-dispersible
films (86, 87) and chewable drug products (88) have been produced by 3DP. Such
formulations could ease administration in patients with dysphagia, commonly
demonstrated in paediatric and geriatric populations. Moreover, dosage forms that
are serialised have been produced, providing opportunities for remote patient
adherence monitoring and as potential future anti-counterfeit measures (89, 90).
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Using 3DP, formulations that would be otherwise impossible to produce with
conventional mass manufacturing processes can be designed and printed. Goyanes.
et al. (91) evaluated patient acceptability (with regards to ease of swallowability and
ease of picking) of a variety of printlet shapes, sizes and colours (Figure 8). It was
found that the highest acceptability score relating to swallowing and picking was
achieved with torus-shaped tablets. Printlets with a similar appearance to
conventional formulations (e.g. caplets and discs) were also favoured, demonstrating
that familiarity is key in medicines acceptance. This was the first study to demonstrate
how 3D printed formulations could be tailored to the patient’s preferences, which
could aid in increasing medication adherence.

Figure 8. Range of shapes and sizes of 3D printed tablets for evaluation
of patient acceptability. Source: (83)
In 2019, a world first clinical study was conducted using 3D printed medicines in
paediatrics. In the study, a semi-solid extrusion 3D printer was integrated into a
hospital pharmacy setting where is was used to print specific dosages of isoleucine
for the treatment of children (3 – 16 years old) with a severe metabolic disease called
Maple Syrup Urine Disease (MSUD) (92). This innovation enabled the production of
printlets in a variety of dosages, colours and flavours, which enabled a tighter control
over target blood concentrations compared with the standard therapy (capsules).
Research is also ongoing at Alder Hey Hospital in Liverpool for the production of
personalised 3D printed hydrocortisone preparations for paediatrics (93).
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1.3.5. On Demand Printing
As 3DP enables immediate manufacture, this technology is well suited to formulate
those medicines with poor stability and hence short shelf lives on demand. Examples
include certain antibiotics post-reconstitution or that require a desiccant (e.g.
nitroglycerin for angina pectoris (94)). This was demonstrated in one study which
printed exact dosages of dipyridamole (72), which can have an inherently poor shelf
life (up to 6 weeks) once opened (95).
Due to on demand capabilities, 3DP could be used across a number of healthcare
services, ranging from primary and secondary care (e.g. community pharmacies or
specialist clinics) through to tertiary care (e.g. on hospital wards). On demand
dispensing in these settings could improve medicines access and accelerate
discharge times, especially for medicines that require extemporaneous preparation.
Rapid production of one-off doses could even be achieved in time- or resourceconstrained settings, by integrating 3D printers into disaster areas, accident &
emergency departments and first response units (96). Areas with poor medicines
access could also benefit from 3DP, such as in military operations, third-world
countries and even in space.
3DP could easily be integrated with other technological advancements of our
generation, such as smart health monitors, applications and cloud-based computing.
In the 21st century, it is now feasible for patients to monitor their own vital signs (such
as heart rate and blood pressure) using freely accessible applications on their smart
phone devices. In the future, the clinician could access this real-time data within the
existing Internet infrastructure (termed Internet of Things; IoT), enabling easy review
and modification of treatments or dosages. As 3D printers can be remotely controlled,
the physician or pharmacist could the design a printlet and send a prescription to a
location with a 3D printer to be dispensed (44). It could also be possible for
experienced patients to have their own 3D printers for medicine dispensing,
facilitating autonomy in the treatment pathway.
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1.4. Challenges to Clinical Integration of 3D Printing
Many questions relating to the feasibility of integration of 3DP into pharmaceuticals
have been raised over the last decade. In particular, the relative lack of clinical
experience in conjunction with the unique features of the 3DP process compared with
more established manufacturing processes pose a number of challenges before it
can be widely accepted. Most notably, these relate to the matters of QC and safety.
Conventionally, a batch release of solid oral dosage forms requires the use of several
QC tests, such as dose verification, drug distribution, drug dissolution, solid state
analysis and evaluation of physical characteristics (hardness, friability and weight
variation) (21). However, traditionally these tests involve inherently destructive
processes. For example, for content uniformity and dose verification testing, high
performance liquid chromatography (HPLC) or UV spectroscopy assays are typically
used. Such tests are performed on samples from a large batch, which is clearly
impossible for a manufacturing process capable of fabricating single tablets. In
addition, the tests are destructive, expensive and require highly skilled operators and
thus would be impractical within a clinical setting.
An alternative solution could involve utilising novel, non-destructive tablet
characterisation methods to permit real-time batch release at the clinic (21). Such
a concept has already been proposed by the Food and Drug Administration (FDA),
with the integration of process analytical technologies (PAT) to support
pharmaceutical manufacture (97). PAT tools are defined as “systems used for
designing, analysing, and controlling manufacture through timely measurements of
critical quality and performance attributes of raw and in-process materials and
processes, with the goal of ensuring the final product quality” (97). In other words,
the tools can be used to monitor those parameters that impact the final drug product
performance. As such, the data collected during production could give users a
better understanding of the process and enable pharmaceutical batches to undergo
real-time release (RTR). To date, PAT technologies are being integrated into the
pharmaceutical industry within continuous manufacturing processes to monitor
various steps of the process (e.g. blend mixing, milling, granulation and
compression) (98).
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Vibrational spectroscopic tools, including near infrared (NIR), Raman and terahertz
spectroscopy combined with chemometrics, match the PAT framework and have
been widely researched as PAT tools within pharmaceutical processes. As such,
the theory, benefits and drawbacks of these spectroscopic methods will be
discussed in the following subsections. Over the past two decades, the use of
vibrational spectroscopies for multicomponent analysis has been on the increase,
with NIR spectroscopy being the most widely used (99). This is likely due to the
recent advances in user-friendly chemometric software tools, and due to the
invention of fibre optic probes or ‘minituarised’ NIR devices that can be easily
integrated into a variety of industrial processes. As such, PAT tools have current
applications within the fuel (100-102) and food industries (103-105), as well as
within pharmaceuticals to monitor or predict dosage form critical quality attributes
(CQAs), such as drug content (106-110), hardness (111-113), drug distribution
(114-116), moisture content (117-119), solid state (120-122), drug release (123126), amongst others. The respective advantages and disadvantages of NIR,
Raman and terahertz spectroscopic methods have been provided in Table 2.
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Table 2. The benefits and drawbacks of NIRS, Raman and terahertz spectroscopy for pharmaceutical applications
Spectroscopic Method

Benefits
•
•
•
•

Near Infrared Spectroscopy
(NIRS)

•
•
•

Raman Spectroscopy

•
•
•
•
•
•
•

Non-destructive, non-invasive
No/minimal sample preparation
Rapid (few seconds)
With appropriate chemometric analysis
quantification is possible
Been used to determine water content, phase
changes, hardness, content uniformity
Can be easily integrated with probes / small
handheld systems
NIR Chemical Imaging is able to observe
distribution of API in tablet
Non-destructive, non-invasive
Not sensitive to water
No/minimal sample preparation
Rapid analysis (few seconds)
May have better sensitivity compared to NIR
Less complex spectrum (clear spectral features)
Raman mapping is possible to observe
distribution of API throughout dosage form

Drawbacks
•
•
•
•

•
•

•
•

Poor sensitivity
Interference from water / physical attributes (e.g.
particle size, hardness, shape).
Sampling environment can influence spectra
(e.g. light/humidity).
Highly complex spectra (broad overlapping
bands) – requires spectral processing &
chemometrics to obtain relevant chemical info

Fluorescence can interfere with spectra with API
and common excipients e.g. MCC
Raman laser can sometimes cause API
degradation, phase changes or photoexcitation
(at high laser powers needed for long
wavelengths)
Laser fluctuations can cause an overall loss in
Raman signal intensity
Fewer papers describing using Raman for
quantification
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•
•
•
•
Terahertz Spectroscopy

•
•
•

Non-destructive, non-invasive
Rapid analysis (waveform generation in ~20s)
Provides solid state analysis capabilities for
medicines
Utilised for in-line control of tablet coating
thickness
Qualitative and quantitative
THz imaging functionalities ability to detect
defects in drug products
Enables analysis of physical properties of
pharmaceuticals, including porosity, coating
thickness and drug release

•
•
•
•
•

Systems are not yet fully minituarised compared
with NIR and Raman analyses
THz is challenging if using excipients that are
highly absorbing
Sample preparation is required (grinding into
fine powder and compressing into pellet)
Water interferes with (attenuates) THz
transmitted radiation
Mie scattering can interfere with readout if highly
granular particles in sample
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1.4.1. Near Infrared Spectroscopy (NIRS)
NIRS is a vibrational spectroscopy method that covers the electromagnetic
spectral region between ~700-2500 nm (4000-1250 cm-1) (Figure 9) (127).
Absorptions in the NIR region are as a result of non-fundamental vibrations
from molecules containing –C-H, -N-H, -O-H and –S-H, enabling this technique
to have widespread applications within pharmaceuticals due to the majority of
drug and excipient substances containing these functional groups (128).
Absorptions arise from two different processes: combination and overtone
vibrations. Such vibrations lead to the generation of spectra that, in their original
state, look seemingly ‘uninteresting’ due to the presence of broad and
overlapping peaks, despite the fact that these peaks actually contain important
physical and chemical information. As such, multivariate analysis and
chemometric tools are commonly employed (including mathematical preprocessing treatments and regression methods) to extract the relevant
information (129, 130).

Figure 9. The NIR region of the electromagnetic spectrum
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1.4.1.1. Measurement Modes of NIRS
Depending on the sample type, two major modes of NIRS can be employed:
reflectance or transmission (127). Within both modes, NIRS typically follows
the law of energy conservation: that is, the intensity of the incident beam (Io)
must be equal to the sum of the intensity of the reflected (IR) and transmitted
(IT) beams when interacting with a sample.
Within the transmittance mode, the amount of light transmitted through a
sample is measured. Transmittance is measured via Equation 3:
(3)

where T is transmittance, IT is the intensity of the transmitted light and IO is the
intensity of the incident beam (131). In general, IT will always be lower than IO
as a portion of NIR light will be absorbed by the sample. Within the reflectance
mode, the amount of light reflected off of a sample surface is measured.
Reflectance is measured via Equation 4:

(4)

where R is reflectance, IR is the intensity of the reflected light and IO is the
intensity of the incident beam. NIR spectra are commonly reported as
wavelength or wavenumber (x axis) against absorbance (y axis).
Absorbance (A) can be calculated via Equation 5:

(5)

To conduct a transmission measurement, the incident beam is shone onto the
sample surface and a detector is placed at the opposite side of the
measurement area (Figure 10). Favourably, this enables a large portion of the
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sample to be analysed, provided that the sample thickness and/or density is
not overly large (which could prevent the beam from travelling through the
sample and being detected). However, for in-process measurements of 3D
printed pharmaceuticals, the requirement for a detector to be present
underneath or at the side of the tablet would likely be too invasive and difficult
to integrate.

Figure 10. Visual representations of the most common NIR
measurement modes; Reflectance (A: specular; B: diffuse) and
Transmission
An alternative strategy could be to employ the use of reflectance NIR whereby
the incident beam is shone onto the surface of the sample and the reflected
beams are detected in the form of specular and diffuse reflectance (Figure 10)
(132). Specular reflectance refers to the NIR light that is directly reflected off of
the surface. Diffuse reflection is the reflection of light from a surface such that
a ray incident on the surface is scattered at many angles rather than at just one
angle as in the case of specular reflection. Diffuse reflectance involves the NIR
light penetrating into the sample, which is subjected to molecular absorption
and scattering and hence contains both the physical and chemical properties
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of the sample (133). The reflected light (both specular and diffuse) is analysed
by a detector on the same side of the measurement area.
For the purposes of integration into a 3D printing process, it seems likely that
the use of reflectance NIR would allow a greater flexibility as there is no need
for a detector at the opposite end of the measurement point. Moreover, many
reflectance NIR systems can be equipped with fibre optic probes that can be
used to non-invasively monitor processes without a loss of intensity of the
beam. Furthermore, a number of minituarised or handheld NIR reflectance
devices have been developed, providing a greater potential for in-line and atline measurements (134, 135). Such a progression has not yet occurred with
transmission measurements due to the nature of the method.
However, compared to transmission NIR, only a localised region of the sample
can be analysed because the beam has poor penetration (<5 mm) and hence
can provide information only over a limited sample area. As such, using a single
measurement, this method can generally only be used reliably if testing a
sample that is homogenous (136). This disadvantage can be overcome by
increasing the amount of light reflected from the surface (e.g. by employing a
slit size / fibre optic probe of larger diameter to measure a larger tablet surface)
or by repeating measurements at different locations across the tablet surface.
Within pharmaceuticals, NIR spectroscopy to date has been applied
extensively as an in-line PAT technology within an array of processes, ranging
from predicting blend uniformity (137, 138), content uniformity (138), coating
thickness (138), drug loading (139), tablet hardness (140), solid state form
(141), and drug dissolution (142), amongst others.

1.4.2. Raman Spectroscopy
In 1928, Raman and Krishnan first reported the detection of inelastic light
scattering, known as Raman radiation (143). The researchers observed that
when a sample was illuminated with monochromatic light, the majority of the
light (99.9%) scattered exhibited the same frequency as the initial beam
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(Rayleigh scattering). A small amount of radiation (~0.1%) showed a change in
frequency, with some photons showing a reduction in energy (Stokes Raman
scattering) and others an increase in energy (Anti-Stokes Raman scattering)
(Figure 11). It is this shift in wavelength of the scattered photon that provides
chemical and structural information about the sample. In particular, the amount
of energy lost or gained by a photon is characteristic of each the nature of each
bond (or vibration) present. A molecule is generally Raman active if there is a
change in polarisability during the vibration, leading to significant spectral
differences between common functional groups, such as -C=C, -C=O or
aromatic rings, all of which are commonly present in APIs and excipients (144).

Figure 11. Fundamentals of Raman scattering
A Raman spectrometer is composed of a light source, a monochromator, a
sample holder and a detector (145). In a similar manner to NIR, Raman can be
operated in either the reflectance or transmission mode, depending on the
equipment type and purpose of the analysis. Raman spectra are commonly
plotted to hold intensity (or counts) on the y axis and Raman shift (cm-1) on the
x axis. Raman shift corresponds to the frequency of a band that is expressed
as a shift from the excitation wavelength (located at 0 cm-1) (133). The
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advantages and disadvantages of Raman spectroscopy are discussed in Table
1. Compared to NIR spectroscopy, Raman spectroscopy often produces
spectra that are well resolved with sharp peaks or bands and hence can often
be used for identification or quantification purposes, even without the use of
chemometric tools (146). However, such spectra can be partially or fully
affected by fluorescence that could mask important spectral features that are
important for analysis (144). Moreover, the process may require high intensity
laser irradiation, which can cause sample degradation (147).
Within pharmaceuticals, Raman spectroscopy and microscopy can be used to
visualise the components of a sample matrix. In particular, for Raman
microscopy, a sample is placed on a microscopic stage and the laser is focused
on the surface of the sample. A spectrum from each spatial position is collected,
whereby the spatial resolution is limited by the size of the laser spot on the
sample (~1 μm) and the raster mechanism (148). This concept has previously
been applied as a quality control technique to evaluate drug distribution (149153) and solid state (154-156) within oral dosage forms. Interestingly, Raman
spectroscopy is particularly sensitive to the degree of crystallinity within a
sample; a crystalline sample will yield a spectrum with sharp, intense Raman
peaks. Conversely, an amorphous material will exhibit more broad and lower
intensity Raman peaks (Figure 12). As such, Raman spectroscopy has been
widely applied for the monitoring of real-time solid-state form transitions (157,
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158), and for the quantification of amorphous/crystalline drug form within drug
products (159, 160).

Figure 12. Raman spectra of Si amorphized through ion implantation and
single-crystal Si. Reprinted from: (161)
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1.4.3. Terahertz Spectroscopy
The terahertz region of the electromagnetic spectrum lies between the farinfrared region and the microwave region (wavelength range of 0.3–3.0 mm)
(Figure 13). This region conveys molecular-level information about phenomena
such as crystalline phonon modes, low-frequency molecular vibration modes,
and gas rotation modes in the frequency range of 0.1–10 THz. Terahertz
spectroscopy is complementary to other spectroscopy techniques as a number
of compounds have unique fingerprints in the terahertz region, including some
narcotics, explosives, and various polymorphic forms of active pharmaceutical
ingredients. A variety of common materials, as well as human tissue, are semitransparent to terahertz radiation, and it is non-ionising, making it safe for
human exposure. A wide variety of commercial terahertz spectrometers are
already on the market, including, conventional frequency-domain systems,
time-domain systems, imaging systems, and portable instruments.

Figure 13. The terahertz (THz) region of the electromagnetic spectrum

Compared with near-, middle-infrared spectroscopy and Raman spectroscopy,
which capture higher vibrational modes attributable to the functional groups of
molecules, THz spectroscopy can measure lower modes of molecular
vibrations that are associated with intermolecular bonds such as hydrogen
bonds or van der Waals interactions. Due to this ability, THz spectroscopy has
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been extensively explored in pharmaceuticals to qualitatively or quantitatively
analyse crystal polymorphism which refers to the crystal structures formed by
different types of hydrogen bonds between crystalline molecules (162-164).
The technology has also been explored to monitor coating thickness and
uniformity in coated pharmaceutical preparations (165-168).

1.4.4. Chemometric Analysis
To use spectroscopic methods for quantitative purposes, a multistep
methodology is required to be followed to build robust and accurate predictive
models (Figure 14), as described by the European Medicines Agency (EMA) in
their regulatory guidance (169).
Step 1 involves planning and study design, with the intended outcomes and
desired property of interest in mind. Step 2 involves the production of a number
of calibration samples of known composition that are representative of the
system. In particular, the calibration samples should span the expected
concentration range of the property of interest. General guidance recommends
for this range to cover 80-120% of the expected sample concentrations (170,
171). It is important to note that the developed calibration model will only
provide reliable results within the selected range and cannot be extrapolated
(172). Furthermore, samples from the calibration and validation set should
contain the expected variability that the future model is likely to meet (169).
Once the suitable samples have been produced, analysis can be performed
using the spectroscopic method of choice and a reference method e.g. HPLC
to determine concentration.
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Figure 14. Flow diagram depicting the process of quantitative NIR model
development for pharmaceutical applications
Step 3 is arguably the most important step in this pathway, requiring the
development of an accurate and robust calibration model. As previously
discussed, spectra originating from certain spectroscopic methods (e.g. NIR)
are notoriously difficult (or indeed impossible) to analyse when in its original
state due to the presence of broad, overlapping bands. Moreover, the spectra
can be easily influenced by a number of physical, chemical and structural
variations. In order to extract the relevant sample information, the use of
statistical and mathematical tools (also known as chemometrics) may be
required (173).
Multivariate analysis techniques are commonly used to highlight such
information by correlating one or more variables (i.e. a spectrum) to a certain
property (i.e. concentration) of the analyte. Such techniques can be used to
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classify unknown samples into groups (qualitative analysis) or to perform
methods to determine an unknown property of samples (quantitative analysis).
For quantitative analysis, which is, in general, the focus of this thesis, a
combination of two main chemometric analysis methods are commonly used:
pre-processing and regression methods (128).
1.4.4.1. Pre-processing methods:
Due to the dynamic nature of pharmaceutical processes, spectral variations can
occur e.g. due to changes in environmental conditions, surface effects, optical
path length, etc. (133). Importantly, these variations may hinder the detection
of the spectral features of interest. As such, pre-processing methods are
frequently employed to enhance the relevant information whilst discounting the
influence of any confounding variations. Typically employed methods include
scatter correction methods (including multiplicative scatter corrections; MSC
and standard normal variate; SNV) and derivation methods (such as SavitzkyGolay; SG) (174). Such techniques and various similar methods have been
described in the literature (175, 176). In this thesis, the focus was on MSC and
SNV scatter corrections, as well as Savitzky-Golay derivation techniques.
1.4.4.1.1. MSC, SNV and Savitzky-Golay techniques
Multiplicative Scatter Correction (MSC) is the most widely used pre-processing
technique (closely followed by SNV and derivation). MSC was first introduced
by Martens. et al. in 1983 (177) and described in detail by Geladi. et al. in 1985
(178). MSC and SNV pre-processing methods are typically used to remove
noise and non-uniform scattering interferences throughout the spectra (176).
MSC holds the assumption that all samples have the same ‘scatter level’ as the
reference spectrum (the mean spectrum) (179). Thus, MSC firstly performs a
regression of a measured spectrum against the reference spectrum, and then
corrects the measured spectrum using the constructed linear regression model.
In SNV, each spectrum is transformed by subtracting the spectrum mean and
dividing by the spectrum standard deviation (180). The main difference is that
SNV standardises each spectrum using only the data from that particular
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spectrum, while MSC uses the calculated mean spectrum of the data set (176).
SG smoothing technique scans through the spectra in a polynomial form and
approximates the smoothing and derivation for each variable separately in a
single step (181). There are three parameters that should be decided before
SG smoothing: the filter width (number of smoothing points), which is a window
of oddly numbered adjacent variables such that the point to be smoothed is
always situated in the centre, the polynomial order of the best fit smoothing
function and the degree of derivation (176).
It is worth noting that there is still no single criterion available for the selection
of the ‘most appropriate’ pre-treatment technique. This is usually achieved
through multiple iterations between the calibration model and the preprocessing method, where the best pre-processing method will produce a
robust model with the best predicting ability.
1.4.4.2. Multivariate Regression Methods
Regression methods are used to presuppose a linear relationship between
spectral data and a quantifiable property of the sample, which can be used for
future prediction of the sample property. One of the most widely used
techniques is partial least squares (PLS) regression, which relates a block of
independent variables, x (spectral data), to a block of dependent variables, y
(concentration or another property) (182). PLS regression also functions to
reduce the number of variables by selecting a subset of new variables that are
orthogonal to each-other (termed latent variables; LV) (183). The ability of the
model to fit the data is then checked by calculating the Root Mean Square Error
of Calibration (RMSEC) (Equation 6) (184):

(6)

Where ‘xpred is the predicted concentration of sample 1, xact is the actual
concentration of sample 1 determined by the reference analytical method and
‘n’ is the total number of samples in the data set.
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Once an appropriate model has been created, the operator can move onto step
4 that involves model validation; that is, to check whether it performs effectively
and is fit for purpose. There are two main types of validation: internal and
external. Internal validation is used to provide a first estimation of the predictive
power of the model. A commonly used technique for small sample sizes is
leave-one-out cross validation, whereby one sample from the calibration set is
excluded from the entity of samples and used to validate the model (185). The
remaining samples are used for the calibration set. This cycle is repeated, with
a different sample being excluded next time and so on, so that all of the samples
have been used for validation once. The quantitative performance of the model
is then evaluated by calculating the Root Mean Square Error of Cross Validation
(RMSECV), which is the same equation as for RMSEC but where the Xpred1
relates to the predicted concentration of sample 1 by cross-validation (183,
184).
Selection of the number of latent variables (LVs) is evaluated by using the
components plot of RMSECV (y axis) vs. the number of latent variables (x axis)
(186). The optimum number of LVs is chosen based on when the value of
RMSECV is at its lowest and most stable. Selection of an overly high number
of LVs would result in the data being ‘overfitted’ and increases the risk of
modelling ‘unimportant’ spectral information or noise. This overfitting would
increase the prediction accuracy of the calibration model but worsen the
accuracy for an external test set of samples (173, 187). Step 4 also requires
the model to be externally validated. That is, using a ‘test set’ of samples, which
are independent from the calibration samples (169). The test set can be
inputted into the model to calculate the Root Mean Square Error of Prediction
(RMSEP), which is the same equation as for RMSEC but where the Xpred1
relates to the predicted concentration of the external test sample. The RMSEP
value is a true indicator of the predictive quantitative performance of the model
as it is calculated with samples that are independent from the calibration set
(186). For the RMSEC and RMSEP values, the lower the values and the more
similar they are to one another, the better the performance of the model (183).
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In order to evaluate model suitability for external test samples, and to evaluate
outliers, a series of model statistics including Q residuals and Hotelling T2
statistics can be used. The Q Residual is the difference between the sample
and its projection to the principal component analysis (PCA) space and the
Hotelling T2 statistic is the sum of normalised squared scores and is therefore
a measure of the variation in each sample within the PCA model (Figure 15). In
other words, a high Q Residual indicates an unexpected variation caused from
outside of the model, e.g. due to a sample from a different distribution than
those used for the calibration set, whereas a high Hotelling’s T2 could be as a
result e.g. of a model extrapolation. The optimum values of the
Hotelling T2 value and the Q residuals are 100% and 0%, respectively.

