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Abstract

Three-dimensional (3D) printing is causing a paradigm shift in pharmaceuticals and clinical pharmacy
practice, transitioning away from the traditional mass production of medicines towards tailored drug
products that are personalised to each individual. The concept has the potential to provide benefits for
patients, pharmacists and the pharmaceutical industry alike by enabling the on-demand design and
production of flexible formulations with personalised dosages, shapes, sizes, drug release and multi-
drug combinations. This is a turning point in the history of 3D printing technology in pharmaceuticals,
requiring the engagement and support of healthcare staff, including pharmacists, doctors, nurses and
pharmacy technicians, among others, to enable the widespread translation of the technology into
clinical practice.

This article summarises the current state-of-the-art 3D printing methods and the major benefits and
motivations for using 3D printing in pharmaceuticals, highlighting the critical role that healthcare staff
play, and will continue to play, in the future integration of 3D printing into the pharmaceutical sector.

Key words: Additive manufacturing, clinical trials, digital health, patient-centric formulations,
personalised medicine, pharmaceutical practice, precision medicine, technology, 3D printing.

Key points

o Three-dimensional (3D) printing is causing a shift away from traditional mass
production towards personalised medicines;

» 3D printing could be integrated into various healthcare and resource-constrained
settings;

e The technology can be used to create medicines that are tailored to a patient’s
therapeutic requirements (e.g. dosage, drug combination and drug release profiles)
and personal preferences (e.g. shape, size, texture and flavour);

¢ 3D printing offers numerous benefits to both clinical practice and the pharmaceutical
industry alike, including decreased costs and expedited development time;

o Buy-in from healthcare professionals, including pharmacists, is vital to the
integration of 3D printing into clinical settings.
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Introduction

In recent years, the concept of personalised medicine has emerged, which involves the
tailoring of medical treatment to each individual patient. Conventionally, medicines are
mass manufactured in a limited number of discrete strengths, largely using technologies
that were invented more than 200 years ago. Crucially, the selected dosing regimens
represent the required dose for the safe and therapeutic effect in the ‘average’ patient[1]
. However, it has become evident that one dose does not fit all; in the UK, up to 70% of
patients do not gain efficacy from traditional mass manufacturing approaches, with 90%
of drugs only working in 30—-50% of the population and 7% of hospital admissions
resulting from adverse drug reactions[2,3].

In 2015, the US Precisions Medicine Initiative was launched to understand how a
patient’s genetics, environment, and lifestyle can help determine the best approach to
prevent or treat disease[4]. Personalised medicine has also been placed at the forefront
of the UK healthcare agenda. In 2016, the NHS published a report — ‘Improving
outcomes through personalised medicine’ — and more recently the UK government
published the ‘UK Genome Strategy 2020’ and the ‘Life Sciences Vision 2021, both of
which place personalised medicine as a priority within healthcare service delivery[5,6].

These initiatives are outlining how to move away from the ‘one-size-fits-all’ approach
towards personalisation, requiring medication to be tailored to individuals, considering
factors such as physiology, concurrent therapy, drug response, genetic makeup, disease
state and other factors (e.g. sex, weight and age)[7]. Personalising treatments by tailoring
medicines (e.g. combining more than one drug into the same tablet or selecting
appropriate dosages) offers a plethora of opportunities including improved medication
adherence, reduced adverse drug reactions and better therapeutic outcomes|8].

However, as the vision for personalised medicines becomes a reality, there is a crucial
need to develop technologies that enable the transition away from the conventional large-
scale production of fixed strength medicines towards creating flexible and personalised
dosage forms and dose combinations on demand[9-11]. This transition can be enabled
by 3D printing technologies[12]. Utilising a layer-by-layer production process, 3D printing
can produce printlets (3D printed tablets) that are individualised to a patient’s therapeutic
requirements (e.g. dosage, drug combination and drug release profiles) and personal
preferences (e.g. shape, size, texture and flavour)[13-16]. To date, several studies have
demonstrated the potential for 3D printing to create a wide variety of medicines, ranging
from rapidly dissolving orodispersible formulations, controlled release preparations,
gastro-retentive tablets, suppositories, minitablets, medical devices, as well as flexible
multi-drug combinations (i.e. polyprintlets)[17-33].