Figure 15. An example of a two-component PCA model of threedimensional data. The primary and secondary component axes are shown
scaled by the magnitude of their corresponding eigenvalue. The twodimensional ellipse represents the Hotelling's T2 95% confidence region.
The red point illustrates an outlying sample, with its projection on the
model (green point). The green dashed line (in the plane) is the distance
from the sample projection to the model centre (Hotelling's T2). The red
dotted line is the distance from the sample point to the in-plane projection
(Q residual). Reprinted from (188).
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Hotelling's T2 can be defined as follows (Equation 7):

(7)

where ti is the latent variable scores for ith sample spectrum, T is the matrix of
calibration sample model scores and n is the number of samples.
Q residuals can be defined as follows (Equation 8):
(8)

where Q is the sum of the squared reconstruction error, xi is the sample
spectrum, ti is the latent variable scores for the ith sample spectrum, and P is
the model loadings. More information about these statistics and their use for
process monitoring can be found in the literature (188).
Further validation of the calibration models should be performed according to
International Conference on Harmonization (ICH) guidance Q2(R1) (189), and
other regulatory guidance from the European Medicines Agency (EMA) (169)
and the FDA (184), by assessing model specificity (expressed as the data
variation for the first latent variable; LV1), linearity (expressed as correlation
coefficient, R2), accuracy (expressed as the root mean square error of
prediction; RMSEP), precision and intermediate precision (expressed as
relative standard deviation; RSD). Once the model has been appropriately
optimised and validated, the operator has likely produced an optimal model that
is considered suitable for future predictions from samples of ‘unknown’
concentration.
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2.

PhD Aims and Objectives

This PhD project aims to evaluate the ability of process analytical technologies
(PAT) to non-destructively characterise and quantify critical quality attributes
(CQAs) of 3D printed dosage forms produced using selective laser sintering
(SLS). Complementary techniques were also applied for each project to further
explore the effect of SLS 3D printing on dosage form characteristics, including
solid state analyses, drug release and formulation mechanical properties.

T
PA

1. Dose
Verification

2. Solid
State

At-line QC
Method

3. Drug
Release

Figure 16. PhD project design
This thesis has been split into three main areas (Figure 16), which represent
the most common destructive QC methods performed in the pharmaceutical
industry. The specific objectives of each study are as follows:
Part 1 - Dose Verification:
•

Objective 1: Evaluate the ability of SLS 3D printing to produce oral
dosage forms containing wide dose ranges of a single drug and drug
combinations.

•

Objective 2: Study the feasibility of using NIR and Raman
spectroscopic methods for the at-line quantification of a single drug
(paracetamol) and two drugs (amlodipine and lisinopril) within SLS
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3D printed dosage forms compared with a reference high
performance liquid chromatography (HPLC) method.
Part 2 - Solid State Analysis:
•

Objective 1: Study the ability of SLS 3D printing to produce
amorphous solid dispersions of BCS II drugs using different polymer
grades.

•

Objective 2: Investigate the feasibility of NIR, Raman and terahertz
spectroscopy together with chemometrics to quantify the amount of
amorphous conversion compared with a reference x-ray powder
diffraction (XRPD) method.

Part 3 - Drug Release:
•

Objective 1: Evaluate the impact of SLS laser scanning speed on 3D
printed drug product physical characteristics (density, porosity,
hardness and drug release)

•

Objective 2: Evaluate the ability of reflectance NIR spectroscopy
combined with chemometrics to quantify the density and amount of
drug release at 2hr and 4hrs when compared to a destructive
reference dissolution method.

This research will develop a series of non-destructive methods to evaluate the
quality of 3D printed dosage forms and advance the understanding of SLS 3D
printing for on-demand oral dosage form production in the pharmaceutical
space.
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3.1. Introduction
Conventionally, solid oral dosage forms (SODFs) are commercially available in
only one or a few distinct active pharmaceutical ingredient (API) strengths,
providing little room for dose-flexibility to address the needs of certain patient
groups (e.g. paediatric and geriatric populations). When the required dose is
less than the commercially available strength, a typical strategy involves either
splitting or grinding tablets for dose titration. However, several studies have
highlighted that these practices often compromise the accuracy of the final
dose, the quality of the medication and cause excessive drug wastage (190,
191). This is a significant problem for those drugs with only a small difference
between the recommended and the toxic dose (i.e. those with a narrow
therapeutic window).
The need for increased dose compliance via personalisation and accurate drug
dosing has led to the exploration of 3D printing technologies for pharmaceutical
production. Selective laser sintering (SLS) 3D printing offers great potential for
this application, enabling the production of dose flexible formulations,
containing a single or multiple APIs, in an accurate, spatially localised, low cost
and high-speed manner (17). Dose content can be altered in SLS 3D printed
dosage forms in three main ways: 1) By changing the shape and size of the
drug product; 2) By changing the laser scanning speed (in turn altering printlet
density) or; 3) By changing the concentration of the drug-loaded material.
Previously, Fina. et al. was able to produce SLS 3D printed tablets (printlets) at
three different drug levels (5%, 20% and 35% w/w) demonstrating the ability of
the technology to produce multiple dosages (192).
Despite the increasing evidence and well-documented benefits that SLS 3DP
provides for dose-flexible personalised medicine production, adoption of this
technology in practice has not yet occurred. Indeed, the relative lack of clinical
experience, in conjunction with the unique features of SLS 3DP compared with
more established manufacturing processes, pose a number of challenges
before it can be widely integrated (193). Most notably, these relate to the
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matters of quality control (QC) and safety; in particular, how dose verification
and drug distribution within the 3D printed tablets can be ensured (21).
Conventionally, SODFs require content uniformity and dose verification testing,
typically by using high performance liquid chromatography (HPLC) or UV
spectroscopy assays. Such tests are performed on samples from a large batch,
which is clearly impossible for a manufacturing process capable of fabricating
single tablets such as with 3D printing. In addition, the tests are destructive,
expensive and require highly skilled operators and thus would be impractical
within a clinical setting. The best solution would involve utilising a nondestructive tablet characterisation method to permit real-time batch release at
the point-of-care (PoC) or point-of-fabrication (PoF) (21).
Process analytical technologies (PAT), such as spectroscopic tools including
near infrared (NIR) and Raman spectroscopy, have been previously shown to
be capable of monitoring tablet drug content non-invasively (148, 194). For
example, drugs such as paracetamol, ibuprofen, chlorphenamine, indapamide,
trimethoprim and warfarin have been quantified in compressed intact tablets
using these non-destructive spectroscopic techniques (170, 195-199).
Spectroscopic methods are favoured in this area due to their rapid speed of
analysis (seconds), non-invasive and non-destructive nature, ability to analyse
solid samples and low cost (110, 200).
Previous studies have evaluated the use of PAT technologies for drug
quantification of two-dimensional (2D) ink-jet printed formulations (201, 202).
For example, Vakili et al. (203) developed a colourimetric quantification
technique for oral films by adding a colourant to the drug-loaded ink, which was
scanned using a colourimeter. By increasing the number of layers printed, a
greater intensity of colour was detected and, as such, the dose could be
quantified. The same research group also demonstrated the feasibility of using
a handheld NIR spectrometer to predict levothyroxine and prednisolone content
in inkjet printed oro-dispersible films (108).
In contrast, to date, no such research has been performed around using a
simple, ‘point-and-shoot’ approach to quantify accurately the dosage within 3D
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printed SODFs. A key benefit of 3DP lies in its ability to flexibly change the
dosage form geometry, formulation type, excipients and drug combinations
depending on the patient’s preferences or therapeutic requirements. Indeed,
several papers have reported the differing effects of dosage form shape or
structure on both drug release (1, 204-208) and patient acceptability (6). As
such, a user-friendly and rapid technique that accurately measures dosage
irrespective of tablet geometry, formulation type, excipients and more than one
drug would be highly advantageous.
Therefore, this Chapter aimed to evaluate the use of reflectance spectroscopic
methods (NIR and Raman spectroscopy) to quantify dosage content within 3D
printed tablets fabricated using selective laser sintering (SLS). This study was
broken down into two parts - Part 1: Proof-of-concept evaluation of PAT
technologies (NIR and Raman spectroscopy) to quantify the dosage of a single
model drug (paracetamol); and Part 2: Evaluation of NIR spectroscopy to
quantify low dosages of two distinct drugs (amlodipine and lisinopril) within 3D
printed polypills (polyprintlets). The applicability of the models to printlets of
different geometries (cylindrical and torus shapes) and different excipients
(acrylic and cellulosic polymers) was also evaluated. The physical
characteristics of the printlets as well as drug distribution and solid-state
characteristics were also evaluated.
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3.2. Methods
3.2.1. Materials and Methods
Paracetamol USP grade (Sigma-Aldrich, UK) (MW 151.16 g/mol, aqueous
solubility at 37°C: 21.80 g/L (209)), amlodipine (LKT Laboratories, Inc., US)
(MW 408.879 g/mol, solubility at 25°C: 75.3 mg/L) (210) and lisinopril dihydrate
(Acros Organics, UK) (MW 441.525 g/mol, solubility at 25°C: 216 mg/L) (211,
212) were used as model drugs. Eudragit L100-55, which is a copolymer of
methacrylic acid and ethyl acrylate (1:1 ratio) that dissolves at pH 5.5 and
above, was donated by Evonik, UK. Hydroxypropyl methylcellulose (HPMC)
Vivapharm E5 was acquired from JRS PHARMA, Germany. Candurin® Gold
Sheen was purchased from Merck KGaA, Germany. Polyethylene oxide (PEO)
100,000 which has a molecular weight of 100,000 g/mol and density of 1.13
g/mL (213) was purchased from Sigma-Aldrich, UK.
3.2.2.

3D printed design

For paracetamol printlets, AutoCAD 2014 (Autodesk Inc., USA) was used to
design the templates for the printlets; (cylindrical, 10 mm diameter x 3.6 mm
height; film-shaped, 10 mm x 10 mm x 0.5 mm; and torus-shaped, 10 mm
diameter x 4 mm height). For amlodipine and lisinopril polyprintlets, AutoCAD
2014 (Autodesk Inc., USA) was used to design the templates for the printlets;
(cylindrical, 10 mm diameter x 3.6 mm height; film-shaped, 10 mm x 10 mm x
0.5 mm). 3D models were exported as a stereolithography (.stl) file into the 3D
printer Sintratec central software Version 1.1.13.
3.2.3. Printing process
For the paracetamol formulations, 70 g of a blend of drug(s) and the required
excipients were blended using a mortar and pestle (Table 3). 3% w/w of
Candurin® Gold Sheen was added to all the formulations to enhance energy
absorption from the laser to allow printability. Powder mixtures were transferred
to a desktop SLS printer (Sintratec Kit, AG, Brugg, Switzerland) in order to
fabricate the printlets. Powder in the platform reservoir (150 mm x 150 mm x
150 mm) of the printer was transferred by a sled to a build platform (150 mm x
150 mm x 150 mm), creating a flat and homogeneously distributed layer of
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powder. For all Eudragit L100-55 formulations, the chamber temperature was
set to 90°C, indicating the temperature inside the printer; and the surface
temperature was set to 110°C, indicating the surface temperature of the powder
bed during printing. For HPMC E5 formulations, these temperatures were set
at 115°C and 135°C, respectively. The laser scanning speed was maintained
at 100 mm/s.

Table 3. Active and excipient content of paracetamol-loaded printlets
(n=3) used to create NIR calibration model. *Indicates concentrations
used for internal validation
Paracetamol content
(%w/w)
4
8
12*
16
20*
24
28
32*
36
40

Eudragit L100-55
content (%w/w)
93
89
85
81
77
73
69
65
61
57

Candurin gold sheen
content (%w/w)
3
3
3
3
3
3
3
3
3
3

For amlodipine and lisinopril formulations, PEO 100,000 was sieved using a
180 μm orifice-size sieve to attain a target particle size for printing. Twenty-five
formulations were prepared across five different dosage concentration ranges
(Table 4). Due to the high cost of the APIs, a modified SLS 3D printer was used
with a smaller build platform to reduce the amount of powder feedstock needed.
For each formulation, 15 g of a mixture of drugs and excipients were blended
using a pestle and mortar. Powder in the reservoir platform (150 mm x 150 mm
x 30 mm) of the printer was moved by a sledge to a build platform (150 mm x
150 mm x 30 mm) creating a flat and homogeneously distributed layer of
powder. The chamber temperature was maintained at 30°C and the surface
temperature was maintained at 40°C. The laser scanning speed was set at 200
mm/s.
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The printing process started with the activation of a 2.3 W blue diode laser
(445 nm) to sinter the powder on to the build platform in a certain pattern based
on the .stl file. After the first layer of the printlet has been created, the reservoir
platform moved up, the build platform moved down, and the sled distributed a
thin layer of powder on top of the powder bed. This process was repeated layerby-layer until printing was complete. The printlets were then removed from the
powder bed and the excess powder was brushed off. Three printlets were
printed at the same time for each formulation.
Table 4. Active and excipient content of polyprintlets (n=5) used to create
calibration models. *Indicates concentrations used for validation
Drug concentration (%w/w)
Formulation

PEO

Candurin

Amlodipine

Lisinopril

(% w/w)

Gold (%w/w)

A1L2

1

2

94

3

A2L4*

2

4

91

3

A3L6*

3

6

88

3

A4L8*

4

8

85

3

A5L10

5

10

82

3

code

3.2.4. Near Infrared Spectroscopy (NIR) Data Acquisition
NIR reflectance spectra were measured using a portable benchtop Labspec
5000 near infrared spectrometer (Analytical Spectral Devices, USA), equipped
with three separate holographic diffraction gratings and three separate
detectors; a 512-element silicon photo-diode array for wavelengths between
350-1000 nm, and two TE-cooled InGaAs for wavelengths between 1000-1800
nm and 1800-2500 nm. Spectra were collected using an immobilised lab grade
1 m fibre optic cable (fibre core size 200 μm), which interfaced with the NIR
equipment (BIF200-Vis-NIR, Ocean Optics Inc., FL, USA) (Figure 17). A
Spectralon 99% reflective standard (Labsphere, North Sutton, UK) was used
for instrument calibration prior to spectra acquisition. UV-visible-NIR spectra
were collected across the 300-2500 nm wavelength region totalling 64 scans,
which were averaged.
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Each printlet was analysed at six different points to avoid potential sampling
errors and reduce the variability caused by different surface effects. Standard
cylindrical printlets were scanned twice on the topside, twice on the underside
and once on each side. Film and torus shaped printlets were scanned three
times on the topside and three times on the underside. The final spectrum (used
to calculate drug content) was the average of the spectra recorded at the six
positions.

Figure 17. Setup of NIRS measurements for analysis of 3D printed
tablets

3.2.5. Model development
For paracetamol printlets, seven printlet concentrations (n=3) were selected for
calibration model development (4%, 8%, 16%, 24%, 28%, 36% and 40% w/w),
and three concentrations (n=3) were used for internal validation (12%, 20% and
32% w/w; Table 3). For amlodipine and lisinopril polyprintlets, all five oral film
printlet concentrations (n=5) (amlodipine 1-5% w/w; lisinopril 2-10% w/w; Table
4) were selected for calibration model development. Two oral films from A2L4,
A3L6 and A4L8 was used for internal validation (19 concentrations being
selected for calibration and 6 concentrations for internal validation).
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Multivariate data analysis was performed using MATLAB software version
R2017a (The MathWorks, CA, USA) with the PLS Toolbox version 8.6
(Eigenvector, CA, USA) for data pre-processing and modelling. Partial least
squares (PLS) regression was performed on the datasets to build calibration
models. The models were internally cross-validated using Venetian blinds.
Validation of the NIR calibration model was performed according to guidance
from the International Conference on Harmonization (ICH) guidance
Q2(R1)(214)), European Medicines Agency (EMA) (215) and the Food and
Drug Administration (FDA) (216), by assessing model specificity (expressed as
LV1), linearity (expressed as correlation coefficient, R2) and accuracy
(expressed as the root mean square error of prediction; RMSEP). The
predictive performance of the model was evaluated by scanning external
validation sets of formulations. For paracetamol-loaded printlets, test sets of
Eudragit L100-55 printlets at 12%, 20% and 32% w/w concentrations were
evaluated. To evaluate whether the model would work when changing printlet
geometry, film and torus shaped printlets at the same dosage levels (12%, 20%
and 32%) were also scanned. Moreover, the predictive performance of the
model in the presence of other excipients was evaluated by changing the
polymer to HPMC E5.
For the polyprintlets, test sets of A2L4, A3L6 and A4L8 formulations were
evaluated (n=3). To evaluate whether the model would work when changing
printlet geometry, cylindrical-shaped printlets at the same dosage levels were
also scanned.

3.2.6. Determination of Drug Content
Following spectroscopic analysis, each individual paracetamol printlet was
quantitatively analysed for drug content using high performance liquid
chromatography (HPLC). For paracetamol formulations, three individual
printlets of each formulation were placed in separate volumetric flasks with
deionized water (250 mL). For Eudragit L100-55-based printlets, 3 drops of 5N
NaOH were added to each flask to increase the pH to enable dissolution.
Samples of solution were then filtered through 0.22 μm filters (Millipore Ltd.,
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Ireland) and the concentration of paracetamol was determined with HPLC
(Hewlett Packard 1050 Series HPLC system, Agilent Technologies, UK). The
validated HPLC assay entailed injecting 20 μL samples for analysis using a
mobile phase, consisting of methanol (15%) and water (85%), through an Ultra
C8 5 μm column, 250 × 4.6 mm (Restek, USA) maintained at 40°C. The mobile
phase flow rate was 1 mL/min and the eluent was screened at a wavelength of
247 nm. The HPLC calibration curve is shown in Appendix A.
For polyprintlets, three individual printlets of each formulation were placed in
separate volumetric flasks with deionised water and methanol (50:50) in 200
mL flasks. Samples of the solution were then filtered using a 0.45 µm
membrane filter (Millipore Ltd., Ireland) into the HPLC vials. HPLC analysis was
performed using UV-HPLC equipped with an Eclipse Plus C18 column (150 x
4.6mm, 5 µm particle size) (Agilent, UK) at a temperature of 40°C. An analysis
was carried at a detection wavelength of 215 nm, a flow rate of 1 mL/min, an
injection volume of 100 µL and a run time of 18 mins. The mobile phase
consisted of a gradient of solvent A (HPLC water adjusted to pH 3 with
phosphoric acid) and solvent B (acetonitrile). The method entailed the following:
1) solvent A and solvent B were set at 83:17 at the start time; 2) then adjusted
to 80:20 at the 6th minute; 3) then adjusted to 90:10 at the 15th minute 4)
adjusted to 83:17 at the 18th minute. Elution times for amlodipine and lisinopril
were 1.9 mins and 11.1 mins, respectively. The HPLC calibration curves are
shown in Appendix A.

3.2.7. Raman Spectroscopy and Mapping
Raman spectroscopy and mapping were performed to evaluate the potential for
dose quantification and distribution of paracetamol and polymer within the
printlets. For Raman mapping, the underside surface and cross section of
samples (40% w/w) were mounted and focused using a X50 objective on an
InVia confocal Raman microscope (Renishaw, UK) equipped with a 300 mW
785 nm HPNIR Renishaw laser. Spectral arrays were acquired with ca. 4500
spectra recorded over a ca. 300 μm x 300 μm (X x Y) surface of the sample
using a step size of 5 μm in X and Y. A 1200 line grating was used providing
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−1

spectral resolution up to 1 cm . Spectra were collected over the range of 1190–
1695 nm, with a 2 second exposure time and 2 accumulations.
Processing was performed using Renishaw WiRE software v.3.4 using direct
classical

least-squares

(DCLS)

component

matching

to

paracetamol

(amorphous and crystalline, form I) and Eudragit L100-55 reference spectra to
generate 2-dimensional false colour maps.
3.2.8. X-ray Powder Diffraction
X-ray powder diffraction patterns of 3D printed discs, formulation blends and
pure drugs were recorded using a Rigaku MiniFlex 600 (Rigaku, USA) with a
Cu Kα X-ray source (λ = 1.5418 Å) and accompanying software Miniflex
Guidance version 1.2.01. The intensity and voltage applied were 15 mA and
40 kV. The angular range of data acquisition was 3–40° 2θ, with a step size of
0.02° at a speed of 2°/min

3.2.9. Thermal analysis
Differential scanning calorimetry (DSC) was used to characterise and compare
the pure amlodipine, lisinopril, PEO 100,000 formulation blends and drugloaded polyprintlets. The instrument used was a Q2000 DSC (TA instruments,
Waters, LLC, USA) at a heating rate of 10°C/min. Indium was used to calibrate
the cell constant and enthalpy (Tm = 156.6°C, ΔHf = 28.71 J/g) according to
the manufacturer instructions. The purge gas used was nitrogen with a flow rate
of 50 mL/min for all the experiments. TA Advantage software for Q series
(version 2.8.394) was used to collect data, while TA Instruments Universal
Analysis

2000

was

used

to

analyse

the

data.

Thermogravimetric analysis (TGA) was also used for characterisation of the
polyprintlets. All the samples were heated at 10 °C/min until 400 °C in open
aluminium pans using Discovery TGA (TA instruments, Waters, LLC, USA).
The purge gas used was nitrogen gas with a flow rate of 25 mL/ min. Data were
collected and analysed by using TA Instruments Trios software and percentage
mass loss and onset temperature were calculated. The results from thermal
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analysis were plotted using OriginPro Software (OriginPro 2017 (64 bit) SR2
b9.4.2.380).
3.2.10.

Physical Characterisation

3.2.10.1. Weight Variation
All printlets were weighed by using a weighing balance (Sartorius AG
CPA225D, Germany). Polyprintlets were measured in triplicate, and the mean
and standard deviation for each polyprintlet was calculated.
3.2.10.2. Breaking Force
A traditional tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm,
Germany) was used to determine the crushing strength of three cylindrical
polyprintlets of each drug combination. The mean and percentage deviation for
each polyprintlet was calculated.
3.2.10.3. Friability
Three polyprintlets of each concentration were weighed and placed into the
drum of a Friability Tester Erweka type TAR 10 (Erweka GmbH, Heusenstamm,
Germany). The drum was rotated at 25 rpm for 100 rounds and the samples
were reweighed. The friability of these samples was analysed in terms of weight
loss and it was expressed as percentage of original sample weight.
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3.3.

Results & Discussion

3.3.1. Part 1 – Dose Verification of Paracetamol
Using SLS technology, for the first time it was possible to design and
manufacture novel torus and film-shaped printlets (Figure 18), as well as
produce cylindrical printlets containing a high drug loading (up to 40% w/w).
Paracetamol and Eudragit L100-55 were selected as the model drug and
excipient for calibration development.

cm

Figure 18. Printlet designs (top) and printlets (bottom) of three different
geometries; cylinder, torus and film.
Thirty calibration samples covering 10 different concentrations were designed
and printed (with 7 concentrations being selected for calibration and 3 for
validation) over a paracetamol concentration range of 4 to 40% w/w (Figure
19). Interestingly, increasing the concentration of paracetamol in the
formulation blend enhanced the sintering effect of the SLS process, with the
tablets showing a darker colour (Figure 19) and increased weight (Figure 20).
Paracetamol has previously been demonstrated to have a plasticising effect on
polymers (217, 218) and therefore, in this case, it is likely the higher
concentrations of paracetamol caused a reduction in the energy required to
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sinter the material; i.e. a higher amount of paracetamol causes an increased
sintering effect under the same experimental conditions, resulting in a more
dense drug product. In fact, a linear correlation (R2 = 0.932) was found between
the tablet weight and the % drug loading although it must be noted that this
correlation only applied to this particular 3D printed model (Figure 20). Whilst
the tablet weight was found to correlate with drug concentration, this test would
likely not be rigorous enough to ensure quality control. Indeed, currently in the
industry, oral dosage forms undergo weight variation tests but also content
uniformity to confirm exact %drug load (%DL). As such, the use of Raman
spectroscopy and NIR spectroscopy was evaluated, with the aim of creating an
accurate and robust calibration model to predict concentration compared to
HPLC.

4%

40%

Figure 19. 3D printed tablets at concentration levels ranging from 4-40%
w/w.

Figure 20. Printlet weight (mg) upon increasing concentrations of
paracetamol (represented as %drug load; %DL)
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3.3.1.1. NIR Calibration Model Development
A total of ten PLS models were developed (Table 5); six different pre-treatments
were applied to the spectra and for each, two different spectral ranges were
evaluated; SR1: 1100-2360 nm and SR2: 1300-2100 nm. For each model, the
correlation coefficient (R2 Cal) and the standard error of the calibration curve
(RMSEC) were calculated in order to determine the predictive performance of
the model. The R2 Pred and RMSEP were then calculated for the validation set
and the most suitable model was defined as the model with the lowest RMSEP
value with high linearity (i.e. R2 Pred as close to 1 as possible). For model 10,
which covered the 1300-2100 nm wavelength range with a 2nd derivative
(Sativzky-Golay method (181)) and mean-centering pre-processing technique,
a correlation between increasing concentration and increasing peak intensity at
~1700 nm was found compared to the raw spectra (Figure 21). These pretreatments are commonly used to improve the accuracy of quantification by
enhancing spectral information, reducing baseline drift and reducing error
caused by light scattering effects (219). The calibration curve for model 10 is
shown in Figure 22.

Table 5. Comparison of different spectral pre-processing methods and
spectral wavelength ranges to develop calibration model. SNV: Standard
Normal Variant, D2: Second derivative spectra (Savitzky-Golay method),
MSC: Multiplicative Scatter Correction

1300-2100

1100-2360

Wavelengths Model Data preLatent
R2(Cal) RMSEC R2(Pred) RMSEP
(nm)
Code treatments Variables
(%)
(%)
1
2
3
4
5
6
7
8
9
10

None
SNV
MSC
MSC + D2
D2
None
SNV
MSC
MSC + D2
D2

2
2
3
2
2
3
2
2
2
3

0.974
0.992
0.992
0.985
0.990
0.995
0.991
0.991
0.990
0.996

2.05
1.15
1.16
1.54
1.30
0.95
1.23
1.24
1.27
0.83

0.956
0.985
0.985
0.957
0.987
0.990
0.969
0.970
0.986
0.995

2.45
1.11
1.10
2.25
1.25
0.82
1.53
1.50
1.16
0.63
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Figure 21. Comparison of (A) raw NIR spectra and (B) spectra transformed into the
2nd derivative, which shows an increasing intensity at ~ peak 1700nm upon
increasing concentration
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Figure 22. PLS model of NIR predicted vs. HPLC determined paracetamol
content of printlets. Grey points are calibration (7 concentrations), red points
are validation (3 concentrations). %drug load = %DL.
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Model 10 had a total of 3 LVs, which was selected based on when the value of
RMSECV was at its lowest (Figure 23). Favourably, this model demonstrated excellent
linearity (R2 = 0.996) confirming that the NIR test results were proportional to
paracetamol concentration in the stated range (Figure 22). In addition to linearity,
further validation of the model was performed by determining several parameters
(recommended by ICH (189), FDA (184) and EMA (169) guidelines). These included
model specificity, accuracy, precision and intermediate precision.

3.3.1.1.1. Specificity
Specificity is defined as the ability to identify explicitly the analyte in the presence of
the other components. This was evaluated by comparing the loadings spectra of the
1st latent variable (LV1), which accounted for 88.8% of the variation in the data, to the
reference component spectrum in the 2nd derivative (Figures 24A and 24C). LV1 was
found to model well-known paracetamol spectral features at 1625-1675 nm (220) and
2000-2050 nm (highlighted by the red dashed lines on Figure 23). LV1 was not found
to be modelling the common spectral features of Eudragit L100-55 or Candurin Gold
Sheen (Figures 24B and 24D). This confirmed that the majority of the variation in the
data was caused by the change in paracetamol concentration.
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Figure 24. The 2nd derivative spectra of: A) PLS LV1 loading spectra; B)
reference Candurin Gold Sheen; C) reference paracetamol; D) reference
Eudragit L100-55. Red dashed lines highlight the presence of similar spectral
features.

Table 6. Results of dose predicted using the NIR model vs. the reference
HPLC method. Target concentrations; A: 12% w/w, B: 20% w/w, C: 32% w/w.
NS refers to not significant result (p > 0.05).
Test Validation Set
A (% w/w)
B (% w/w)
C (% w/w)
Tablet
HPLC
NIR
HPLC
NIR
HPLC
NIR
1
11.89
11.30
20.38
19.15
32.34
32.94
2
12.07
12.70
19.86
20.15
32.31
32.37
3
11.90
11.19
19.93
19.77
32.61
32.03
Mean±SD
11.95±0.10
11.73± 0.84
20.05±0.28
19.69±0.50
32.42±0.17
32.44±0.46
P value

0.65 (NS)

0.50 (NS)

0.94 (NS)
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3.3.1.1.2. Accuracy
The accuracy of the calibration model can be expressed as the closeness in
agreement between the reference HPLC and the predicted NIR values (Table 6). ICH
Q2 guidance recommends assessing accuracy using a minimum of nine
determinations over a minimum of three concentration levels (189). As such, standard
printlets (n=3) from three concentration levels (A: 12%, B: 20% and C: 32% w/w) were
scanned. Table 4 shows the difference between the HPLC and NIR predicted
paracetamol concentrations. Paired t-test results showed that there were no significant
differences between the HPLC and NIR methods (p>0.05) across all three
concentrations, confirming that NIR is a suitable quantification method for standard
printlets. Compared with HPLC, NIR predictions displayed a slightly higher SD, which
was more evident at lower concentrations. This is likely due to minute differences in
the surface effects of the printlets. However, this was not as high for the generally
allowed limits of 85-115% required for content uniformity testing by the MHRA (221).
Accuracy was also confirmed by having a low error value (RMSEP of 0.63%) and low
prediction bias of -0.26%, which were similar to findings in the literature (220) (Figure
22).
One of the main benefits of 3D printing for personalised medicine is the ability to tailor
solid dosage form shape and size, depending on the patient preference or therapeutic
needs (21). Several studies have already shown that changing printlet geometry can
alter the dose and drug release characteristics (1, 204). It is also well known that NIR
absorbance can be affected by tablet surface effects (136, 222) and, as such, it was
important to evaluate whether the developed PLS model would be accurate when
scanning printlets of different geometries.
To determine this, film and torus shaped printlets (12%, 20% and 32% w/w) with the
same formulation composition as the standard shape were scanned at six different
points on the formulation. Figures 25A and 25B show that the model predicted the
concentrations well, as the points fitted on the calibration curve and had R2 Pred
values of 0.990 and 0.991 for the film-shaped and torous-shaped printlets,
respectively. Torus shaped printlets displayed a higher error compared to film shaped
printlets (RMSEP values of 2.05% and 1.14%, respectively), which is likely due to the
complex rounded surface structure of this shape, compared with the flat films.
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However, overall the model continued to be fit-for-purpose for use with differently
shaped tablets of the same composition.
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Figure 25. PLS models of NIR predicted vs. HPLC determined paracetamol
content of A) film shaped printlets and B) torus shaped printlets. Grey points
are calibration (7 concentrations), red points are the test sets (3 concentrations).
%drug load = %DL.
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A further benefit of using 3D printing for personalised medicine is the flexibility of
changing excipients, based on the intended drug release characteristics. The
calibration model was developed using an acrylate-based polymer (Eudragit L100-55),
however the ability for this model to be applied to another type of polymer was
evaluated. In particular, an external test set of cylindrical printlets were printed that
were composed of HPMC E5, an immediate release cellulosic polymer, and the
predictive performance of the model was evaluated (Figure 26).
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Figure 26. PLS model of NIR predicted vs. HPLC determined paracetamol
content of standard shaped HPMC E5 printlets. Grey points are calibration (7
concentrations composed of Eudragit L100-55), red points are the test sets (3
concentrations composed of HPMC E5). %drug load = %DL.
Despite the change in polymer, a good predictive performance was observed (high
linearity; R2 = 0.984, high accuracy; RMSEP = 1.36%; Figure 26). Generally, changing
the formulation composition can have varying effects on the model prediction. In this
case, Q residuals and Hotelling T2 scores (Figure 27) were evaluated, both of which
were high for the test HPMC E5 printlets, suggesting that the model was identifying
that the test printlets were not the same as the calibration printlets. The good predictive
performance shown by the model is likely due to the majority of the variation in the
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data being attributed to the change in paracetamol concentration (LV1 = 88.8%) rather
than the polymer. However, it is worth mentioning that from a regulatory perspective,
in the clinic it is likely that different models would have to be produced for different
printlet compositions.
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Figure 27. Q residuals vs. Hotelling T2 plot. Grey points = calibration printlets
(composed of Eudragit L100-55); red points = test printlets (composed of HPMC
E5).

3.3.1.1.3. Precision
The precision of an analytical method can be defined as the degree of agreement
between separate test results upon repeated sampling. In the present study, precision
was evaluated by scanning a low dose printlet (6% w/w), in triplicate on each of the
six points, at the same time of day whilst using the same equipment. Six different
points were scanned and averaged for each tablet to reduce the potential spectral
variability caused by differing surface effects. However, this number could be reduced
further, for example, by using larger probes that could scan a bigger region of the
tablet surface. If a 3D printer was integrated into pharmacy practice, it is likely that
printlets would be produced at different times of day and in different locations. As such,
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intermediate precision was also evaluated by performing the same test two weeks
later, at a different time of day and in a different equipment location. Table 7 shows
the results of precision and intermediate precision. For both tests, the standard
deviation was low (0.06% and 0.23% w/w, respectively) and the RMSEP value of
0.63%, again demonstrating model accuracy. For precision and intermediate
precision, the relative standard deviation (RSD) values were also low at <5% (0.91%
and 3.80%, respectively), demonstrating that the model displays good precision in
different experimental conditions. Compared with HPLC, the use of NIR to measure
drug concentration demonstrated a higher SD and RSD, which is not unexpected due
to the known impact of surface effects on NIR spectra. However, as an alternative
method to measure drug concentration in the clinic, the error demonstrated is low and
would be unlikely to be of clinical significance.
Table 7. Results of precision and intermediate precision experiments using the
NIR model vs. the reference HPLC method. %DL indicates % drug load.
Scan

Precision (%DL)

1
2
3
Mean+/-SD (%)
RSD (%)

6.01
6.11
6.02
6.05±0.06
0.91

Intermediate
Precision (%DL)
5.67
6.02
6.09
5.93±0.23
3.80

HPLC results
(%DL)
5.84
5.82
5.80
5.82±0.02
0.34

Validation of the developed PLS model confirmed that the use of NIR spectroscopy
could provide a feasible alternative to conventional, destructive dose verification
methods (e.g. HPLC and UV spectroscopy). Favourably, the ‘point-and-shoot’
approach adopted in the present study is highly user-friendly and provides a rapid
dose prediction with each tablet scan lasting only ~10 seconds. As such, it is likely
that the developed model in the present study would be suitable for quality control
purposes in the clinic. Previous research has mainly focussed on demonstrating this
concept for inkjet printed pharmaceuticals. For example, Vakili et al. (203) developed
a colourimetric quantification technique for oral films by adding a colourant to the drugloaded ink, which was scanned using a colourimeter. By increasing the number of
layers printed, a greater intensity of colour was detected and, as such, the dose could
be quantified. The same research group also demonstrated the feasibility of using of
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a handheld NIR spectrometer to predict levothyroxine and prednisolone content in
inkjet printed oro-dispersible films (108).
The use of NIR chemical imaging (NIR-CI) as a quality control method for hot melt
extruded filaments and printlets has also been evaluated (114). The researchers used
multivariate curve resolution-alternative least squares (MCR-ALS) to predict drug
content. However, in that study, a calibration model was not used and, as such, MCRALS could only be classed as a semi-quantitative method. For a full quantitative
characterisation, the development of a calibration model using partial least squares
(PLS) regression is widely used (115, 128) with the FDA and EMA guidance
recognising the use of PLS as a quantitative tool (169, 184). As such, it is likely that
the developed model in the present study would be more suitable for quality control
purposes in the clinic. Due to the development of small spectroscopic systems, in the
future, these platforms could be integrated within a 3D printer, providing the ability to
personalise dosage forms and ensure quality control in a single step process.

3.3.1.2. Evaluation of Raman Spectroscopy
As well as ensuring drug content, quality control of 3D printed formulations will also
require evaluation of the homogeneity of drug and its sold state characteristics. Raman
confocal microscopy has previously been researched as a non-destructive method to
evaluate drug distribution, as well as the amorphous and crystalline content, of
pharmaceutical tablets and films (79, 155, 223) and, as such, was applied in this study.
Initially, the pure components of the formulation blends were analysed; namely,
paracetamol, Eudragit L100-55 and Candurin gold sheen (Figure 28). Compared to
NIR spectra, Raman spectra is clear, unambiguous and produces peaks of sharp
intensity that can be related to functional groups. In this case, paracetamol exhibited
several distinct peaks at 1237 cm-1, 1324 cm-1, 1611 cm-1 and 1649 cm-1 which were
in agreement with the literature as being indicative of form I (224). Eudragit L100-55
showed a single distinct peak at 1453 cm-1 and Candurin Gold sheen didn’t exhibit any
peaks.
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Figure 28. Raman spectra of pure formulation ingredients; Eudragit L100-55,
paracetamol and Candurin gold sheen
The next step involved evaluating the ability and sensitivity of the Raman
measurement to the identify paracetamol within the printlet samples (4-40% w/w).
Interestingly, a high degree of fluorescence was emitted which was seen via the
gradual increase in baseline and masking of paracetamol peaks at lower
concentrations (Figure 29). Indeed, small peaks could only be observed >20% w/w,
with the clearest resolution occurring at 40% w/w. The emission of fluorescence is a
common problem when using Raman spectroscopy to analyse pharmaceutical
formulations, often being caused by the presence of excipients that may be prone to
causing fluorescence, impurities or due to the presence of colour (144, 225, 226).
Here, it is likely that the fluorescence is being created by the colourant or the polymer
which in the raw spectra shows a gradual increase in baseline.
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Figure 29. Raman spectra of printlets at increasing concentrations of
paracetamol (4-40% w/w). %drug load = %DL.
Due to the high fluorescence, for Raman microscopy a printlet of high paracetamol
concentration (40% w/w) was selected. A 300 μm x 300 μm sized section on the
external underside surface and internal cross section of a printlet (40% w/w) was
scanned using a Raman microscope. At each point of the formulation mapped,
reference paracetamol (amorphous and crystalline; form I) and Eudragit L100-55
spectra were inputted into the software and compared with the printlet spectra
collected using DCLS. Paracetamol was homogenously distributed across the internal
structure and surface of the printlet (Figure 30A and 31A). In particular, the underside
surface of the printlet consisted of paracetamol that was mostly present in the
amorphous phase (Figure 30A; red areas). However, areas of crystalline paracetamol
form I (green areas) were also present. It was found that the distribution of the polymer
(Eudragit L100-55) predominantly overlapped with amorphous paracetamol,
suggesting that in these areas paracetamol was present as a solid dispersion (Figure
30B). Such findings have also been reported elsewhere (45, 49).
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The areas of crystalline material in Figure 30A were attributed to the presence of
residual unsintered powder on the surface of the tablet that had not been effectively
cleared away after printing. To confirm this, a cross section of the same printlet was
taken and the internal structure was viewed using the Raman microscope. Figures
31A and 31B show that paracetamol was entirely present in the amorphous phase,
which was distributed amongst the Eudragit L100-55 matrix as a solid dispersion. This
confirms that the amorphous material was not re-crystallising out of the matrix and is
instead likely due to remaining unsintered powder on the external surface.

A

B

Figure 30. External underside surface of a printlet (40% w/w paracetamol)
mapped using Raman confocal microscopy. Red areas = amorphous
paracetamol (A), green areas = crystalline paracetamol (Form I), blue areas =
Eudragit L100-55 (B)
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B

Figure 31. Internal cross section of a printlet (40% w/w paracetamol) mapped
using Raman confocal microscopy. Red areas = amorphous paracetamol (A),
blue areas = Eudragit L100-55 (B).
To verify the Raman microscopy findings, XRPD data were collected for both the
powder blends and the standard printlets (Figure 32). For the 20% and 40% w/w drugloaded powder blends, characteristic paracetamol form I peaks can be observed
although these were not observed at the 4% concentration. It is likely that, while
paracetamol would be present in the crystalline form at 4% w/w, it would be below the
detection limit of XRPD analysis. For the printed formulations, the 20% w/w
concentration showed complete conversion of paracetamol into the amorphous form,
confirming that the drug was dispersed into the polymer matrix. At 40% w/w, it can be
seen that the majority of paracetamol has been converted into the amorphous form
(due to peak height reduction), although several crystalline paracetamol peaks can be
observed. This is most likely attributed to the presence of residual unsintered powder
on the surface of the printlet, which was observed in the aforementioned Raman maps
(Figures 30 and 31).
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Figure 32. X-ray powder diffraction patterns of pure paracetamol (form I),
powder blends (4%, 20% and 40% w/w paracetamol) and printlets (4%, 20% and
40% w/w paracetamol).
3.3.2. Part 2 – Dose Verification of Two APIs
In Part I, NIR spectroscopy was found to be favourable in quantifying drug content of
a single drug (paracetamol) within model 3D printed tablets. However, a main benefit
of SLS 3D printing is the ability to produce tailored and flexible multi-drug
combinations, or 3D printed polypills (polyprintlets), to simplify medicine taking and
improve medication adherence. Previously, SLS 3D printing has been used to produce
dosage forms with distinct layers, separating more than one API including paracetamol
and ibuprofen (47). In the present study, for the first time, it was possible to
manufacture 3D printed oral square films and cylindrical printlets containing two drugs
(amlodipine and lisinopril) within the same drug matrix at therapeutically relevant
concentrations of 5% and 10% respectively (Figure 33). Favourably, due to the low Tg
of the polymer (PEO 100,000, Tg of -67 °C), it was possible to manufacture the dosage
forms at a low temperature (40 °C), which could be highly beneficial for thermally-labile
drugs that are unsuitable for higher temperature 3D printing processes (5).
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Figure 33. Printlets of two different geometries; square oral film (left) and
cylindrical shape tablet (right). Concentrations increase from right to left. The
scale is in cm.
3.3.2.1. Polyprintlet characterisation
Initially, TGA was performed to evaluate whether the drugs would be stable at the
temperatures required during the sintering process (Figure 34). The results showed
that lisinopril decomposition occurred gradually in three steps. A weight loss of ~8%
was observed up to 100°C, attributed to the loss of water due to lisinopril being in the
dihydrate form. A constant weight loss of 0% was observed between 100-175°C
indicated that no alteration occurred in the dehydrated lisinopril crystal during this
stage. Beyond 175°C, the lisinopril crystal melted (Tm =178-179°C) and degraded,
which is similar to findings reported in the literature (227). TGA data of the other
components (amlodipine, PEO 100,000 and formulation blends) predicted that all the
components would remain stable and no degradation of the drugs and excipients was
likely to occur at the printing temperatures (40 °C).
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Weight (%)
Figure 34. Thermogravimetric analysis of amlodipine, lisinopril, PEO 100,00,
A4L8 formulation blend and A4L8 film.
XRPD analysis of the drug, polymers, formulation blends and printlets were performed
to determine the physical state of the drugs and the degree of incorporation within the
polymers (Figure 35). Characteristic patterns from the XRPD focused between 3o to
16o 2θ showed that the lisinopril drug peak present at about 7.5o 2θ was also present
in the powder blend. However, in the films, the peak became broader and showed a
reduction in peak height. This indicates that lisinopril had been converted partially into
the amorphous phase. Characteristic amlodipine peaks were present at 10o and 12o
2θ in the powder formulation but not the printed film indicating that either there was a
complete conversion to the amorphous state or, alternatively, the remaining crystalline
content was below the sensitivity of the XRPD method.
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Figure 35. X-ray powder diffractograms of pure lisinopril, pure amlodipine, PEO
100,000, A4L8 powder and A4L8 printlet.
Drugs present in the amorphous phase have shown a much better solubility profile
compared with crystalline structure drugs (228). Therefore, there are a lot of
advantages of delivering drugs in an amorphous form especially for drugs under BCS
Class II or IV that has low solubility to enhance its dissolution and bioavailability (229,
230). Several papers have shown the feasibility of using 3D printing technologies to
formulate drugs in amorphous or semi-amorphous states to achieve enhanced drug
release profiles (231, 232). During the SLS process used here, the application of heat
and the laser may lead to complete drug melting to enable formation of the noncrystalline matrices (233). However, this process will vary based on the drugs,
excipients and printing parameters used, such as laser scanning speed and chamber
temperature.
Printlet hardness was evaluated to determine the ease of handling of the developed
formulations. For all the cylindrical printlets, the hardness exceeded the maximum
value that the equipment could measure because the printlets did not break but they
were physically deformed (Table 8). Friability of all the formulations of cylindrical
printlets were less than 1%, complying with the British Pharmacopoeia (BP)
requirements for uncoated tablets, making them suitable for handling and packing
(234). Favourably, percentage recoveries of both amlodipine and lisinopril were
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determined using HPLC, and were all found to be between the 85-115% limits that
have been set by BP for content uniformity testing (Table 8).
Table 8. Mean and standard deviation of physical properties and recovery of the
cylindrical printlets
Formulation

Weight (mg)

Crushing strength

Friability (%)

Amlodipine

Lisinopril

± SD

(N) ± SD

± SD

recovery (%)

recovery (%) ±

± SD

SD

A2L4

170.5 ± 1.08

>483.7 ± 0.58

0.23 ± 0.05

103.9 ± 4.7

96.9 ± 0.7

A3L6

168.6 ± 5.71

>484.0 ± 0.00

0.57 ± 0.48

99.1 ± 7.4

99.9 ± 0.3

A4L8

163.6 ± 3.65

>483.7 ± 0.58

0.93 ± 0.90

103.1 ± 2.4

98.7 ± 7.6

3.3.2.2. NIR Calibration Model Development
In order to facilitate the integration of 3D printing for the production of antihypertensive
polypills at the point-of-care, a non-destructive method is required to enable real-time
quality control and batch release. Here, we have investigated the use of a portable
NIR spectrometer to quantify both amlodipine and lisinopril in 3D printed oral films and
cylindrical tablets. NIR spectroscopy was chosen as the preferred analytical method
here based on the results found in Part I; Raman spectroscopy was not able to detect
<20% w/w of drug due to the presence of fluorescence caused by the colourant,
however NIR spectroscopy could detect lower levels (up to 4%). Here, low levels (up
to 10% w/w) were used to gain clinically relevant dosages and hence NIR
spectroscopy was deemed to be more suitable.
Initially, the pure drugs (amlodipine and lisinopril) and pure PEO 100,000 were
scanned to identify unique peaks of interest for calibration model development (Figure
36). For amlodipine, the wavelengths selected ranged between 1450-1600 nm and
2000-2100 nm, whereas for lisinopril the wavelength selected was between 16001730 nm. Lisinopril also displayed a high absorbance at ~1920 nm, however this peak
is attributed to the presence of water due to the drug being in the dihydrate form; as
such, this peak was not selected for model development. The feasibility of using the
selected absorbance peaks for calibration model development was evaluated by
scanning formulation blends of increasing drug concentrations (amlodipine: 1-4% and
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lisinopril 2-8%) (Figure 35). Favourably, NIR absorbance was found to increase upon
increasing concentrations of both amlodipine (Figures 37A and 37B) and lisinopril
(Figure 37C) formulations, indicating their suitability for calibration model
development.
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Figure 36. Second derivative spectra of PEO 100,000, lisinopril and amlodipine.
Spectral features of interest were 1450-1600nm and 2000-2100nm for
amlodipine, and 1600-1730nm for lisinopril.
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Figure 37. Change in NIR absorbance with the concentration of amlodipine in A)
1450-1600nm, B) 2000-2100nm and lisinopril in C) 1600-1700nm.
Data pre-treatment is essential to eliminate or minimise variability unrelated to the
property of interest and to minimise physical effects prior to multivariate calibration, to
ensure the development of an effective model (235). Pre-treatment improves the
accuracy of quantification by enhancing spectral information and reducing baseline
drift (236). Evaluation of a variety of pre-processing methods was performed to create
a reliable multivariate calibration model (Table 1, Appendix B). In this study, both
models selected had 4 latent variables (LVs), which was determined using their
respective RMSECV components plots (Figures 2A and 2B, Appendix B). For
amlodipine, the developed model covers between 1450-1600nm and 2000-2100nm
wavelength range with a second derivative (Savitzky and Golay method: filter width of
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2100

21 with a second polynomial (181)), followed by multiplicative scatter correction (MSC)
and mean centering pre-processing techniques.
For lisinopril, the model selected had 4 LVs, covers between 1600-1730nm
wavelength range with a second derivative (Savitzky and Golay method: filter width of
15 with a second polynomial (181)), followed by standard normal variant (SNV) and
mean centering pre-processing techniques. These models were selected due to
having a high linearity (R2 = 0.997 for amlodipine; 0.991 for lisinopril) and high
accuracy (RMSEP = 0.24% for amlodipine; 0.24% for lisinopril) (Figures 38A and 38B).
These values confirmed that the NIR test results were proportional to the amlodipine
and lisinopril concentrations in the stated range. There are several parameters
including model specificity, accuracy and precision that are recommended by the ICH
(237), EMA (238), FDA (239) guidelines that the developed models need to satisfy to
be validated.
B

A

4 LVS
R Cal= 0.997
R2 Pred = 0.984
RMSEC = 0.08%
RMSECV = 0.24%
RMSEP = 0.24%
Prediction bias = 0.03%
2

4 LVS
R2 Cal= 0.991
R2 Pred = 0.989
RMSEC = 0.29%
RMSECV = 0.47%
RMSEP = 0.24%
Prediction bias = -0.167%

Figure 38. PLS calibration models of NIR predicted vs. actual drug content
(%w/w) of oral film printlets for A) Amlodipine and B) Lisinopril. Grey points are
calibration (19 points from 5 concentrations); Red points are internal validation
(6 points from 3 concentrations)
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3.3.2.2.1 Specificity
Specificity is defined as the ability to identify definitely the analyte (amlodipine and
lisinopril) from the other excipients (Candurin Gold Sheen and PEO 100,000). This
was evaluated by comparing the loadings spectra of the 1st latent variable (LV 1) to
the pure material reference spectra, which accounted for variation of 86.77% and
79.43% for amlodipine and lisinopril, respectively (Figure 39). The LV1 spectrum was
found to model well-known amlodipine spectral features at 1450-1600nm and 20002100 nm (demonstrated in Figures 39A and C) and well-known lisinopril spectral
features at 1600-1730 nm (highlighted in Figures 39B and D). The LV1 spectra of both
amlodipine and lisinopril models were not found to be modelling common spectral
features of PEO 100,000 (Figure 36).
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Figure 39. NIR absorbance spectra of A) Amlodipine PLS model LV1 loading
spectra, B) Lisinopril PLS model LV1 loading spectra, C) Amlodipine pure and
D) Lisinopril pure
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3.3.2.2.2 Accuracy
The accuracy of a calibration model can be defined as the closeness in the agreement
between the reference HPLC and the predicted NIR values (237). As such, oral film
printlets from 3 concentration levels (A2L4, A3L6 and A4L8) were scanned and the
model was evaluated for prediction accuracy. An excellent predictive performance was
observed with both drugs as the RMSEP for amlodipine was 0.24% and RMSEP was
0.24% for lisinopril (Figures 38A and B). Table 9 shows the difference between the
HPLC and NIR predicted amlodipine and lisinopril concentrations. Paired t-test results
showed that there were no significant differences between HPLC and NIR predictions
as p > 0.05 across all three concentrations. This confirmed that NIR is a suitable
quantification method for standard printlets. NIR prediction showed a higher SD
compared to HPLC, which may be due to the minute differences in the surface effects
of the printlets (233). Generally, the model maintained a good predictive performance
due to a majority of the data variation being attributed to the changes in the drugs’
concentration (LV1 for amlodipine = 86.77%; LV1 for lisinopril = 79.43%).

Table 9. Results of dose predicted from oral film printlets using the NIR model
vs the reference HPLC method
Test Validation
Formulation

Amlodipine %DL (mean ± SD)
HPLC
NIR
P value

Lisinopril %DL (mean ± SD)
HPLC

NIR

P value

A2L4

2.08 ± 0.001

1.99 ± 0.09

0.23

2.90 ± 0.000

3.03 ± 0.27

0.54

A3L6

2.97 ± 0.002

2.62 ± 0.12

0.10

5.99 ± 0.000

5.72 ± 0.25

0.26

A4L8

4.13 ± 0.000

3.73 ± 0.31

0.15

7.90 ± 0.006

7.46 ± 0.46

0.41

One of the main benefits of 3D printing for personalised medicine is the ability to tailor
solid dosage form shape and size, depending on the patient preference or therapeutic
needs (21). Several studies have already shown that changing printlet geometry can
alter the dose and drug release characteristics (1, 204, 208). It is also well known that
NIR absorbance can be affected by surface effects (136, 222) and, as such, it was
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important to evaluate the performance of the developed PLS model when scanning
printlets of different geometries.
Cylindrical shaped printlets (amlodipine 2-4% and lisinopril 4-8%) with the same
formulation compositions as the oral films were 3D printed and scanned using NIR at
six different points on the dosage form. Figures 40A and B show that the model
predicted the concentrations well, as the points fitted on the calibration curve. For
amlodipine prediction, the change in printlet geometry from a thin film to cylindrical
tablet caused a slightly higher error compared to oral films (RMSEP values of 0.26%
and 0.24%, respectively). A similar occurrence observed with the prediction of
lisinopril, with RMSEP values of 0.77% and 0.24% for cylindrical tablets and oral films,
respectively. This phenomenon is likely due to the complex rounded surface structure
of this shape compared with the flat films, which was demonstrated in Part 1. However,
overall the model continued to be fit-for-purpose for use with differently shaped tablets
of the same composition.

4 LVS
R2 Pred = 0.965
RMSEP = 0.26%
Prediction bias = -0.19%

4 LVS
R2 Pred = 0.971
RMSEP = 0.77%
Prediction bias = -0.69%

Figure 40. Application of developed PLS models of NIR predicted vs. actual drug
content of A) amlodipine and B) lisinopril. Grey points are calibration (based on
oral films); red points are the test sets of cylindrical printlets.
Currently, PLS regression is widely used for a full quantitative characterisation as it
gives the highly accurate predictions (240, 241). The ‘point and shoot’ method
demonstrated here clearly shows a lot of advantages as it is highly user-friendly and
provides rapid dose prediction with the scanning time for each tablet is only roughly
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10 seconds. Since the FDA and EMA guidance also recognises the use of PLS
regression as a quantitative tool, the developed model in the present study is suitable
to be used for quality control purposes in the clinic (238, 239). The validation of the
developed PLS models have proven the feasibility of the use of NIR spectroscopy in
replace of conventional destructive dose verification methods (such as HPLC and UV
spectroscopy).
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3.4.

Conclusion

3D printing is forecast to transition the manufacture of medicines away from a ‘onesize-fits-all’ approach towards personalisation. To facilitate integration of 3DP into
clinical pharmacy practice, the evaluation of non-destructive dose verification and
characterisation techniques are required to ensure final product quality. This Chapter
has demonstrated the feasibility of using portable NIR spectroscopy as a ‘point-andshoot’ approach to measure a single proof-of-concept drug (paracetamol) and two low
dose clinically-relevant drugs (amlodipine and lisinopril) in printlets of different
geometries and composed of different excipients. The developed models were
validated according to current international standards, demonstrating excellent
linearity (R2 > 0.991) and accuracy (RMSEP < 0.77%). For all drugs, SLS 3D printing
caused a full or partial amorphous solid-state conversion, which was confirmed using
XRPD and Raman spectroscopy. Overall, the use of spectroscopic tools combined
with chemometric analysis provides a novel non-destructive quality control method for
dose verification, which will aid in supporting the integration of 3DP into clinical
pharmacy practice.
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4.1.

Introduction

Orally administered drug products are by far the preferred form of medication in the
UK, as they are recognised as being cheap, simple to administer, having reduced
sterility constraints and resulting in high patient compliance (242). However, around
40% of these products currently on the market possess low water solubility, alongside
a staggering 90% of new molecules, resulting in a high failure rate during drug
development (243). Due to these statistics, obtaining drugs in the amorphous form has
been of major interest in the pharmaceutical field, because of its ability to overcome
the poor water solubility and slow drug dissolution rate characteristics of BCS Class II
and IV drugs, resulting in higher bioavailability. This advantage correlates with the fact
that amorphous materials lack long range structural order, meaning the main barrier
to dissolution is eliminated (244).
However, amorphous forms are thermodynamically unstable materials that can
undergo structural relaxation over time and can recrystallise back into their original
crystalline state. This inherent lack of stability has led scientists to investigate
alternative methods of improving the poor solubility of crystalline active
pharmaceutical ingredients (APIs) which include; salt formation, addition of
surfactants, the use of complexation agents, formation of emulsions/micro-emulsions,
particle size reduction and the formation of solid amorphous dispersions (SADs) (245,
246).
A SAD can be defined as an amorphous API homogeneously mixed with a long-chain
polymer (binary), several polymers (ternary), or a mixture of polymers and surfactants
(quaternary) (247). As displayed in Figure 41, the crystalline drug particles interact
with the functional groups of the polymer through various forces such as van der
Waal’s, hydrogen bonding, ionic and hydrophobic bonds, depending on the structure
of the API (248). It is these intermolecular forces and the cross-linked long chains of
the polymer that restrict the mobility of the drug particles, preventing phase separation
and their aggregation back into the original, ordered crystalline state.

109

+
Polymer

Crystalline drug

Amorphous dispersion

Figure 41. Visual representation of the structure of a SAD, adapted from: (249)
The use of GRAS (generally regarded as safe) excipients deems SADs as relatively
inert and safe, meaning they are tolerated well in animal disease models and by
toxicologists (250). SADs can also be used for any types of API, whether it be basic,
acidic, neutral or even zwitterionic, which is a common drawback of salt formation, as
only ionic drugs can be exploited via this method. Moreover, when new compounds
are in the early research stage, they may possess various polymorphic forms in their
crystalline state, each with distinct solubilities. Since the API is amorphous in a SAD,
this obstacle of a still undefined polymorph is resolved (250).
Formation of SADs into solid oral dosage forms (SODFs) such as tablets or capsules
often requires several processing stages (e.g. hot melt extrusion; HME, spray-drying
or freeze-drying processes) and large and expensive facilities requiring experienced
personnel to carry out mass production (251). Therefore, it becomes very impractical
in such a setting to implement dose modification for small patient groups. As such, 3D
printing technologies have been explored as a means to overcome this by offering a
way of formulating small batches of medicines at the point of dispensing (252).
Interestingly, several 3D printing technologies, including FDM (74, 253-255), DPE (38,
39), SLA (35, 256, 257) and SLS, have shown great potential in their ability to create
SADs. With a focus on SLS, drugs including paracetamol (192, 258), ibuprofen (47),
ondansetron (50) and diclofenac sodium (62), as well as amlodipine and lisinopril
(demonstrated in Chapter 3) (259) have been converted to a full or partial amorphous
form post-printing using SLS technology. The amorphous conversion is thought to be
due to an increased localised temperature at the sintering region causing a melting of
polymer and drug particles, followed by a rapid cooling to the surface temperature
during the process, maintaining the drug intertwined in the polymer matrix in the
amorphous form.
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in
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pharmaceutical industry. To date, XRPD has been used as the ‘gold standard’ for
quantifying amorphous content (260). Usually, several of the strongest diffraction
peaks are selected, and a calibration curve is made using their respective intensities.
However, the detection limit of this technique is generally low (~4% content) because
of its sensitivity to the presence of crystallinity (261). Differential scanning calorimetry
(DSC) is another common technique, using the glass transition (Tg) as the assay
parameter. However, it is a destructive method and there is often difficulty in
measuring the Tg step height precisely. Whilst these techniques mentioned are widely
used in pharmaceutical analysis, they are unsuitable for the real-time analysis of 3D
printed formulations, due to being relatively slow, requiring expensive equipment,
requiring trained personnel and (in the case of DSC) being destructive. As such,
alternative non-destructive analytical techniques should be investigated for potential
advantages over the standards used today. Spectroscopic methods, including NIR
spectroscopy, Raman spectroscopy and terahertz spectroscopy, have been indicated
as potential solutions to the aforementioned challenges.
In the case of NIR spectroscopy, Gombas et al. (262) compared crystallinity
determination between conventional XRPD and NIR spectroscopy for powder
mixtures of alpha-lactose monohydrate, in which they found that NIR spectroscopy
was powerful enough to detect accurate amounts of crystallinity in a physical mixture
due to the close correlation between actual and predicted crystallinity (R2 = 0.9994).
Raman spectroscopy has also been found to be highly sensitive for quantifying
crystalline content in dosage forms. As an example, Taylor et al. (263) obtained a
calibration curve in the range of 0 – 100% crystallinity for indomethacin. From this
method, they were able to detect down to 1% amorphous or crystalline content, which
is much lower than other techniques such as XRPD. Due to unique crystalline
fingerprints at terahertz frequencies arising from inter-molecular low frequency
coherent motions, terahertz spectroscopy has also been extensively explored for
qualitative and quantitative analysis of amorphous and crystalline content in
pharmaceuticals (163, 264, 265).
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Whilst spectroscopic methods have been previously used to quantify amorphous
content, this has never been achieved within 3D printed medicines. As such, the aim
of this Chapter was, for the first time, to compare the ability of NIR, Raman and
terahertz spectroscopy to quantify amorphous content in SLS 3D printed formulations
composed of a model BCS class II drug and four grades of hydroxypropylcellulose
(HPC) polymer (-UL, -SSL, -SL and -L). The physical characteristics of the formulation
blends (particle shape, size and powder flow), as well as printlet properties (hardness,
and weight variation) were also assessed.
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4.2.

Methods

4.2.1. Materials and Methods
Itraconazole USP grade (Fagron, UK) (MW 705.64, water solubility: 1-4 µg/mL) and
indomethacin USP grade (Acros Organics, UK) (MW 357.79, water solubility at 25 °C:
0.937 mg/L) were used as the model drugs. Four different hydroxypropyl cellulose
(HPC) grades were evaluated: HPC-UL (ultra-low molecular weight, MW 20,000),
HPC-SSL (MW 40,000), HPC-SL (MW 100,000) and HPC-L (MW 140,000) (Nippon
Soda, Tokyo, Japan). CandurinÒ Gold sheen was purchased from Merck, UK.
4.2.2. Amorphous form production
Crystalline itraconazole and indomethacin powders were heated separately for 15
mins in a foil covered glass beaker on a hot plate, a couple of degrees above their
respective melting points (itraconazole = 175 °C; indomethacin = 165 °C). Once turned
molten, the foil was removed from the beaker and placed inside a mortar, into which
liquid nitrogen was rapidly poured to quench cool the molten drug. Once the liquid
nitrogen had evaporated, the amorphous drug was gently ground into smaller particles
using a pestle and mortar and transferred to a desiccator over silica gel to reach room
temperature before analysis.
4.2.3. Formation of calibration samples
The sieved polymer (180 µm sieve), 3% Candurin Gold sheen and crystalline drug
were mixed together thoroughly in a pestle and mortar. Once mixed, the required
quench cooled % amorphous drug was added and mixed carefully with a spatula as
to not disrupt the amorphous structure of the drug. Each individual calibration sample
composition is displayed below in Table 10. Calibration samples were presented to
the NIR and Raman spectrometer either in the pure powdered formulation blend or
compressed into squares (20 mm x 20 mm) using a manual hydraulic press at a force
of 5 PSI (Specac Ltd, UK).
For

terahertz

spectroscopic

measurements,

circular

discs

of

amorphous

indomethacin, crystalline indomethacin, and formulation blends comprised of 20%
indomethacin, 77% polymer (HPC-L or HPC-UL) and 3% Candurin Gold Sheen were
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produced. Discs were prepared with a mass of ~300 mg and 13-mm diameter were
using a hydraulic press (Specac Ltd, UK) at 5 PSI compression. The thickness of the
discs was approximately 2 to 2.5 mm.
Table 10. Drug calibration sample composition
Sample

Crystalline

Amorphous

HPC-L

Candurin

no.

Itraconazole

Itraconazole

Cal 1

20%

0%

77%

3%

Cal 2

16%

4%

77%

3%

Cal 3

12%

8%

77%

3%

Cal 4

8%

12%

77%

3%

Cal 5

4%

16%

77%

3%

Cal 6

0%

20%

77%

3%

gold sheen

4.2.4. Printing process
For each formulation 15 g of powder mixture was made by mixing the drug and sieved
polymer (through a 180 µm sieve) in a pestle and mortar (Table 11). 3% of the
colourant CandurinÒ Gold Sheen was added to each formulation as an absorbent, to
enhance laser energy absorption and to ensure printability. Part of the powder was
then transferred to the SLS printer (Sintratec Kit, AG, Brugg, Switzerland) to formulate
the discs. 123D Design was used to design the shape of the cylindrical discs (23 mm
diameter x 1 mm height). The 3D models were then exported as a stereolithography
(.stl) file into the 3D printer Sintratec central software.

Table 11. 20% drug loaded disc formulations
Disc

HPC

HPC

Itraconazole

Candurin

no.

polymer

content

content

Gold

1

UL

77%

20%

3%

2

SSL

77%

20%

3%

3

SL

77%

20%

3%

4

L

77%

20%

3%
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Part of the powder mixture was added to the building platform (130 x 130 x 30 mm)
which was set in its highest position, where the blade was moved across to flatten and
create an even and homogenous powder bed for printing. The printing surface
temperature was set at 100 °C and the chamber temperature at 80 °C and the laser
scanning speed at 300 mm/s. The printing process began by the activation of a 2.3W
blue diode laser (445 nm) to sinter the first layer of powder onto the building platform,
based on the pattern in the .stl file. As soon as the laser had stopped sintering the first
layer, the roller distributed a new powder layer over the previously sintered area. This
process was repeated layer-by-layer until the desired object was completed. Individual
discs were removed from the printer once cooled and any excess unsintered powder
was brushed off.

4.2.5. XRPD analysis
Drug, polymer and excipient mixtures were 3D printed into 23 mm diameter x 1 mm
height discs for analysis. Samples of pure drug and HPC polymers were also
analysed. The XRPD patterns were collected in a Rigaku MiniFlex 600 (Rigaku, USA)
using a Cu Ka X-ray source (l = 1.5418 Å). The intensity and voltage applied were 15
mA and 40 kV. The angular range of data acquisition was 3 – 40° 2q, with a stepwise
size of 0.02° and a speed of 2°/min.
A univariate model for Cal 1 – Cal 6 (Table 10) was developed for the quantification of
amorphous content by applying a baseline correction to XRPD diffractograms using a
Whittaker filter (smoothness factor l = 10000, asymmetry factor p = 0.001) and plotting
the diffraction peak intensity at 20.5° 2q. Data modelling was performed using
Microsoft Excel v16.34.

4.2.6. Thermal analysis
Thermal measurements were carried out in a differential scanning calorimeter (DSC
Q2000, TA Instruments, USA) and each sample (5 – 7 mg) was placed inside an
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aluminium pan (Tzero). An empty reference pan with a known mass was placed
alongside the sample pan inside the instrument. Each sample was subjected to a heat
cycle alongside a nitrogen gas purge (50 mL/min). Each sample was heated from 0
°C to 200 °C at a heating rate of 10 °C/min. DSC results were analysed using Universal
Analysis software (version 4.5A, TA Instruments, USA).
4.2.7. Near-infrared spectroscopy
NIR reflectance spectra were measured using a a fourier transform (FT)-NIR
spectrometer (MPA, Bruker, Germany). Spectra were collected using the microsample
setting (3mm spot size) across wavenumbers of 12500 to 3600 cm-1 and at a
resolution of 8 cm-1 totaling 64 scans, which were averaged. Each disc was analysed
at three different points to avoid potential sampling errors and to reduce the variability
caused by different surface effects. Powder calibration samples were scanned at three
different points. The final spectrum for each sample was the average of the spectra
recorded at the three positions for discs and three positions for powders. Collection of
the data was performed using OPUS Version 6.5 software.
4.2.8. Raman spectroscopy
The calibration samples, printed discs, unsintered formulation blends and pure
ingredients were evaluated using a RamanRXN Systems Raman Spectrometer
(Kaiser Optical Systems inc, MI, United States) equipped with a 400 mW 785 nm
HPNIR Renishaw laser at 100% laser power. Samples were scanned using a
connected PhAT non-contact optical probe (6mm spot size, 250mm focal length;
Kaiser Optical Systems inc, MI, United States). Spectra were collected over the range
of 100 - 2000 cm-1, with a 16 s exposure time and 4 accumulations. The final spectrum
for each sample was the average of the spectra recorded at a minimum of three
separate positions.
4.2.9. Terahertz spectroscopy
Terahertz optical parameters were measured using THz-TDS. The THz-TDS system
was a laboratory-built instrument employing a standard configuration incorporating a
Ti:Sapphire femtosecond laser, four off-axis parabolic mirrors, a biased GaAs emitter,
and electro-optic detection using a ZnTe crystal, and balanced Si photodiodes. The
THz-TDS was frequency-calibrated and had its amplitude linearity verified, as
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described in (266). The refractive index and loss coefficient were calculated using a
standard formulae (267). Each sample underwent 4 scans at 15 GHz resolution.
4.2.10. Multivariate Data Analysis
Calibration samples ranging from Cal 1 (20% crystalline) – Cal 6 (0% crystalline) were
selected for calibration model development (n = 14) and four calibration samples were
randomly selected for internal validation (n = 4). Multivariate data analysis was
performed using MATLAB software version R2019a (The MathWorks, CA, USA) with
the PLS Toolbox version 8.6 (Eigenvector, CA, USA) for data pre-processing and
modelling. Partial least squares (PLS) regression was performed on the datasets to
build calibration models. The models were internally cross-validated using leave one
out cross validation. Validation of the calibration models were performed according to
guidance from the International Conference on Harmonization (ICH) guidance
Q2(R1)(214)), European Medicines Agency (EMA) (215) and the Food and Drug
Administration (FDA) (216), by assessing model specificity (expressed as the 1st latent
2

variable; LV1), linearity (expressed as correlation coefficient, R ) and accuracy
(expressed as the root mean square error of prediction; RMSEP). The predictive
performance and applicability of the model for amorphous quantification within 3D
printed discs was evaluated by scanning external test sets (Discs 1 – 4, Table 11).

4.2.11. SEM imaging
Surface images of the 3D printed discs, pure HPC polymer grades and other samples
were taken with a scanning electron microscope (SEM, JSM-840A Scanning
Microscope, JEOL GmbH, Freising, Germany). All samples for SEM testing were
coated with carbon (~30–40 nm).
4.2.12. Powder flow characteristics
4.2.12.1. Bulk Density
Bulk density was determined by pouring pure HPC polymers (HPC-L, HPC-SL,
HPC-SSL and HPC-UL) and itraconazole formulation blends into a 10 mL volumetric
cylinder. The bulk density was calculated using Equation 9:
(9)
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rb = M / V
Where, rb = bulk density, M = mass of powder (g), V = volume of powder (mL)
4.2.12.2. Tapped density
An accurately weighed quantity of powder was carefully transferred into 10 mL
measuring cylinder. The cylinder was then allowed to tap on to a wooden surface from
the height of 2.5 cm at one second intervals. The tapping was continued until no further
change in volume (until a constant volume) was obtained (Vf). The tapped density was
calculated by Equation 10:

rt = M / V

(10)

Where, rt = tapped density, M = mass of powder (g), V = volume of powder (mL)
4.2.12.3. Compressibility index and Hausner ratio:
The compressibility index and the Hausner ratio are determined by measuring both
the bulk density and tapped density of the powders. The compressibility index
(Equation 11) and the Hausner ratio (Equation 12) were calculated as follows:
Compressibility Index = 100 × (rt - rb) / rb

(11)

Hausner Ratio = rt / rb

(12)

4.2.13. Physical properties of Printlets
4.2.13.1. Breaking force
The crushing strength of three printlets of each speed was measured using a
traditional tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm, Germany),
whereby an increasing force is applied perpendicular to the printlet axis to opposite
sides of a printlet until the printlet fractures. The mean and standard deviation was
calculated.
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4.2.14. Determination of Drug Content
Three printlets (approximately 80 mg) of each formulation was placed into separate
volumetric flasks with 1:1 ethanol:acetonitrile mixture (100 mL) under magnetic stirring
until complete dissolution (n = 3). A calibration model was developed using a Cary 100
UV–vis spectrophotometer (Agilent Technologies, UK) operated at 262 nm
wavelength for quantification. Samples of the solutions were then filtered through
0.22 μm filters and put in 1 cm quartz cuvette for UV scanning. The UV calibration
curve is shown in Appendix A.
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4.3. Results and discussion
4.3.1. Development of Calibration Samples
To create an assay for quantifying amorphous content, calibration samples with known
quantities of each phase were prepared. The amorphous form of itraconazole was
produced by melting the crystalline form and subsequently using a quench cool
method using liquid nitrogen. To evaluate whether the quench cooled form was fully
amorphous, XRPD and DSC was used to confirm their physical state.
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Figure 42. XRPD diffractogram (A) and DSC thermograph (B) of crystalline and
quench cooled (amorphous) itraconazole
Itraconazole displayed characteristic XRPD diffraction peaks at 14.7°, 17.5°, 20.8°,
24°, 25.8° and 27.5° 2q (Figure 42A), which was consistent with Form 1 as reported
in several studies (268, 269). Formation of amorphous itraconazole post quench
cooling was confirmed by the presence of a broad halo in the XRPD diffractogram with
no characteristic Bragg’s diffraction peaks corresponding with the crystalline form
(Figure 42A). For further confirmation, DSC analysis was performed on both the
amorphous and crystalline forms of itraconazole. For the crystalline form, a
characteristic melting endotherm at around 170°C is observed (Figure 42B), which has
been demonstrated in other studies (268-270). The quench cooled sample was
confirmed amorphous as shown by the change in baseline, representing the Tg, at ~
58°C for itraconazole (271, 272).
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However, a characteristic melting endotherm at 170°C was also observed for the
amorphous form. It is well known that quench-cooled amorphous compounds can be
prone to recrystallisation inside the DSC due to elevated temperatures enabling the
free movement and re-ordering of molecules into a regular crystalline arrangement
(273). As such, a recrystallisation exotherm can be observed at 130°C, followed by a
melting endotherm at 170°C of the now partially crystalline form of itraconazole, a
phenomenon which has been reported elsewhere (274) (Figure 42B).
Following successful preparation of the amorphous form of itraconazole, calibration
samples were prepared (Cal 1 – 6) by doping the HPC-L polymer with different ratios
of crystalline:amorphous drug content; Cal 1 had 100:0 and Cal 6 0:100 (Table 10).
As expected, XRPD analysis showed an increase in itraconazole diffraction peak
intensities (in the region between 13 - 24° 2q) as a function of crystalline drug content.
As an example, Cal 6 (highest crystalline content) exhibited sharp and well resolved
diffraction peaks, whereas Cal 1 (lowest crystalline content) demonstrated an absence
of diffraction peaks (broad halo) (Figure 43). For Cals 1-5, the diffraction peak at 20.5°
was detectable even at the lowest crystalline content (4% w/w). As such, a univariate
calibration model at 20.5° (R2 = 0.9908) was developed in order to quantify amorphous
content from unknown samples of 3D printed discs (Figure 44).
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Figure 43. XRPD diffractogram of itraconazole calibration samples 1-6 (Cal 1-6)
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Figure 44. Calibration curve developed using baseline adjusted XRPD
diffractograms of itraconazole calibration samples

4.3.2. Development of 3D Printed Formulations
SLS 3D printing was used to produce 20% itraconazole discs (23mm x 1mm height)
and printlets with four different HPC polymer grades (HPC-UL, HPC-SSL, HPC-SL
and HPC-L) (Figure 45). For formulation production, the SLS printing parameters were
kept the same (100°C surface temp, 80°C chamber temp, 300 mm/s laser speed).
Interestingly, the discs and printlets produced with the higher polymer molecular
weights (HPC-L and HPC-SL) displayed a more uniform sintering on the formulation
surface. Conversely, the lower molecular weight polymers (HPC-SSL and HPC-UL)
produced discs of un-homogenous surface morphology which hypothesised to be
attributed to the poorer powder flow of the polymer.
To understand this phenomenon further, the physical characteristics of the printlets
were evaluated. HPC-L and HPC-SL tablets had a higher weight and had more
desirable physical properties (i.e. increased breaking force and weight) compared with
the HPC-SSL and HPC-UL counterparts (Table 12). Interestingly, the HPC-SSL and
HPC-UL formulations appeared darker in colour. For all of the printlets, the drug
loading of itraconazole was within the BP requirements (ranging from 96.7% – 101.9%;
Table 12) which confirmed that the colour change was not attributed to drug
degradation.
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HPC-L

HPC-SL

HPC-L

HPC-SL

HPC-SSL

HPC-SSL
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Figure 45. Images of itraconazole 3D printed discs (top) and printlets (bottom)
using four different HPC grades (HPC-L, SL, SSL and UL from left to right).
Please note that the HPC-UL disc could not be imaged due to high friability
and breakage on handing.
Table 12. Physical properties of the dosage forms.
Formulation
Code
HPC-L tablets
HPC-SL tablets
HPC-SSL tablets
HPC-UL tablets

Weight ± SD (mg)
81.8 ± 5.5
96.5 ± 12.2
72.2 ± 7.7
75.3 ± 16.2

Breaking force
± SD (N)
22.0 ± 3.6
16.7 ± 2.1
13.3 ± 3.1
13.5 ± 0.5

UV recovery ±
SD (%)
96.9 ± 1.35
101.9 ± 0.13
96.7 ± 0.62
98.8 ± 1.49

It has been previously demonstrated that the degree of uniform sintering is highly
dependent upon the particle size and morphology of the materials used (64). Previous
studies and HPC polymer data sheets have highlighted that the higher MW HPC
polymers have larger median particle sizes (160 μm for both HPC-L and HPC-SL)
compared with the lower MW grades (85 μm for HPC-SSL) (275). For SLS 3D printing,
powder particle size can markedly impact the degree of laser sintering and hence
binding of the particles. Interestingly, ‘too small’ and irregularly shaped particles may
contribute towards poor powder flow due to the agglomeration of particles via van der
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Waals forces, thereby forming craters and defects on the surface of the powder during
layer distribution (276, 277). As such, the physical differences between the 3D printed
formulations was hypothesised to be due to the differences in particle size and
morphology of the HPC polymer grades. To explore this further, SEM imaging was
performed on each of the sieved polymer grades (Figure 46). HPC-L and HPC-SL
grades were found to exhibit a rectangular morphology and a homogenous particle
size of ~160 μm. Conversely, HPC-SSL and HPC-UL showed an inhomogeneity in
particle size and shape within the sample, with particles ranging from ~10 μm – 100
μm in size. These findings were in alignment of the characteristics published
previously in the literature (275).

HPC-L

HPC-SSL

HPC-SL

HPC-UL

Figure 46. SEM images of sieved HPC-UL, HPC-SSL, HPC-SL and HPC-L
To further understand the impact of polymer grade on physical characteristics of the
3D printed formulations, bulk and tapped density measurements were carried out.
Results showed that the pure HPC-L and HPC-SL polymers demonstrated ‘passable’
powder flow properties, indicated by a compressibility index between 21-25% and
Hausner ratio between 1.26-1.34 (Table 13). HPC-SSL and HPC-UL demonstrated
‘poor’ powder flow properties, indicated by a compressibility index between 26-31%
and Hausner ratio between 1.35-1.45 (Table 13). Upon addition of 20% itraconazole,
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for all polymers the powder flow properties worsened (i.e. compressibility index and
Hausner ratio increased) likely due to the poor flow characteristics exhibited by
itraconazole in its pure form. These findings are the first to highlight the critical need
for adequate powder flow for the production of drug products using the SLS printing
process, and in the future, the compressibility index and Hausner ratio should be used
as a basis to confirm the ability of powders to be sintered effectively. To improve
formulations with poor powder flow characteristics, the addition of lubricants and/or
glidants could be utilised.
Table 13. Flow properties of pure HPC polymers and formulation blends

Formulation code
Itraconazole
HPC-L pure
HPC-SL pure
HPC-SSL pure
HPC-UL pure
Itra 20% HPC-L blend
Itra 20% HPC-SL blend
Itra 20% HPC-SSL blend
Itra 20% HPC-UL blend

Bulk density
(g/mL)
0.262
0.386
0.347
0.374
0.464
0.355
0.389
0.320
0.387

Tapped Density
(g/mL)
0.524
0.507
0.449
0.524
0.649
0.467
0.512
0.501
0.736

Compressibility
Index (%)
50
23.8
22.7
28.6
28.6
24
24
36
47.5

Hausner
Ratio
2.00
1.31
1.29
1.40
1.40
1.32
1.32
1.56
1.90

Powder
flow
Very poor
Passable
Passable
Poor
Poor
Passable
Passable
Very poor
Very poor

4.3.3. Solid State Analysis
DSC and XRPD analysis were performed to observe if the polymer grade had an
influence on the drug form in the 3D printed discs. For itraconazole, DSC results
showed that each 3D printed disc had a small melting endotherm at 170°C which
represents the melting point of itraconazole (Figure 47). The HPC-L 3D printed disc
displayed a smaller melting endotherm compared with the HPC-UL 3D printed disc,
potentially indicating that a greater degree of amorphous conversion occurred with the
higher molecular weight polymer. However previous research has shown that
amorphous itraconazole has a tendency to recrystallise in the DSC pan and hence
XRPD analysis was performed to confirm findings.
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Figure 47. DSC thermogram for 20% loaded itraconazole discs vs. pure HPC
polymers

Interestingly, XRPD showed that the use of HPC-UL (lowest molecular weight)
demonstrated a higher crystallinity content, shown by the presence of characteristic
albeit small itraconazole peaks at 17.5°, 20.8° and 24° 2q (Figure 48). The presence
of a sharp peak at 26° represents the Candurin Gold Sheen. The amount of
amorphous conversion was found to increase as a function of HPC molecular weight,
in the order of HPC-L > HPC-SL > HPC-SSL > HPC-UL (Figure 48), indicated by the
higher diffraction peak intensities for the lower molecular weight polymers.
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Figure 48. XRPD diffractograms of 20% itraconazole-loaded 3D printed discs vs.
powders
Interestingly, a previous study found an opposite trend when using these four HPC
polymer grades using a different 3D printing method termed direct powder extrusion
(38). Direct powder extrusion involves powdered materials (drug and polymer) being
placed into a hopper connected to a screw and heated nozzle, which under elevated
temperature and pressure enables mixing, melting and printing in a single-step
process. The researchers found that increasing amorphous conversion occurred with
the following trend HPC-UL > HPC-SSL > HPC-SL > HPC-L, demonstrating the
opposite trend to the results presented here. An explanation could be due to the
inherent differences between the two printing processes. Firstly, the direct powder
extrusion process required the use of high temperature (210 °C) for printing, which
well exceeds the melting point of all polymer grades. Conversely, with SLS 3D printing,
a lower temperature process was used (100 °C) and the process is highly dependent
upon particle shape and size, as well as powder flow.
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To further understand the phenomena, SEM imaging was performed to observe the
surface structure of each 3D printed disc (Figure 49). For HPC-L, HPC-SL and HPCSSL 3D printed discs (Figures 49 A-C), the surface morphologies were similar
whereby the laser caused a melting of powder particles which had then fused with
adjacent powder particles. The structure was found to be highly porous, a
characteristic which is common for SLS 3D printed constructs (278). Small powder
particles were found to be adhering to the surface of the molten structures which is
likely due to the unsintered material being retained on the surface of the product. For
HPC-UL discs, the underlying surface morphology was found to be similar however it
was apparent that an increased amount of unsintered material was adhering to the
surface structure and inside the voids (Figure 49D). This may be due to the smaller
particle size of the polymer causing increased interparticulate forces between the
components and the sintered formulation surface, preventing ineffective clearing of
the sintered material post-printing.

A

B

C

D

Figure 49. SEM images of A) HPC-L, B) HPC-SL, C) HPC-SSL and D) HPC-UL 3D
printed discs
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4.3.4. Evaluation of PAT technologies
Whilst XRPD was shown to be capable in detecting crystallinity of the dosage forms,
it is an inherently bulky, labourious and expensive process that would not be suitable
for real-time analysis of 3D printed medicines. Alternative process analytical
technologies (PAT) such as NIR, Raman and terahertz spectroscopy have shown
capabilities in quantifying crystalline and polymorph content (279). As such, the next
steps of this project were to evaluate the ability of each of these spectroscopic
methods for quantification of amorphous content in the developed 3D printed discs.
4.3.4.1. Evaluation of NIR spectroscopy
Initially, the pure amorphous and crystalline drug forms were scanned using
reflectance FT-NIR spectroscopy in order to evaluate if spectral changes are apparent
upon the different drug forms. Although NIR light is inherently absorbed by functional
groups such as -C-H, -N-H, -O-H and -S-H, the morphology of the spectra produced
can differ based on the environment (e.g. hydrogen bonding, hydration) of these
functional groups.
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Figure 50. 2nd derivative NIR spectra (filter width 21, 2nd polynomial) of both
amorphous and crystalline itraconazole forms
In the present study, differences in NIR spectra between the crystalline and
amorphous forms can be seen throughout the 4000 - 6200 cm-1 wavenumber range
(Figure 50). Most notably, the peaks at 5800 - 5900 cm-1 which represents the first
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overtone vibrations of the -C-H functional groups exhibit a distinct morphology for the
crystalline form (double-peak), compared with its amorphous form (single broad peak).
At the peak located at 5800 cm-1 for the crystalline material, an increase in peak
intensity as well as a peak shift to 5775 cm-1 is observed for the amorphous form. The
peak at ~5000 cm-1 for amorphous itraconazole is attributed to the presence of water
likely due to its higher hygroscopicity compared with the crystalline form and, as such,
the region 4800 - 5200 cm-1 was excluded in subsequent multivariate analysis.
These phenomena can be explained by a fundamental understanding of NIR
spectroscopy; the spectra present distinct information on molecular structure and
conformation from vibrations of atoms. NIR spectroscopy works on the principle that
different solid-state forms differ in the intermolecular hydrogen bonding pattern in a
crystal lattice which results into a shift or differing morphologies of absorption bands
in NIR spectra. Previous studies have highlighted this occurring for drugs including
warfarin (280), sulfathiazole (281), indomethacin (282), as well as excipients including
lactose (283) and glycine (284).

130

10-4
10

6

2nd derivative absorbance

Powder Cal1 A0C20
Powder Cal2 A4C16
Powder Cal3 A8C12
Powder Cal4 A12C8
Powder Cal5 A16C4
Powder Cal6 A20C0

1.5

4

(A) Powdered
form

-4

1

2
0

0.5

-2

0

-0.5

-4

Powder Cal1 A0C20
Powder Cal2 A4C16
Powder Cal3 A8C12
Powder Cal4 A12C8
Powder Cal5 A16C4
Powder Cal6 A20C0

-6

-1
6050

6000

5950
5900
Wavenumbers (cm-1)

5850

5800

-8
6000

10
8

(B) Compressed
squares

2nd Derivative Absorbance

6
4

5500
5000
Wavenumbers (cm-1)

4500

4000

-4
10
2

A0C20
A4C16
A8C12
A12C8
A16C4
A20C0

-4

A0C20
A4C16
A8C12
A12C8
A16C4
A20C0

1

2
0

0

-2
-4
-1

-6
6000

-8

5950

5900
Wavenumber (cm-1)

5850

-10
6500

6000

5500
5000
Wavenumber (cm-1)

4500

4000

Figure 51. 2nd derivative NIR spectra (filter width of 21, 2nd polynomial) of
itraconazole calibration samples (Cal 1 – Cal 6) in the powdered form (A) and
the compressed form (B)

Once an understanding of the spectral differences of the amorphous vs. crystalline
forms was gained, the calibration samples (Cal 1 – 6) were scanned. Ideally, for
calibration model development, samples should be inputted in the calibration model
that would represent that final product. However, in this case, it was not possible to
accurately control the amorphous / crystalline content in discs via 3D printing. As such,
the calibration samples were presented to the NIR stage in two different forms (pure
powders vs. compressed squares). The calibration samples (Cal 1 – 6) were scanned
using NIR and, for both the powdered and compressed samples, a change in peak
morphology and intensity occurred as a function of crystalline content, even in the
presence of a high polymer concentration (77%) (Figure 51). Due to these distinct
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spectral differences between the calibration samples, it was hypothesised that this
could be used as a basis for calibration model development.

(B) Compressed
squares

(A) Powdered
form

3 LVs
R2 Cal = 0.998
R2 Pred = 0.972
RMSEC = 0.29%
RMSECV = 0.82%
RMSEP = 1.04%
Prediction bias = 0.08%
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R2 Cal = 0.999
R2 Pred = 1.000
RMSEC = 0.21%
RMSECV = 0.32%
RMSEP = 0.22%
Prediction bias = -0.11%

Figure 52. PLS regression calibration model based on NIR spectroscopy for
amorphous itraconazole prediction using (A) Powdered forms vs. (B)
Compressed squares
Two calibration models were developed using partial least squares (PLS) regression.
For both models, the PLS model covered between 4000 – 6200 cm-1 (water peak
excluded) with a second derivative (Savitzky Golay method: filter width of 21 with a
second polynomial (181), followed by standard normal variate (SNV) and mean
centering pre-processing techniques). For the powdered samples, the model
developed had a high linearity (R2 = 0.998) and an accuracy of around 1.04%,
indicated by the RMSEP value (Figure 52A). For the compressed squares, the linearity
of the model was similar (R2 = 0.999) however the accuracy was markedly lower
(RMSEP = 0.22%), which may be due to the effect of compressing the sample such
that all samples have similar surface morphologies and hence a reduced scattering
effect compared with the pure powders (Figure 52B). These values confirmed that the
NIR test results were proportional to % amorphous content in the stated range (0-20%
w/w).
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Figure 53. PLS model statistics for the powdered form PLS model pertaining to
A) Component selection as a function of RMSECV (red oval indicates number of
LVs selected), (B) PLS model LV1 loadings spectra and C) 2nd derivative NIR
spectra of pure crystalline itraconazole. Red dashed lines highlight common
spectral features between loadings and pure drug spectra.
The developed models had 3 LVs which were selected based on the RMSECV
component graph (Figure 53A). Typically, the number of LVs selected should correlate
with the lowest RMSECV error (in Figure 53A it shows 5 LVs had the lowest
RMSECV). However, when 5 LVs were selected, the loadings spectra for LV 4 and LV
5 were inherently noisy and hence were not fit for model development due to the risk
of overfitting the model. As such, 3 LVs were selected which provided the lowest
RMSECV with the absence of spectral noise. A similar observation was found for the
compressed squares component graph (Data not shown). For both the powdered form
and compressed square models, the specificity was high for solid state changes
indicated by LV1 values of 90.65% and 94.16%, respectively. Model specificity to
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amorphous content was further confirmed by comparing the loadings spectra of LV 1
(Figure 53B) to the NIR spectra of pure crystalline itraconazole (Figure 53C). The
loadings spectra were found to model the characteristic NIR absorbances of the drug
(indicated by the red lines on Figures 53B and C), confirming that the data variation
was occurring as a function of changes in drug form. A similar observation was found
for the compressed squares loading spectra (Data not shown).
It is well known that physical characteristics (such as tablet geometry, particle size and
compaction pressure) are sources of variability that can affect NIR spectra and hence
model predictions (285). As the calibration models here were developed using doped
powdered samples, it was important to evaluate applicability of the model to the 3D
printed discs (which have a different surface morphology to the calibration samples).
As such, twelve 3D printed discs (4 polymer grades: HPC-UL, HPC-SSL, HPC-SL and
HPC-L; n=3) were scanned using NIR spectroscopy (Figure 54). Results showed a
similar trend in the change in peak morphology and intensity at 5800 - 5900 cm-1,
initially indicating its potential suitability for use in the calibration model. As seen
previously, low molecular weight HPC grades (HPC-SSL and HPC-UL) exhibited a
double peak morphology suggesting a higher degree is present in the crystalline form,
which was in alignment with the previous findings from XRPD (Figure 48).
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Figure 54. 2nd derivative NIR spectra (filter width of 21, 2nd polynomial) of
itraconazole-loaded 3D printed discs
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Figure 55. LV1 vs. LV2 Scores plots of NIR itraconazole samples of powdered
samples (A) and compressed squares (B). Grey points = calibration samples;
red points = 3D printed discs.
In order to evaluate the suitability of the developed models to predict the amorphous
content of 3D printed discs, the models were qualitatively analysed using LV1 vs. LV2
scores (Figure 55). For the powdered samples, the majority of 3D printed samples
were within the graph 95% confidence interval (CI) within the LV1 vs. LV2 scores plot
(Figure 55A). Conversely, for the compressed squares, all of the 3D printed discs
samples were well outside of the 95% CI for both the LV1 vs. LV2 scores plots (Figure
55B).
This was hypothesised to be due to the increased differences in surface presentation
between the compressed squares and 3D printed discs. Compressing the samples
causes the particles to be intensely packed to create a dense compact. Conversely,
SLS 3D printing does not involve compression or application of mechanical force to
induce object production; as such, it is likely that the powder particles retained their
original locations and instead melts / sinters, creating a more porous surface structure.
Due to all of the 3D printed discs lying outside of the 95% CI, and the risk of
inadvertently changing the solid-state properties of the API upon compression, the
compressed squares PLS model was excluded.
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4.3.4.2. Evaluation of Raman Spectroscopy
In the same manner as NIR spectroscopy, initially the pure amorphous and crystalline
drug forms were scanned using reflectance Raman spectroscopy in order to determine
the spectral changes upon different solid states (Figure 56). The amorphous
itraconazole sample showed a marked reduction in peak heights across the entire
Raman shift regions of 600 – 1800 cm-1, as well as a broadening of peaks due to the
lack of a long-range molecular order compared with the crystalline form; a trend that
is commonly characteristic of amorphous materials (286). In particular, the peak at
1618 cm-1, which represents the ν(C=C) functional group, displayed a significant
reduction in intensity from the pure crystalline to the amorphous forms. These
observations can be explained by understanding the fundamentals behind Raman
spectroscopy. Despite the same chemical composition, the Raman spectra of different
solid-state forms of the same drug can be significantly different due to the presence of
spatial order and long-range translational symmetry for crystalline solids compared
with their amorphous counterparts (161).
In addition, the amorphous sample demonstrated a higher degree of fluorescence
(shown by the increase in baseline at the lower Raman shifts). This is likely due to the
fact that the prepared amorphous itraconazole had a slightly yellow colour, a trait
which is known cause increased fluorescence and interference with peak heights
(159).
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Figure 56. Raman spectra of the raw materials (HPC-L, crystalline itraconazole
and amorphous itraconazole)

Next, the itraconazole calibration samples (Cal 1 – Cal 6) were scanned using the
same Raman spectroscopy set up (Figure 57). Consistent with the pure ingredient
spectra, as the sample amorphous content increased, the peak intensities across 700
– 1700 cm-1 was found to decrease and peak morphologies broadened. When
focussed on the peak at ~1614 cm-1 (Figure 57), increasing amorphous content
causes a slight peak shift tending towards 1612 cm-1.
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Figure 57. Raman spectra (baseline corrected) of itraconazole calibration
samples (Cal 1 – 6), ranging from 0% to 20% crystalline content. Zoomed in on
1614 cm-1 peak.
Calibration samples were presented in the same manner as with the NIR spectroscopy
measurements; in two different forms (pure powders vs. compressed squares). Two
calibration models were developed using partial least squares (PLS) regression based
on a previously reported method for itraconazole crystallinity quantification (155)
(Figure 58). Firstly, the regions between 1000 – 1700 cm-1 were selected, followed by
a Whittaker baseline correction (smoothness factor l = 100,000 and p = asymmetry
factor 0.001) and a normalisation to the area of peak 1614 cm-1 and a mean centering
pre-processing method was used. For the powdered samples, the model developed
had a high linearity (R2 = 0.998) and an accuracy of around 0.63%, indicated by the
RMSEP value (Figure 57A). For the compressed squares, the linearity and accuracy
of the model was similar to the powdered model (R2 = 0.996, RMSEP = 0.73%) (Figure
58B). For both models, the values confirmed that the NIR test results were proportional
to % amorphous content in the stated range (0-20% w/w).
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Figure 58. PLS regression calibration model based on Raman spectroscopy for
amorphous itraconazole prediction using (A) Powdered forms vs. (B)
Compressed squares

As the calibration models were developed using doped powdered samples, it was
important to evaluate the applicability of the model to the 3D printed discs (which have
a different surface morphology to the calibration samples). As such, twelve 3D printed
discs (4 polymer grades: HPC-UL, HPC-SSL, HPC-SL and HPC-L; n=3) were scanned
using Raman spectroscopy (Figure 59). Results showed a similar trend in the change
in peak morphology and intensity at 1614 cm-1, initially indicating its potential suitability
for use in the calibration model. For HPC-UL, the peak intensity was closer to the
unsintered powder intensity compared with the other polymers (Figure 59D),
demonstrating a higher crystallinity content is present with this polymer, which is in
agreement with the previous XRPD and NIR spectroscopic findings.
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Figure 59. Raman spectra of itraconazole unsintered powders vs. 3D printed
discs for A) HPC-L, B) HPC-SL, C) HPC-SSL and D) HPC-UL, focussed in on the
1614 cm-1 peak.
In order to evaluate the suitability of the developed models to predict the amorphous
content of 3D printed discs, the models were qualitatively analysed using LV1 vs. LV2
scores plots (Figure 60). Favourably, for both the powdered and compressed
calibration samples, all of the 3D printed samples were within the graph 95%
confidence interval (CI) for LV1 vs. LV2 score plots (Figures 60 A and B, respectively).
These results highlighted that both of the models are fit-for-purpose for the evaluation
of 3D printed discs, which differed from the NIR spectroscopic findings, whereby the
compressed squares were not suitable indicated by the discs being outside of the 95%
CI. This suggests that, in this case, NIR spectroscopy is more sensitive to the different
sample presentations compared with Raman spectroscopy.
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Figure 60. LV1 vs. LV2 Scores plot based on itraconazole samples scanned
using Raman spectroscopy of (A) powdered samples and (B) compressed
squares. Grey points = calibration samples; red points = 3D printed discs

4.3.4.3. NIR vs Raman Prediction Capability
The next stage was to apply the NIR and Raman spectroscopic calibration models to
the 3D printed discs, to evaluate their ability to measure itraconazole crystallinity
compared with a reference quantification method (XRPD). As such, the 3D printed
discs were inputted into the PLS calibration models developed using NIR and Raman
spectroscopy using powdered calibration samples. Despite the change in surface
morphology of the 3D printed discs compared with the powdered calibration samples,
a good predictive performance was observed for the calibration models based on NIR
spectroscopy (linearity; R2 Pred = 0.965, accuracy; RMSEP = 1.12%; Figure 61A). For
Raman spectroscopy, the linearity of the model was slightly improved and the
accuracy was similar (R2 Pred = 0.989; RMSEP = 1.15%; Figure 61B).
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-0.43%
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Figure 61. PLS regression calibration models for amorphous itraconazole
prediction using powdered calibration samples using A) NIR spectroscopy and
B) Raman spectroscopy. Grey points = calibration samples; red points = 3D
printed discs

Table 14. Amorphous content of 3D printed discs predicted using NIR vs
Raman vs XRPD
Amorphous content (%w/w ± SD)
Disc Code

XRPD

NIR

Raman

HPC-L

18.42 ± 0.24

18.39 ± 0.90

17.39 ± 0.84

HPC-SL

17.62 ± 1.14

17.39 ± 0.56

16.61 ± 0.90

HPC-SSL

12.47 ± 1.98

12.39 ± 0.57

12.86 ± 1.12

HPC-UL

5.27 ± 0.00

5.01 ± 0.28

4.21 ± 0.06
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The accuracy of the calibration model can be further expressed as the closeness in
agreement between the reference method (XRPD) and the PAT values (Table 14).
For all four polymer types, both NIR and Raman spectroscopic measurements were
comparable to the reference XRPD method, displaying maximum errors of only 0.26% and -1.05%, respectively (Table 14), both of which are below the RMSEP
values. The results here provide an initial indication that NIR and Raman spectroscopy
would be suitable alternative methods for rapid evaluation of 3D printed drug product
crystallinity. Future work should focus on developing more robust calibration models
for example by increasing the number of calibration samples.
4.3.4.4. Evaluation of Terahertz Spectroscopy
Terahertz spectroscopy has been widely researched in the literature as a tool to
qualitatively and quantitatively characterise drug and excipient crystallinity in
pharmaceutical products and processes (165, 287, 288). For example, a recent study
used terahertz spectroscopy to quantify the crystallinity of L-tartaric acid loaded into
smartFilms and tablets composed of coffee filter paper (289). Furthermore, in the case
of 3D printed dosage forms, previously terahertz pulsed imaging in combination with
X-ray micro CT has been used to evaluate microstructural defects and porosity in FDM
3D printed constructs (290). As such, it was hypothesised that terahertz spectroscopy
could enable the at-line quantification of amorphous content within 3D printed discs.
In this section, as a proof-of-concept, an alternative BCS II drug was evaluated
(indomethacin)

using

the

technology.

Amorphous

indomethacin,

crystalline

indomethacin, 20% DL unsintered formulation blends and 20% DL 3D printed discs of
two polymers (HPC-L and HPC-UL) were evaluated. As expected, the crystalline form
showed characteristic absorption peaks at ~ 1.23 THz and 1.97 THz (Figure 62A),
which have been reported elsewhere to be indicative of indomethacin γ-form (164).
Conversely, in this region the amorphous form of indomethacin did not exhibit any
absorbance peaks. Diffuse absorption was observed for the amorphous form (Figure
62A), of which a similar observation was made by Strachan. et al. (291). Such spectra
suggest that the observed signals with the crystalline indomethacin were due to
intermolecular vibration modes of long-range order.
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Indo HPC-L 3D Disc
Indo HPC-UL 3D Disc

Indo HPC-L unsintered
Indo HPC-UL unsintered

Figure 62. Terahertz time-domain spectra of A) indomethacin crystalline,
indomethacin amorphous, unsintered indomethacin 20% HPC-L and HPC-UL
formulation blends, and B) indomethacin 20% HPC-L and HPC-UL 3D printed
discs. Each spectrum is the average of 4 scans (without smoothing).
The unsintered indomethacin HPC-L and HPC-UL formulations demonstrated a
similar diffuse absorbance pattern to the amorphous indomethacin, with an absence
of clear absorbance peaks which related to the drug compound (Figure 62B). This is
likely due to the semi-amorphous nature of the two polymers which given rise to this
characteristic diffuse absorbance pattern. It is likely that the use of these two highly
polar polymers (HPC-L and HPC-UL) in high quantities (77% w/w) within the
formulation are masking any crystalline drug which may be present. HPC polymers
have been previously shown to have a much higher absorption coefficient compared
to non-polar polymers which are mostly transparent to THz radiation (292, 293) and
hence, in future work, more transparent polymers may be required for crystallinity
detection and quantification.
Previous studies have demonstrated that the granular nature of either the sample itself
or the matrix in which the sample is dispersed can adversely affect the quality of THz
spectra and, hence, the ability to perform qualitative and quantitative measurements
(294). As SLS 3D printing creates drug products that are inherently porous and
retaining the granular structure, this was also found to affect the results of the THz
scanned formulations. A diffuse absorbance pattern and an absence of spectral
features was observed for the HPC-UL 3D printed disc, again likely due to the
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amorphous nature of the polymer (Figure 62B). For the HPC-L 3D printed disc, two
apparent spectral features were observed at ~ 1.7 THz and ~ 2.2 THz (Figure 62B),
however this was attributed to the THz beam ‘leaking’ through the gaps of the highly
porous discs; when the sample was repositioned, the spectral features disappeared
(data not shown).
B

A

Indo HPC-L 3D Disc
Indo HPC-UL 3D Disc

Indomethacin crystalline
Indomethacin amorphous
Indo HPC-L unsintered
Indo HPC-UL unsintered

Figure 63. Sample refractive index of mixtures of A) indomethacin crystalline,
indomethacin amorphous, and unsintered indomethacin 20% HPC-L and HPCUL formulation blends, and B) indomethacin 20% HPC-L and HPC-UL 3D
printed discs.

The amorphous form can also be confirmed by the higher refractive index (~1.75)
compared with the crystalline form (~1.65) (Figure 63A). The refractive indices of both
unsintered formulations was around 1.45 – 1.48 (Figure 63A), which is in alignment
with values previously reported for HPC (295). The low refractive index of both 3D
printed discs (~1.25) was attributed to be due to the high porosity of the discs, which
causes the terahertz beam to ‘leak through’ the pores (Figure 63B).
The data presented here are preliminary and unfortunately due to time restrictions
could not be followed up further. Future work should focus on exploring a range of
polymers and drug loads, as well as examining the thickness and porosity of the SLS
printed formulations produced, on the quality of THz spectra. For THz application for
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crystallinity quantification in pharmaceuticals, conventionally studies prepare the
formulations by manually crushing and diluting the pharmaceutical preparation with a
THz transparent material (such as polyethylene; PE). In the instance of 3D printed
formulations, ideally a non-destructive and real-time technique is required and hence
manually grinding the formulation for dilution would be unsuitable. To apply this
technology to SLS 3D printed formulations, future work should focus on evaluating
different polymers that meet the following requirements: A) Have acceptable
properties for SLS 3D printing and THz analyses (taking into account particle flow,
particle size and morphology, melting point, and stability); B) Are transparent or semitransparent to THz radiation; C) Are pharmaceutical grade (GRAS certified) and; D)
Do not create overly porous drug products (e.g. by using a polymer with a small
particle size, or by printing at a temperature exceeding polymer melting point to
encourage particle melting as opposed to superficial sintering).
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4.4. Conclusions
Overall, this Chapter demonstrated the ability of SLS 3D printing to create amorphous
solid dispersions of a BCS Class II drug (itraconazole) with four different HPC polymer
grades (HPC-L, HPC-SL, HPC-SSL and HPC-UL). Interestingly, the polymers with
higher molecular weights (HPC-L and SL) underwent a uniform sintering process,
attributed to the increased particle size and hence improved flow characteristics
compared with the lower molecular weight grades (HPC-UL and SSL), which
demonstrated craters and defects on the formulation surface. XRPD confirmed that
the amount of amorphous conversion was found to occur as a function of polymer
molecular weight: HPC-L > HPC-SL > HPC-SSL > HPC-UL, likely due to the
ineffective clearance of unsintered material on the drug product surface for the lower
molecular weights. This Chapter has also demonstrated the feasibility of using NIR
and Raman spectroscopy as non-destructive approaches to quantify the amount of
amorphous conversion in 3D printed discs. The developed models were validated
according to current international standards, demonstrating excellent linearity (R2 >
0.998), accuracy (RMSEP < 1.15%) and specificity (LV1 > 86.3%) and comparable to
a reference XRPD method.
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5.1.

Introduction

Currently, dissolution is the key method in the pharmaceutical industry for evaluating
drug release from solid oral dosage forms and is the only method that can have some
degree of relevance to in vivo bioavailability and hence therapeutic efficacy. However,
dissolution testing involves a series of time-consuming, labour-intensive and
expensive analytical tasks, involving protocols such as instrument calibration, media
preparation, sample collection, drug assay and data analysis, as well as requiring large
amounts of solvents for testing. Furthermore, dissolution results can be highly
variable, often originating from the drug product variability itself (e.g. drug or excipient
grades, dosage form hardness and porosity) or the inherent variability associated with
dissolution methodology (instrumentation, methods for sample withdrawal and
analysis, buffer media factors).
It is clear that these tests are impractical for the analysis of 3D printed medicines as
they are inherently time consuming, costly, require trained personnel and are highly
destructive making it impossible to fit the ‘on-demand’ printing model, as well as
challenging to identify the root of the problem if a test fails or if anomalies occur. One
strategy could be to produce extra samples via 3D printing to undergo external quantity
and quality analysis, however it would not be economically feasible for the
manufacturing of personalised medicines (296). As such, there is a demand for the
development of non-destructive and real-time methods to evaluate drug release and
performance for these novel drug products.
Recent research has highlighted the potential for rapid and non-destructive process
analytical technologies (PAT) to predict drug release in place of conventional
destructive dissolution testing. As an example, drug release has been measured
previously in the literature using near infrared (NIR), Raman spectroscopy (297) and
terahertz spectroscopy (298, 299) in combination with multivariate statistical methods.
It is worth mentioning that the studies using Raman and terahertz spectroscopic
methods have mostly been focussed on correlating dissolution time with the coating
thickness of the formulations. However, this PhD thesis is focussed on the evaluation
of uncoated matrix 3D printed dosage forms using selective laser sintering (SLS) 3D
printing. Interestingly, previous studies have shown that drug release from SLS 3D
printed drug products can be controlled by varying the drug load (192), excipient type
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and load (50), printlet geometry (207) and laser scanning speed of the process (60).
Fina. et al. showed that slower laser scanning speeds produced drug products with an
increased density and reduced porosity compared with their faster scanning speed
counterparts (60). This had a direct effect on the rate of drug dissolution, with faster
laser scanning speeds causing an accelerated drug release for two different polymer
types (HPMC and Kollicoat IR) (60).
The most common method published in the literature for non-destructive prediction of
drug release and drug product porosity for matrix tablets is NIR spectroscopy. Tabasi.
et al. used reflectance NIR spectroscopy in combination with PLS regression analyses
to determine the relationship between drug release and polymer content (300). Their
study involved the production of theophylline matrix tablets with differing polymer loads
(different amounts of Eudragit NE 30D: 0% - 25% w/w). They found that an increase
in polymer content caused an increase in 2nd derivative NIR absorbance which could
be correlated to drug release at 1h, 2h and 4h. Previous studies have also utilised NIR
spectroscopy for the prediction of drug dissolution upon changing drug load (125),
mixing time (301), strain (302) and compaction pressures (303, 304). Whilst extensive
research has been conducted for prediction of drug product density and dissolution
using NIR spectroscopy for conventional compressed tablets, so far, no such research
has been conducted for 3D printed formulations.
As such, the objective of this Chapter was to firstly evaluate the impact of SLS laser
scanning speed (100 – 180 mm/s) on density and drug release from matrix 3D printed
tablets (printlets) loaded with a model narrow therapeutic index (NTI) drug;
theophylline. The developed SLS printlets were scanned using reflectance FT-NIR
spectroscopy and subsequent univariate models were developed and evaluated for
their abilities to predict drug product density and drug dissolution at 2hr and 4hrs. The
physical characteristics (tablet hardness, density and drug load), drug dissolution in a
USP II apparatus, as well as solid state characteristics of the dosage forms were also
evaluated.
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5.2. Methods
5.2.1. Materials and Methods
Theophylline anhydrous USP grade (Sigma-Aldrich, UK) was used as a model
narrow therapeutic index drug (MW 180.16 g/mol, solubility in water: 8.3 mg/mL, >99%
purity). Eudragit L100-55, a copolymer of methacrylic acid and ethyl acrylate (1:1
ratio) that dissolves at pH 5.5 was donated by Evonik, UK. Candurin Gold Sheen was
purchased from Merck, UK. The salts for preparing the buffer dissolution media were
purchased from VWR International Ltd., UK.
5.2.2. Printing process
For each formulation 100 g of powder mixture was made by 10% theophylline, 87%
Eudragit L100-55 and 3% Candurin Gold Sheen in a pestle and mortar (Table 15). 3%
of the colourant CandurinÒ Gold Sheen was added to each formulation as an
absorbent, to enhance laser energy absorption and to ensure printability. The powder
was then transferred to the SLS printer (Sintratec Kit, AG, Brugg, Switzerland) to
formulate the 3D printed tablets (printlets). 123D Design was used to design the shape
of the cylindrical tablets (15 mm diameter x 3.6 mm height). The designed 3D models
were exported as a stereolithography (.stl) file into the 3D printer Sintratec central
software Version 1.1.13.
The powder mixture was added to the building platform (130 x 130 x 30 mm) which
was set in its highest position, where the blade was moved across to flatten and create
an even and homogenous powder bed for printing. The chamber temperature (90 °C)
and platform surface temperature (110 °C) were kept constant throughout the entire
experiment. The laser speed was the only variable where the printlets were printed
using 9 different laser speeds ranging from 100 mm/s – 180 mm/s (Table 1). The
printing process began by the activation of a 2.3W blue diode laser (445 nm) to sinter
the first layer of powder onto the building platform, based on the pattern in the .stl file.
As soon as the laser had stopped sintering the first layer, the roller distributed a new
powder layer over the previously sintered area. This process was repeated layer-bylayer until the desired object was completed. Individual discs were removed from the
printer once cooled and any excess unsintered powder was brushed off. Four printlets
of the same speed were printed at the same time.
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Table 15. Printlet printing parameters
Formulation

Laser scanning

Chamber

Surface

Code

speed (mm/s)

temperature (°C)

temperature (°C)

T100

100

90

110

T110

110

90

110

T120

120

90

110

T130

130

90

110

T140

140

90

110

T150

150

90

110

T160

160

90

110

T170

170

90

110

T180

180

90

110

5.2.3. Near infrared spectroscopy (NIR) data acquisition
Printlets were scanned on the integrating sphere using a small cup assembly in
reflectance mode using a fourier transform (FT)-NIR spectrometer (MPA, Bruker,
Germany). For reflectance measurements, spectra were collected twice on each side
of each printlet across a wavenumber range of 12800 to 4000 cm-1 and at a resolution
of 8 cm-1 totaling 64 scans, which were averaged. Collection of the data was performed
using OPUS Version 6.5 software.
5.2.4. Calibration model development
For density and drug release prediction, the comparison of univariate and multivariate
analysis was carried out. Univariate calibration models were developed by plotting the
NIR absorbance at 9000 cm-1 against density and drug release at 2 hr and 4 hrs using
Microsoft Excel (v16.39). During univariate model development, all speeds were
included in the calibration set (9 points, average of 2-3 printlets) and five printlets
(covering 100 mm/s, 120 mm/s, 140 mm/s, 160 mm/s and 180 mm/s) were set aside
and used as a test set to evaluate the predictive ability of the model. Validation of the
NIR calibration model was performed according to International Conference on
Harmonization (ICH) guidance Q2(R1) (305), and other regulatory guidance from the
152

European Medicines Agency (EMA) (169) and the FDA (184), by assessing model
linearity (expressed as correlation coefficient; R2), and accuracy (expressed as the
absolute or relative error).
Multivariate data analysis was performed using MATLAB software version R2019a
(The MathWorks, CA, USA) and calibration models were developed using the PLS
Toolbox version 8.6 (Eigenvector, CA, USA) for data pre-processing and modelling.
Partial least squares (PLS) regression was performed on the datasets to build
calibration models for the prediction of drug product density, as well as to predict drug
release (%) at 2hr and 4hrs between the wavenumbers of 4000 – 6500 cm-1 (with the
water region at 5000-5500 cm-1 excluded) with mean centering preprocessing
technique. During model development, all speeds were included in the calibration set
and approximately one third of samples were randomly selected for internal validation
(specific details of each model can be found in Section 5.3.2.). All PLS models were
internally cross validated using leave one out methodology. Anomalies were
determined using the Q residuals, T2 Hotelling and LV1 vs. LV2 Scores plot; those
lying outside of the 95% confidence intervals were excluded during the model
development stage. Validation of the NIR calibration model was performed according
to International Conference on Harmonization (ICH) guidance Q2(R1) (305), and other
regulatory guidance from the European Medicines Agency (EMA) (169) and the FDA
(184), by assessing model specificity (expressed as the 1st latent variable; LV1),
linearity (expressed as correlation coefficient; R2), and accuracy (expressed as the
root mean square error of prediction; RMSEP).
5.2.5. Thermal analysis
Differential scanning calorimetry (DSC) was used to characterise the powders
and the drug loaded printlets of the even laser scanning speeds (100, 120, 140 ,160,
180 mm/s). DSC measurements were performed with a Q2000 DSC (TA instruments,
Waters, LLC, USA) at a heating rate of 10 °C/min starting from 45 to 300°C. Calibration
for cell constant and enthalpy was performed with indium (Tm = 156.6 °C, DHf = 28.71
J/g) according to the manufacturer instructions. Nitrogen was used as a purge gas
with a flow rate of 50mL/min for all the experiments. Data were collected with TA
Advantage software for Q series (version 2.8.394), and analysed using TA
Instruments.
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For thermogravimetric (TGA) analysis, samples (average weight: 3-5 mg) were heated
at 10°C/min starting from 30 to 400°C in open aluminium pans with a Discovery TGA
(TA instruments, Waters, LLC, USA). Nitrogen was used as a purge gas with a flow
rate of 25 mL/min. Data were collected and analysed by using TA Instruments Trios
software. The results from thermal analysis were plotted using MATLAB software
version R2019a (The MathWorks, CA, USA).
5.2.6. X-ray powder diffraction (XRPD)
The pure drugs, physical mixtures of drug and excipients, and 3D printed discs
of 23 mm diameter × 1 mm height were analysed. The XRPD diffraction patterns were
obtained in a Rigaku MiniFlex 600 (Rigaku, USA) using a Cu Kα X-ray source (λ =
1.5418 Å). The intensity and voltage applied were 15 mA and 40 kV. The angular
range of data acquisition was 3–40° 2θ, with a stepwise size of 0.02° at a speed of 5°/
min.
5.2.7. Physical Characteristics
5.2.7.1.

Printlet Morphology

The diameter and thickness of the printlets were measured using a digital caliper
(n = 3). Pictures were taken with an iPhone 7 camera.
5.2.7.2.

Breaking Force

The crushing strength of each speed (n = 3) was measured using a traditional
tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm, Germany), whereby
an increasing force is applied perpendicular to the printlet axis to opposite sides of a
printlet until the printlet fractures.
5.2.7.3.

Weight Variation

Printlets were weighed using weighing boat and scales. The average and
standard deviation for the 12 printlets were calculated.
5.2.7.4.

Printlet Density

Each printlet was measured for their height and diameter at 3 different points
where the average was taken.
154

The theoretical volume of the printlets was calculated using Equation 13, to describe
of volume of cylinder:
(13)

where V = volume, r = radius and h = height.
Density was then calculated using Equation 14:
(14)

where ! = density, m = mass and V = volume.
5.2.8. Scanning electron microscopy
Surface and cross-section images of the printlets were taken with a scanning
electron microscope (SEM, JSM-840A Scanning Microscope, JEOL GmbH,
Germany). All samples for SEM testing were coated with carbon (30–40 nm).
5.2.9. X-ray micro computed tomography (Micro-CT) imaging
A high-resolution X-ray micro computed tomography scanner (SkyScan1172,
Bruker-microCT, Belgium) was used to 3D visualise the internal structure, density and
porosity of the printlets. All oral formulations were scanned with a resolution of 2000
x 1048 pixels. 3D imaging was performed by rotating the object through 180° with
steps of 0.4° and 4 images were recorded for each of those. The total acquisition time
was 25 min per sample. Image reconstruction was performed using NRecon software
(version 1.7.0.4, Bruker-microCT). 3D model rendering and viewing were performed
using the associate program CT-Volume (CTVol version 2.3.2.0) software.

The

collected data was analysed using the software CT Analyzer (CTan version 1.16.4.1).
Different colours were used to indicate the density of the printlets. Porosity values
were calculated using the 3D analysis in the morphometry preview (200 layers were
selected at the central part of the printlet as area of interest and analysed).
5.2.10.

Determination of drug content

Individual printlets of each formulation were placed in separate volumetric flasks
with deionised water (1000 mL). To each printlet, 12 drops of 5M NaOH were added
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to each flask to increase the pH in order to dissolve the polymers under magnetic
stirring until complete dissolution. A calibration model was developed across 0 – 50
mg/mL and using Cary 100 UV–vis spectrophotometer (Agilent Technologies, UK)
operated at 272 nm wavelength for quantification. 1 mL of samples of solution were
removed and filtered through 0.22 μm filters (Millipore Ltd., Ireland) and then samples
were put in 1 cm quartz cuvette for UV scanning. The UV calibration curve is shown
in Appendix A.

5.2.11.

Dissolution testing conditions

Drug dissolution profiles for the formulations were obtained with a USP-II
apparatus (Model PTWS, Pharmatest, Germany) and involved the following: 1) The
formulations were placed in 750 mL of 0.1M HCl for 2h to simulate gastric residence
time, and then 2) 250 mL of trisodium phosphate was added to adjust pH medium to
6.8 to mimic conditions of the small intestine. The paddle speed of the USP-II was
fixed at 50 rpm and the tests were conducted at 37 +/-0.5 °C (n = 3). During the
dissolution test, samples were automatically removed and filtered through 0.1 mm
filters and drug concentration was determined using an in-line UV spectrophotometer
(Cecil 2020, Cecil Instruments Ltd., Cambridge, UK) operated at 272 nm. Data were
processed using Icalis software (Icalis Data Systems Ltd., Berkshire, UK).
The model developed by Moore and Flanner (306) was used to compare the
dissolution profiles of devices with different laser scanning speeds using an ƒ2
similarity test. The similarity factor (ƒ2) is a logarithmic reciprocal square root
transformation of the sum of the squared error and can be calculated using the
following Equation 15:

(15)

Where n is the number of dissolution time points, Rt and Tt are the percentage of drug
released from the reference and test formulations at time point t, respectively (307).
The ƒ2 value ranges between 0 to 100 and a higher ƒ2 value indicates more similarity
between the release profiles of the reference and test formulations (308).
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5.3. Results and Discussion
5.3.1. Development of 3D Printed Formulations
In this study, personalised printlets containing a narrow therapeutic index drug
(10% w/w theophylline) were successfully produced using SLS 3D printing across a
range of different laser speeds (100 – 180 mm/s) (Figure 64). Speeds above the
highest laser scanning speed of 180 mm/s were found to be too friable for handling.
Interestingly, as the laser scanning speed increased, drug products were found to
have a reduced colour intensity which was hypothesised to be due to a reduction in
energy transfer to the materials used and hence a reduced sintering effect (59).

100mm/s

120mm/s

140mm/s

160mm/s

180mm/s

Figure 64. Images of cylindrical printlets from speeds 100-180 mm/s (left to
right).
To validate this theory, SEM and X-ray Micro CT imaging were conducted to visualise
the effects of laser speed on the drug product surface and internal structure.
Interestingly, the printlets fabricated at the slowest laser scanning speed (100 mm/s;
Figure 65A) showed a higher degree of molten sintering on the surface compared to
those at 180 mm/s, where single powder particles are easily identified in the structures
(Figure 65E). Upon increasing laser speed, an increased number of voids were found
to be present on the tablet surface which was attributed to a reduced powder sintering
effect.
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A

B

C

D

E

Figure 65. SEM images of printlets of speeds 100 mm/s (A), 120 mm/s (B), 140
mm/s (C), 160 mm/s (D) and 180 mm/s (E)
These findings were further confirmed using X-ray Micro-CT imaging, which showed
that the slower laser scanning speeds produced drug products had an increased
packing and less porous regions across the entire drug product matrix (Figure 66).
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The total porosity of the printlets was also calculated which is shown in Table 16. For
the purpose of this study, porosity refers to the empty spaces in printlets and is a
fraction of the volume of voids over the total volume as a percentage between 0 and
100%. There was found to be a large increase in the porosity of printlets produced at
180 mm/s (28.87%) when compared with the 100 mm/s printlets (19.02%).
This can be explained by the effect of laser sintering energy on the powder particles:
during the laser application to the powder bed, the local temperature is increased
(309). Consolidation of amorphous polymers (as in this case of Eudragit L100-55)
occurs when the powder particles are heated to at or above the glass transition
temperature (Tg), whereby a rapid decrease in elastic modulus (E) occurs (59). The
Tg of Eudragit L100-55 has previously been reported to be 110°C (310), which was
matched with the surface temperature of the SLS printing process to ensure a
temperature just beyond the Tg was met. At slower laser scanning speeds, more dense
and less porous drug products were produced due to a longer interaction time between
the powder and the laser beam, leading to a higher transmission of energy to the
powder bed (311). As such, a higher degree of polymer melting occurs, enabling a
higher proportion of liquid phase to flow and infiltrate into the voids, in turn leading to
a denser construct which has been demonstrated elsewhere (312). Conversely, a
higher laser scanning speed results in less energy transferred to the materials, leading
to less sintering and in turn to increased porosity (59). Such an effect was forecast to
impact the critical quality attributes (CQAs) of the printlets, such as hardness, printlet
weight and drug release.

Figure 66. X-ray micro CT images on cross-sections of 3D printlets
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Table 16. Printlets total porosity calculated using X-ray Micro CT imaging
Laser speeds (mm/s)

Total porosity ± SD (%)

100

19.02 ± 0.98

120

22.80 ± 0.71

140

25.77 ± 0.66

160

27.47 ± 0.25

180

28.87 ± 0.04

The impact of varying scanning speeds on the physical characteristics (drug product
weight, density and hardness) of the printlets were analysed (Table 17). In general, it
was found that a slower laser scanning speed increased the weight and drug product
density of the printlets compared with the faster speeds. In particular, a linear
correlation was observed between laser scanning speed and calculated printlet density
(R2 = 0.9883, Figure 67). This is a critical finding as it has a direct impact on the dosage
which is formulated and administered to a patient; for example, the 100 mm/s laser
scanning speed would deliver a dosage of ~33 mg, compared with only ~19 mg for the
180 mm/s formulation. For SLS 3D printing technologies to be used clinically, it would
be of paramount importance to determine the most appropriate laser scanning speed
in relation to the intended dosage that is required to be administered.
The laser scanning speed was also found to affect the breaking force of the printlets,
with the slower laser scanning speeds exhibiting a higher breaking force compared
with the faster speeds (Table 17). As an example, the mean breaking force exceeded
485 N for the 100 mm/s speeds, compared with 16 N for the 180 mm/s speed. In
general, the recommended crushing strength for tablets is >40 N (313) and, as such,
the vast majority of laser scanning speeds were found to pass this requirement, with
the exception of 150 mm/s (considered to be an anomaly) and 180 mm/s. In this
instance, it would be more favourable with this drug product to use a laser speed which
meets the quality requirements for tablet manufacture, or alternatively using
appropriate packing to facilitate drug product handling (e.g. peel-back packaging).
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Drug content analysis showed no drug degradation during the printing process as the
values were similar to the theoretical drug loading (10% w/w) (Table 17). Values were
found to be within the acceptable limits of the British Pharmacopeia, which are between
85-115% (314). This shows the versatility of SLS printing to produce medicines with
different laser speeds and also allows the further application of SLS 3DP technology
to narrow therapeutic index (NTI) drugs in the pharmaceutical field.
Table 17. Physical characteristics of printlets
Formulation

Weight

Height

Breaking force

UV Recovery

Code

(mg ± SD)

(mm ± SD)

(N ± SD)

(% ± SD)

T100

334.5 ± 22.7

3.56 ± 0.28

>485

100.70 ± 0.98

T110

259.7 ± 5.40

3.61 ± 0.18

353.7 ± 38.28

107.29 ± 0.48

T120

291.0 ± 25.1

3.60 ± 0.27

235.3 ± 9.61

94.00 ± 1.20

T130

272.8 ± 24.1

3.81 ± 0.14

197.0 ± 23.07

105.04 ± 0.92

T140

275.0 ± 2.90

3.68 ± 0.01

110.0 ± 20.30

115.06 ± 0.92

T150

255.3 ± 20.4

3.65 ± 0.05

30.7 ± 4.04

93.56 ± 1.43

T160

225.7 ± 13.8

3.50 ± 0.12

88.0 ± 14.42

101.01 ± 0.52

T170

205.0 ± 18.7

3.41 ± 0.14

58.7 ± 10.69

114.17 ± 0.77

T180

187.8 ± 9.08

3.39 ± 0.22

16.0 ± 00.00

102.03 ± 2.28
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Figure 67. Average calculated density of printlets of speeds 100 – 180 mm/s
with a decreasing trend.

5.3.2. Solid State Analysis
Thermal analyses were performed on all raw powders including the unsintered
formulation blends prior to printing to identify the solid-state characteristics of the drug
within the polymer matrix. TGA analysis showed that Eudragit L100-55 lost
approximately 1.8% of its weight after reaching 100 °C due to the release of surface
water evaporation (Figure 68A). The second mass loss of ~3% at 200 °C is also
associated with the release of water. The final and main decomposition step occurs
~390 °C, which is in alignment with the degradation point of Eudragit L100-55 as
reported in the literature (315). Theophylline degradation was found to occur at around
220 °C which is similar to what has been reported in the literature (316). Favourably,
the SLS printing temperature used in this study (110 °C) is well below the degradation
point of the drug and excipients, thereby indicating its suitability for the production of
printlets. This was confirmed via the observation of a similar TGA patterns between
the printlets and the pure ingredients (Figure 68A).
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DSC analysis (Figure 68B) showed that pure theophylline exhibited a melting
endotherm at approximately 273 °C, which indicates the drug crystallinity. Eudragit
L100-55 exhibited two very broad melting endothermic peaks (at around 75 °C and
210 °C). The first was due to side chain mobility (β-relaxation) and the second was
due to the anhydride formation resulting from water evaporation during the heating
process of the DSC scan. In addition, the glass transition temperature (Tg) which
appeared at ~120 °C represented the main polymeric linear chain mobility (αrelaxation). The inclusion of Eudragit L100-55 in the printlets of all speeds (100 – 180
mm/s) shows an absence of the characteristic theophylline melting endotherm at 273
°C. Similar trends can be found in other studies between theophylline and Eudragit RL
(316). This may be due to a drug-polymer interaction (317) or due to the drug being
dissolved into the polymer as the temperature increased during the DSC procedure,
as demonstrated elsewhere (318).

XRPD diffractograms (Figure 68C) of the drug-polymer mixture and printlets
show diffraction peaks at 2q = 7°, 12°, 14°, 24° and 25° which matches the diffraction
pattern of crystalline theophylline (319). As expected, Eudragit L100-55 was found to
be fully amorphous indicated by the absence of Bragg diffraction peaks and broad
halo in the XRPD diffractogram. Previous studies that have 3D printed theophylline
also found a full or partial drug crystallinity present post-printing, likely due to the high
melting point of theophylline (273°C) which is not reached during the 3D printing
processes (72, 73, 318, 320).
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Figure 68. Solid state characterisation of theophylline 10% printlets. (A)
Thermogravimetric analysis; (B) DSC thermographs and; (C) X-ray powder
diffratograms of pure theophylline, Eudragit L100-55 and theophylline 10%
printlets of speeds 100-180 mm/s

5.3.3. Drug Dissolution
Using the USP II dissolution in vitro model, all printlets were tested for their drug
release characteristics across 24 hrs (Figure 69). The dissolution model is designed
to mimic both the gastric and intestinal conditions of the gastrointestinal tract by
dissolving the printlets in acidic medium (pH 1.2; gastric phase) for the first 120 mins
before adjusting the pH of medium to pH 6.8 (intestinal phase) by adding phosphate
buffer.
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As expected, the rate of drug release increased as a function of laser scanning speed.
As an example, at 240 mins, printlets fabricated at 180 mm/s reached 94% drug
release whereas printlets at 140 and 100 mm/s reached only 63% and 20%,
respectively. These values correlate with the previous results, where at a higher laser
speed, a more porous and less dense printlet is produced. In turn, due to an increased
number of pores, this allows more media to come into contact with printlet, leading to
faster dissolution rate. This effect can also be observed in the general trend of the
drug release profiles; with printlets produced using the faster laser scanning speeds,
a burst effect of drug release is seen initially; i.e. within the first 15 mins for speeds
150 – 180 mm/s, around 30 - 35% of drug is released. In comparison, for speeds 100
– 140mm/s, only 7–15% is released. This is likely due to the more porous printlets
allowing an increased influx of water into the matrix formulation, enabling the formation
of microchannels to facilitate rapid dissolution.
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Figure 69. Drug dissolution profile of printlets fabricated at speeds 100-180 mm/s over 24 hours
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With the denser printlets (100-140 mm/s), drug release profiles that are similar to a
sustained release profile are observed (a gradual increase in drug release over time)
which may be due to an erosion-mediated disintegration mechanism (321). Despite
the use of Eudragit L100-55, a polymer designed to dissolve and release drug >pH
5.5 (in the small intestinal compartments), theophylline was released during the first
120 mins (acidic medium) for all formulations, likely due to the drug being present on
the surface of the drug product.
In general, a trend was observed whereby an increasing laser speed correlated with
an increased drug release. However, this correlation was not observed in a linear
fashion for 120 - 140 mm/s or the 160 – 170 mm/s dosage forms (the profiles did not
follow the trend, with 160 mm/s showing increased drug release up to 500 min
compared with 170 mm/s). However, it is worth noting that the standard deviation error
bars on the dissolution graph are fairly large. To explore this further, statistical
analyses was performed by way of the similarity factor (f2) to compare the similarities
between the dissolution profiles for each of the speeds (Table 18). For those profiles
with a f2 value > 50, the drug release profiles were deemed to be bioequivalent.
The drug release profiles for the 150 – 180 mm/s formulations were all found to be
similar (f2 > 50), which indicates that for this particular formulation blend, speeds above
150 mm/s will enable the generation of a similar drug release profile trend (burst
release in acidic medium, followed by erosion-mediated release in pH 6.8). For the
slower laser scanning speeds (100 – 120 mm/s), profiles were found to be dissimilar
(f2 < 50), and a small change in laser speed was found to have a marked difference
on drug release. For example, over 24 hrs, the 100 mm/s formulations released ~50%,
compared with 94% for the 110 mm/s formulations (Figure 69). The drug release
profiles for the 120 – 140 mm/s formulations were all found to be similar (f2 > 50),
which was further confirmed by the overlapping of the SD error bars for each of the
profiles. In this case only n = 3 of each formulation was tested and for future analysis
it would be required to increase the number of samples to understand this effect
further.
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Table 18. Statistical analyses on similarity factor (f2) for each dissolution profile.
The cells highlighted in blue indicate bioequivalence (f2 > 50).
T
R

100mm/s

100 mm/s
110 mm/s

110
mm/s

120
mm/s

130
mm/s

140
mm/s

150
mm/s

160
mm/s

170
mm/s

180
mm/s

25.3

14.4

15.4

13.8

11.5

10.2

10.9

10

30.2

33.6

29.2

23

20.3

22

19.7

56.4

70.9

46

38.8

44.3

36.4

59.7

37.2

31.2

35.7

30.2

45

38.1

43.6

35.5

64.5

67.1

55.7

63.2

69.3

120 mm/s
130 mm/s
140 mm/s
150 mm/s
160 mm/s
170 mm/s

56.6

180 mm/s

Once the drug release profiles had been established for formulations of each laser
scanning speed (100 – 180 mm/s), evaluation of the correlation between laser
scanning speed and drug release was examined in more detail. Initially, models were
developed whereby at set time points (2 hr, 4 hr, 8 hr and 24 hrs) the drug release of
each laser scanning speed was assessed (Figure 70).
Interestingly, a linear correlation was found at timepoints 2 hr and 4 hrs, with correlation
coefficients of 0.9471 and 0.9010 respectively (Figures 70A and B). At the 8 hr
timepoint, again a fairly linear trend was observed for all of the laser scanning speeds
(R2 = 0.7603; Figure 70C), however it is worth considering that in this instance several
of these formulations (150 – 180 mm/s) had reached nearly 100% dissolution. When
these samples were excluded, an improved correlation was found at 8 hrs for the 100
– 140 mm/s samples (R2 = 0.9210; Figure 70C). At 24 hrs (R2 = 0.3249; Figure 70D),
all of the formulations except for the 100 mm/s and 110 mm/s scanning speeds had
demonstrated 100% drug release.
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Figure 70. Correlation trends based on the drug release of 100 – 180 mm/s
formulations at A) 2 hours, B) 4 hours, C) 8 hours and D) 24 hours.
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5.3.4. NIR Spectroscopic Measurements
Whilst acceptable R2 values were attained for density and drug release using the laser
scanning speed alone, from a regulatory point of view it would likely not be rigorous
enough to assume drug product CQAs using the scanning speed parameter alone;
indeed, other SLS printing parameters and conditions such as excipient composition,
drug load and printing temperature would have an effect on this. An example means
of predicting these CQAs could be via the change in surface effects; previous studies
have highlighted the potential for non-destructive NIR spectroscopic methods to be
able to predict the physical characteristics of tablets, including density and porosity
(322, 323), hardness (324-326) and drug release (327) due to the sensitivity to surface
and internal structural effects. As an example, reflectance NIR spectroscopy has
previously been used to quantify drug release in tablets manufactured at different
compression levels (328). The researchers found that denser dosage forms were
produced upon increasing compression level, which in turn increased the amount of
NIR absorbance due to a reduced scattering effect.
Conversely, to date, no studies have evaluated the use of PAT technologies to predict
the physical characteristics of printed pharmaceuticals. To that end, the evaluation of
reflectance FT-NIR spectroscopy combined with both univariate and multivariate
analysis was carried out in order to predict printlet CQAs, including drug product
density and drug release at 2 hr and 4 hr timepoints, with the aim to provide a nondestructive and all-in-one characterisation of the physical properties of printlets.
Before generating calibration models, initially the pure ingredients (theophylline and
Eudragit L100-55) were scanned using a portable reflectance FT-NIR spectroscopy
set up (Figure 71). The polymer absorbance at 5800–6000 cm-1 and 4200–4500 cm-1
was found to correspond to the CH–CH first overtone and combination bands,
respectively (Figure 71 A and B) (300). The NIR spectra of theophylline anhydrous
were mainly due to -C-H stretching bands of the methine carbons (5900 - 6100 cm-1)
and combination bands due to the -N-H stretching vibrations (4000 - 4500 cm-1) (280).
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Figure 71. Raw (A) and 2nd derivative FT-NIR absorbance spectra (B) (9,2,2) of
pure ingredients; theophylline and Eudragit L100-55.
The reflectance NIR absorbance spectra of printlets produced at laser speeds of 100
mm/s, 120 mm/s, 140 mm/s, 160 mm/s and 180 mm/s were evaluated (Figure 72A).
Selection of the most appropriate data pre-processing method is important for getting
a robust calibration curve as the unique attribute of NIR spectroscopy is that the
spectra are dependent upon both the chemical composition of the sample and the
physical properties of the sample.
For tablets, the physical attributes often show up as a shift in the baseline, as
demonstrated elsewhere (329). It can be seen that for the raw data, as the laser speed
decreases and hence density of the drug product increases, an increasing baseline
shift occurs and NIR absorbance occurs (Figure 72A). This effect is likely due to the
difference in surface presentation, whereby lower porosity printlets (produced at
slower scanning speeds) exhibit a smoother surface, thereby causing less diffuse
reflectance and higher absorbance compared with the higher porosity printlets (Figure
72) (330, 331). In contrast, when converting the data into the 2nd derivative, this effect
was diminished and there was no apparent correlation between laser scanning speed
and NIR absorbance (Figure 72B). Previous studies have highlighted that using the
second derivative to quantify physical attributes such as tablet crushing strength and
dissolution rate is counterproductive, as this pre-processing method aims to reduce
information related to physical attributes (such as particle size effects, or scattering
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effects) (332). As such, the raw spectra were used throughout future model
development.
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Figure 72. Overlaid A) Raw and B) 2nd derivative FT-NIR spectra of printlets
produced at 100mm/s, 120 mm/s, 140 mm/s, 160 mm/s and 180 mm/s measured
in the reflectance mode
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Figure 73. Diagram depicting the impact of drug product porosity on NIR light
scattering for diffuse reflectance mode. Adapted from (330).
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5.3.4.1. Univariate Calibration Modelling
Initially, the potential for a univariate model to be developed for prediction of physical
properties was evaluated due to a trend in increasing baseline shift as a function of
decreasing laser scanning speed (Figure 72A). In particular, a correlation coefficient
(R2) was calculated for each wavenumber of the NIR spectrum collected, whereby
each wavenumber interval was correlated with the reference density and drug release
at 2 hr and 4 hr data (Figure 74).
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Figure 74. Wavenumber plotted against correlation coefficients for density, drug
release at 2hr and drug release at 4hr respectively.
A positive correlation was found between absorbance and density (indicated by the
positive R2 values on Figure 74), whereas an inverse correlation was found between
absorbance and drug release, due to an increased density causing a slower drug
release. Interestingly, for wavenumbers in the third overtone region (between 8000 –
12500 cm-1), the R2 indicated a good linearity (R2 was >0.8 for density, and R2 was
around -0.8 for drug release at 2hr and 4hrs). At around 5000 cm-1, linearity was lowest
which was attributed to water influence in this region. Figure 74 was used to aid the
development of a univariate calibration model; wavenumbers 10000 – 12000 cm-1
were excluded due to noise. Wavenumbers below 8000 cm-1 were also excluded due
to loss of linearity upon spectral features. In this case, the wavenumber 9000 cm-1 was
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selected for univariate calibration model development, with the R2 being ~0.8 for
density, 2 hr and 4 hr drug release. For the prediction of density, a univariate
calibration model was developed by plotting the NIR absorbance at 9000 cm-1 against
the actual density measurements of the 3D printed drug products (Figure 75). The
developed calibration model included all laser scanning speeds (9 points; average of
3 tablets), with 5 tablets randomly selected as the test set to evaluate the predictive
ability of the model. A positive linear correlation (R2 = 0.8325; Figure 75) was found
between NIR absorbance and density and the model was able to accurately predict
density values with a low relative error (< 4.5%; Table 19).

Figure 75. Univariate calibration model of NIR absorbance vs. actual printlet
density (mg/mm3)
Table 19. Actual vs. predicted density for test printlets
Printlet

Density actual
3

Density predicted
3

Absolute Error
3

Relative

Code

(mg/mm )

(mg/mm )

(mg/mm )

Error (%)

100

0.5676

0.5431

0.024

4.21

120

0.5373

0.5257

0.011

2.16

140

0.5175

0.4943

0.023

4.48

160

0.4729

0.4730

0.000

0.000

180

0.4609

0.4535

0.007

1.61
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Univariate calibration models were also explored for drug release at 2 hrs and 4 hrs.
In a similar manner to the density calibration model, all laser scanning speeds were
included (9 points; average of 3 tablets), with 5 tablets selected as the test set to
evaluate the predictive ability of the model. A linear correlation was found between
NIR absorbance at the 9000 cm-1 and drug release in both cases (R2 = 0.8063 and
0.8074 for 2 hrs and 4 hrs, respectively; Figures 76A and B). In general, a good
predictive performance was observed between the actual and predicted drug release
values, however compared to the density univariate model, the relative error of
prediction was higher (up to 20%; Tables 20 and 21). This may be in part due to the
more complex procedure of dissolution which has higher inherent variability (indicated
by several printlets presenting large SD error bars up to 20%; Figures 76A and B)
compared to the calculation of density (maximum RSD <4.5%).
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Figure 76. Univariate calibration models of NIR absorbance at 9000 cm-1 vs.
actual printlet drug release (%) at (A) 2hrs and (B) 4hrs
Previous literature has highlighted that the printing position (i.e. physical location on
the build plate) may directly affect the physical properties of SLS printed dosage
forms, with those printed in the middle of the build plate tending to undergo a higher
degree of sintering due to an increased heat retention (64). As such, the impact on
printing positions 1, 2 and 3 (with 1 being closest to the internal edge of the build
plate, 2 being in the middle of the powder bed, and 3 being closest to the external
edge of build plate) on both drug product density and drug release at 4 hrs was
explored (Appendix C). The findings did not show any obvious correlation between
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0.16

printing position on the final drug product density or drug release at 4 hrs. As such,
the high error bars were attributed to there being a low number of replicates (n = 3)
and random variation in the data. In future work, an increased number of repetitions
is required to explore this effect further.
Table 20. Actual vs. predicted drug release at 2 hrs for test printlets
Actual drug

Predicted drug

release at 2hrs

release at 2hrs

(%)

(%)

100

16.51

120

Printlet

Absolute Error

Relative

(%)

Error (%)

17.58

-1.08

-6.52

56.95

49.83

7.12

12.50

140

69.94

68.49

1.45

2.07

160

81.65

81.17

0.48

0.59

180

90.91

92.76

-1.85

-2.04

Code

Table 21. Actual vs. predicted drug release at 4 hrs for test printlets
Actual drug

Predicted drug

release at 4hrs

release at 4hrs

(%)

(%)

100

22.83

120

Printlet

Absolute Error

Relative

(%)

Error (%)

27.35

-4.52

-19.81

70.77

56.72

14.06

19.86

140

84.97

74.12

10.86

12.78

160

94.76

82.82

11.94

12.60

180

93.71

100.52

-6.81

-7.27

Code

For each of the test sets (individual samples of 100 mm/s, 120mm/s, 140mm/s,
160mm/s and 180mm/s printlets), the actual vs. NIR predicted drug release were
overlaid for comparison (Figure 77A-E). Statistical analyses were performed by way
of the similarity factor (f2) to compare the similarities between the actual vs.
predicted dissolution profiles for each of the speeds. Favourably, despite the high
error present, all of the printlets except the 140 mm/s scanning speed has an f2
value that exceeded 50, suggesting that the dissolution profiles were statistically
similar. There results demonstrate a proof-of-concept that NIR spectroscopy could
be used for drug dissolution prediction. It is worth noting that, due to time
restrictions, these results were based on a test set of only n = 5 and at 3 time points
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(0, 2hr and 4hrs). To ensure the confidence in the results and to be acceptable in
terms of regulatory requirements, an increased number of test sets and timepoints
are required to be analysed in the future.

A

B

100 mm/s
30

80
70
Drug release (%)

25
Drug release (%)

120 mm/s

f2 = 77.5

20
15
10

100 mm/s
actual

5

100 mm/s
predicted

60

f2 = 51.1

50
40

120 mm/s
actual

30
20

120 mm/s
predicted

10

0

0
0

1

2

3

4

5

0

1

Time (hour)

D
Drug release (%)

f2 = 45.4
140 mm/s
actual
140 mm/s
predicted
0

1

2

3

4

5

Time (hour)

140 mm/s
90
80
70
60
50
40
30
20
10
0

3

4

160 mm/s

100
90
80
70
60
50
40
30
20
10
0

5

f2 = 57.6
160 mm/s
actual
160 mm/s
predicted
0

1

Time (hour)

2

3

4

Time (hour)

E

180 mm/s

120
Drug release (%)

Drug release (%)

C

2

100

f2 = 69.5

80
60

180 mm/s
actual
180 mm/s
predicted

40
20
0
0

1

2

3

4

5

Time (hour)

Figure 77. Actual vs. predicted dissolution profiles for five printlets of A) 100
mm/s, B) 120 mm/s, C) 140 mm/s, D) 160 mm/s and E) 180 mm/s. All printlets
were considered statistically similar as per f2 analysis, except for 140 mm/s.
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5.3.4.2. Multivariate Modelling
PLS calibration models were developed to evaluate the potential of multivariate
analysis to accurately predict density and drug release at 2 hours and 4 hours of
dissolution testing. In contrast to the univariate modelling, the spectral regions of 8000
– 12000 cm-1 were excluded due to the generation of noise once mean centering preprocessing was applied (Figure 78). As such, these regions were excluded from
multivariate analysis. Calibration models for drug release prediction covered a total of
22 samples (16 calibration samples, 6 internal validation; 5 anomalies excluded;
Figures 79A and B) and included the spectral regions of 4000 – 6500 cm-1 (mean
centered, with the water region excluded) with 2 latent variables that accounted for
~100% of the total data variation.
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Figure 78. Example mean centered spectra between the regions of 8000 –
12000 cm-1
For the developed PLS models for drug release prediction, the model performance
was found to be substandard: demonstrating low linearity (R2 values were found to be
< 0.7, ranging from 0.618 – 0.688) and a high error in cross validation (RMSECV
ranged from 20.14 – 20.53%; Figures 79A and B). During the prediction step, the
calibration predictability was tested using 6 randomised test samples, by evaluating
the R2 Pred and error of prediction (RMSEP). The PLS 2hr and 4hr models showed
low prediction linearity (R2 Pred ranged 0.502 – 0.639) and poor accuracy (RMSEP
ranged from 15.99 – 18.69%). A similar substandard PLS model was generated for
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density prediction (Figure 79C), demonstrating a low linearity (R2 Cal = 0.703 and R2
Pred = 0.639), high error (RMSECV = 3.2669e-5 g/mm3) and low accuracy (RMSEP =
1.7307e-5 g/mm3).
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Figure 79. PLS calibration models of actual vs. predicted drug release at A)
2 hours and B) 4 hours; and C) actual vs. predicted printlet density
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Compared with the univariate models (Figures 75 and 76), multivariate analysis
demonstrated a poorer performance (lower linearity and reduced accuracy). This was
attributed to the inability to use the spectral regions of interest of 8000 – 12000 cm-1
(i.e., those that demonstrated a baseline shift upon different density and drug release
profiles), which were able to be used in univariate modelling, as well as the high
variability in dissolution.
5.3.5. Future Work
This Chapter provides preliminary data on the potential for NIR spectroscopy to be
used as a non-destructive method for predicting printed drug product physical
properties, including density and drug release. The most promising technique for
prediction was using a univariate approach, whereby the physical properties could be
correlated with the spectra baseline shift. However, due to time restrictions and a high
variability in the demonstrated dissolution experiment, the developed models are likely
currently unsuitable according to regulatory standards. As such, future work should
focus on increasing the number of samples tested for the calibration and test sets in
order to improve the robustness of the dissolution models. Variability may also be
generated by the NIR spectroscopy set up; in this Chapter, NIR is used in the
reflectance mode, whereby only the averaged surface of the printlet is being scanned.
It would be of value to explore use of NIR spectroscopy in the transmission mode,
whereby the bulk of the printed formulation could be analysed, which may better
represent the dissolution process over time (330).
It should also be noted that only one type of formulation (theophylline with Eudragit
L100-55), was examined in this Chapter. As demonstrated in Chapter 4, SLS 3D
printing may require additional excipients (such as glidants or lubricants) to aid in
powder flow, or also to modify drug release and disintegration properties. More
complex formulations such as these might require a larger number of factors, and
perhaps a more extensive calibration set. Batch to batch variations in API and
excipients may also affect tablet dissolution performance, and need to be considered
during calibration model building in the future. Importantly, once the ability to predict
dissolution profiles reliably is properly demonstrated for the different SLS formulations
taking into account the above factors, it could be envisioned that a real-time QC of
density and dissolution testing could be achievable for printed formulations.
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5.4. Conclusion
Overall, this Chapter has demonstrated the ability of SLS 3D printing to create drug
products loaded with a narrow therapeutic index drug (theophylline) that exhibit
different drug release profiles upon modulation of the laser scanning speed.
Interestingly, the printed drug products formulated with a higher laser speed exhibited
an accelerated drug release compared with the slower laser scanning speeds. As an
example, at 2 hours, printlets fabricated at 180 mm/s reached 94% drug release
whereas printlets at 140 mm/s and 100 mm/s reached only 63% and 20%,
respectively. This Chapter has also demonstrated the feasibility of using reflectance
FT-NIR spectroscopy as a non-destructive approach to predict printlet density and
drug release at 2 hr and 4 hrs. Univariate calibration models were developed based
on a baseline shift in the spectra in the third overtone region upon changing physical
properties. For density prediction, the developed univariate model had high linearity
(R2 value = 0.8325) and accuracy (relative error < 4.5%). For drug release prediction
at 2 hrs and 4 hrs, the developed univariate models demonstrated a linear correlation
(R2 values of 0.8063 and 0.8074, respectively) however had a lower accuracy
compared with density prediction (relative error < 20%), attributed to a higher
variability in the dissolution process. Despite this, for the majority of the printlets, the
predicted vs. actual dissolution profiles were found to be statistically similar (f2 > 50).
In comparison, the PLS models developed using multivariate analysis were found to
be substandard, demonstrating poor linearity and accuracy. The preliminary results
presented here show the potential of using NIR spectroscopy for the prediction of
printlet physical properties, and future work should focus increase repetitions, and also
evaluate the use of NIR transmission.
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The present PhD thesis reports, for the first time, a comprehensive evaluation of
various process analytical technologies (PAT) as alternative non-destructive quality
control (QC) methods for 3D printed dosage forms manufactured using selective laser
sintering (SLS). Performance of a series of compact, cost-effective and nondestructive analytical methods was investigated for an at-line monitoring of factors
such as dose content, content uniformity, solid-state form and physical properties
(printlet density and drug release profiles) of printed formulations to further advance
towards the ultimate goal of the regulation and subsequent adoption of 3D printing into
the pharmaceutical industry.
In particular, the first research chapter (Chapter 3) evaluated the ability of near infrared
(NIR) and Raman spectroscopy to perform dose quantification of a single drug
(paracetamol) in a simple model 3D printed system. Here, Raman spectroscopy was
found to have low sensitivity to dose (requiring >20% DL) due to the occurrence of
fluorescence likely caused as a result of the polymer and colourant used. NIR
spectroscopy, on the other hand, was able to quantify the dose of paracetamol at all
dose levels (4% - 40%). The calibration models developed based on NIR spectroscopy
showed excellent linearity, accuracy, precision and intermediate precision when
validated according to international standards, and were comparable to HPLC results.
A main benefit of 3D printing over conventional technologies is the ability to produce
complex dosage forms, such as those that contain more than one API and/or
excipients (termed polypills) (3, 82). The latter half of Chapter 3 describes the
development of an antihypertensive polypill containing low dosages of amlodipine (1
- 5%) and lisinopril (2 - 10%) using SLS printing, and the potential for NIR spectroscopy
to quantify both of the APIs within the same dosage form was evaluated.
Internationally validated calibration models were successfully developed for both
drugs, showing high linearity and accuracy.
In both studies reported in Chapter 3, the evaluation of changing dosage form
geometry was carried out. In all cases, the prediction of dosages was well maintained
however the linearity and accuracy of prediction was reduced. This was attributed to
NIR spectroscopy being particularly sensitive to surface effects and excipient
changes, warranting future models to account for this by inputting all expected
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excipients and geometries in their initial calibration model. This is likely to cause a
challenge for the true flexibility of 3D printed dosage forms, and hence pharmaceutical
3D printers in the future may be required to limit the geometries and/or excipient
compositions that are produced to ensure the maintenance of calibration model
applicability. It is also worth mentioning that all spectroscopic analysis carried out in
Chapter 3 involved was used in the reflectance mode. It is likely that reflectance
measurements will be suitable for a polypill that is designed such that the drugs are
exposed on the tablet surface. However, for drugs that are contained within the tablet
structure (such as the DuoCaplet design (333)) or where the multi-layer dosage forms
are produced and a layer maybe too thin for reliable probe analysis, transmission
measurements may prove more useful.
Chapter 4 highlighted the capability of SLS 3D printing to produce amorphous solid
dispersions of BCS II drugs, providing an alternative enabling technology to improve
the bioavailability of poor solubility compounds. This study showed the ability of both
NIR and Raman spectroscopy to quantify the amount of amorphous conversion
compared with a reference XRPD method. Preliminary terahertz spectroscopic data
showed the potential of using this technology for the analysis of SLS printed drug
products, however future work is required to further explore the suitability of this
technique for real-time quantification. Studies involving solid state analysis and
quantification using terahertz spectroscopy generally require the formulations to be
manually ground and diluted with a THz-transparent material (such as polyethylene),
and as such may not provide the most suitable or easy technique for at-line QC of
printed medicines. For the application of terahertz spectroscopy for QC of SLS 3D
printed medicines, future work should focus on overcoming these challenges by
evaluating a range of pharmaceutical excipients which satisfy both the formulation and
analytical needs.
Chapter 4 also showed that the successful production of medicines using SLS 3D
printing is highly dependent on the selected polymer characteristics, such as
molecular weight, particle size and particle morphology (contributing to powder flow
and sintering effect). This study showed that polymers with poor powder flow
characteristics (e.g. HPC-SSL and HPC-UL) produced dosage forms with irregular
surfaces, in turn leading to a risk of remaining unsintered material on the surface of
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the 3D printed dosage forms. This could cause a significant challenge for analysis
using reflectance analytical methods (e.g. reflectance spectroscopy, or XRPD) as it
would not give a true representation of the solid-state characteristics throughout the
dosage forms. Going forward, the exploration of post-printing methods may be
warranted to attempt removal of unsintered residual powder. Such techniques are
commonly used for other 3D printing techniques (e.g. drying for binder jet printing, or
curing for vat photopolymerisation techniques). A potential post-printing technique
could be to use an air gun to remove excess powder, however the ability for this
technique to be used for dosage forms will need to be explicitly evaluated which could
be supported with the use of Raman microscopic methods.
Chapter 5 demonstrated the ability of SLS 3D printing to develop theophylline-loaded
printlets with differing physical properties (weight, hardness, density and drug release)
as a function of changing the SLS laser scanning speed (100 mm/s – 180 mm/s). In
particular, it was found that if the scanning speed is increased then less energy (and
hence a lower degree of sintering) is applied to the powder bed, leading to the
production of printlets with high porosity and accelerated drug release, which was
confirmed using X-ray Micro-CT and SEM imaging. FT-NIR spectroscopy has been
used in previous research as a method to evaluate tablet density and drug release
due to its sensitivity to sample surface effects. Here, preliminary data was presented
showing the potential to use reflectance FT-NIR spectroscopy to predict both drug
product density and theophylline drug release at 2 hr and 4 hrs as an alternative to
conventional dissolution testing. The univariate models demonstrated acceptable
linearity (R2 ~ 0.8) and accuracy for a proof-of-concept project, however from a
regulatory perspective it is likely that the calibration models would need to be improved
(R2 tending more towards 1). Future work should focus on improving the robustness
of calibration models, for example by increasing the number of calibration samples or
by evaluating the bulk of the formulation (e.g. by employing transmission NIR
spectroscopy).
The combination of 3D printing and PAT technologies is still within its infancy; indeed,
PAT tools are now being integrated into pharmaceutical processes such as within
continuous manufacturing, for the future vision of enabling real-time release. As such,
ultimately, this work has sought to work towards the eventual goal of integrating a PAT
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tool within or attached to a 3D printing process to enable both production and a QC
check within a single step process. Thus far, the bulk of this work has been performed
using SLS technology, with an ‘at-line’ measurement concept in mind. Due to the setup
of the SLS printer, it is likely that, in the future, the validated spectroscopic method will
not be directly integrated into the body of the printer due to the presence of high
temperatures, a laser and excessive vibration, all of which could affect the NIR and
Raman spectra generated. As such, for SLS printing, it is likely that the ideal
spectrometer for this process would be a compact, handheld device which enables
users to ‘point-and-shoot’ at the formulation (such as the one demonstrated).
However, this research has only just scraped the surface as SLS printing is only one
of many different 3D printer types. Future work should further evaluate the use of PAT
tools and their compatibility with other 3D printing methods (such as FDM and semisolid extrusion). Favourably, for these technologies, it is likely that a miniaturised
spectroscopic device or fibre optic probes could be easily integrated into the body of
the printer enabling an ‘on-line’ or even ‘in-line’ measurement. This is because FDM
printers are generally open, easily accessible and do not pose the problem of enclosed
heat or a laser. For SLS 3D printing to enter the Pharma industry, a robust
understanding of the parameters described in this thesis (particle characteristics, laser
scanning speed, heating temperatures) is further required and it would be likely that,
for each formulation blend, a range of these process parameters would need to be
defined in order to generate a dosage form with predictable drug product critical quality
attributes (CQAs). Furthermore, the integration of SLS 3D printing will only be
attainable if the 3D printer itself was classified to Good Manufacturing Practice (GMP)
standards. Currently, the commercial SLS 3D printers are not validated to produce
medical products and hence require to meet these needs (i.e. easily cleanable, GMPvalidated materials etc) before entry. Progress has been made for other 3D printing
technologies, whereby companies including Aprecia Pharmaceuticals, FabRx,
Triastek and DiHeSys are developing printing systems (binder jet, extrusion-based
and inkjet printing) that can be fully validated to GMP to enable pharmaceutical
manufacture.
For the first time, this PhD thesis describes the combination of 3D printing and PAT
technologies to enable an on-demand production and at-line quality control of
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medicines, facilitating the concept of real-time release. This research will contribute
towards overcoming the major barrier to entry of 3D printing into pharmaceuticals,
enabling the concept of personalised and bespoke medicines to become a reality.
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Figure 1. HPLC calibration curve for paracetamol
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Figure 2. HPLC calibration curves for (A) lisinopril and (B) amlodipine

222

0.035

Itraconazole Standard Curve (UV)
1.8
y = 45.835x + 0.0153
R² = 0.9995

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

0.01
0.02
0.03
Concentration (mg/mL)

0.04

Figure 3. UV calibration curve for itraconazole

Theophylline Standard Curve (UV)
1.2
Absorbance at 272nm

Absorbance at 262 nm

1.6

y = 0.0623x + 0.0148
R² = 0.9996

1
0.8
0.6
0.4
0.2
0
0

5

10
15
Concentration (mg/L)

20
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Appendix B
Table 1. Comparison of different spectral pre-processing methods for amlodipine and lisinopril
to develop calibration model. SNV: Standard Normal Variant, D2: Second derivative spectra
(Savitzky-Golay method), MSC: Multiplicative Scatter Correction. All pre-treatments have
mean centering applied.
Drug
Amlodipine

Lisinopril

Model
code
1
2
3
4
5
6
1
2
3
4
5
6

Data pretreatment
None
D2 (11)
D2 (21)
MSC
MSC+D2(21)
D2(21)+MSC
None
D2 (11)
D2(15)
SNV
SNV+ D2(15)
D2(15)+SNV

R2
(Cal)
0.703
0.981
0.985
0.990
0.990
0.997
0.883
0.989
0.988
0.990
0.984
0.991

Latent
variables
2
2
3
2
3
4
5
4
4
4
3
4

A

R2
(Pred)
0.885
0.989
0.982
0.982
0.982
0.984
0.929
0.925
0.947
0.986
0.817
0.989

RMSEC
(%)
0.848
0.214
0.188
0.157
0.154
0.080
0.572
0.332
0.338
0.309
0.391
0.293

RMSEP (%)
0.804
0.190
0.207
0.125
0.363
0.240
0.447
0.533
0.441
0.222
0.747
0.244
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Figure 2. RMSECV components plots for (A) amlodipine and (B) lisinopril PLS calibration
models
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Appendix C

Figure 1. Individual printlet density as a function of printing position on the SLS build plate

Figure 2. Individual printlet drug release at 4hrs as a function of printing position on the SLS
build plate. NB. 110 mm/s and 160 mm/s were n = 2 due to dissolution failure.
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