Owing to the portable, compact and user-friendly nature of 3D printers, as well as the
ability for 3D printing to manufacture medicines on demand, the technology could be
easily integrated into healthcare settings, including hospital wards, in-patient pharmacies,
specialist clinics and community pharmacies[15,34,35]. On demand dispensing in these
scenarios could have significant benefits to clinical pharmacy practice, including
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improving medicines access and acceptability, reducing laborious and time-consuming
extemporaneous preparation and accelerating discharge times[29]. Rapid production of
one-off doses could be achieved in time or resource-constrained settings; for example,
within hospital accident and emergency and acute medical care units, disaster areas,
ambulances, military bases and in low- and middle-income countries[36].

Despite the advancements and benefits to both the pharmaceutical field and patients,
several challenges remain, such as the need for clear regulatory guidance on the
integration of novel point-of-care (POC) manufacturing technologies for the production of
personalised medicines at the clinic, strategies for ensuring the quality and safety of
formulations produced at the POC, and further engagement with healthcare professionals
(including pharmacists) who will play a key role in implementing and managing this
technology in the clinic.

The advancement of 3D printing, as well as other digital health technologies, is causing a
paradigm shift in clinical pharmacy practice towards a vision of a novel and digitised
treatment pathway that can adapt to the changing needs of each individual patient[37]. To
date, one 3D printed drug product has been approved by the US Food and Drug
Administration (FDA) for human use — levetiracetam in 2016[38].

In February 2021, FDA approval was granted for a clinical study using a 3D printed drug
for patients with rheumatoid arthritis[39,40]. Then, in March 2021, the Medicines and
Healthcare Products Regulatory Agency (MHRA) released a proposal for a new
regulatory framework to enable the development of POC manufacturing and supply,
including 3D printing technologies for personalised medicine production. The MHRA
proposed that the assurance of safety for medicines manufactured at the POC would be
based on established medicines development processes, such as non-clinical studies
and clinical trials, but will be adapted to suit the requirements of multiple manufacture
sites. These adaptions will support the development of new on-demand products, for
example by avoiding the need for each POC site to be hamed on the marketing
authorisation and to be individually inspected by the MHRA. Further details on the MHRA
proposal can be accessed here[41].

Owing to the recent development and uptake of non-invasive drug and disease-
monitoring strategies (e.g. smart wearable devices combined with artificial intelligence
[Al]) and electronic prescriptions, 3D printing provides a unique platform that can produce
medicines in response to changing situations and patient needs in a rapid, digital and
decentralised manner[9]. Several studies have highlighted the potential for 3D printing
technologies to be combined with Al for a multitude of benefits, including Al determining
printability, as well as ensuring the quality and safety of the final printed drug product[42—
46]. This concept could lead to a new era of digital pharmacy, enabling electronic
prescriptions to be sent to a decentralised 3D printer location for real-time personalised
medicine dispensing (see Figure 1). A wide range of stakeholders, including academic
researchers, clinical pharmacists, doctors, biotech start-ups, large pharmaceutical
companies and research funding bodies, are exploring this vision globally[12]. The
Academy of Pharmaceutical Sciences (APS) organised the 2019 Additive Manufacturing
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Symposium to bring together academics, industry, biotech companies and regulators to
discuss the concept of 3D printing pharmaceuticals, and in March 2021 set up the APS
Emerging Technologies Focus Group that aims to advance technologies, such as 3D
printing into practice.

This article will provide an overview of the main 3D printing methods used to produce
pharmaceuticals and highlight the motivations and current cutting-edge applications of the
technology in this sector. It will also summarise the remaining challenges to integration
and discuss the critical role of healthcare staff as innovators in developing and integrating
3D printing into the pharmaceutical sector.

Printlet design
Electronic prescription Printlet production
\ ) /
4
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e\ ~ ;e
T3 — [
J
Diagnosis and monitoring Personalisation

Figure 1: The five components of a digital pharmacy era

Types of pharmaceutical 3D printing systems

In 1986, 3D printing technology was developed and commercialised by Charles Hull;
since then, several different 3D printing methods have been introduced[47—-49]. The over-
arching term ‘3D printing’ is now used to describe a wide range of printing technologies.
Generally, all of these 3D printing technologies follow a common process for printlet
production, described as the ‘3 Ds of 3D printing’ and provide a pathway for the future
use and integration of this technology into clinical practice[15]:

Design: Using digital computer-aided design software, the pharmacist can design the
formulation — for example, selecting the printlet geometry (shape and size) that can be
targeted to the pre-clinical or clinical requirements. The designed formulation is then
digitally transferred to the selected 3D printer;

Develop: Printlets are developed by inserting the required ‘ink’ cartridge (composed of a
mix of drug and excipients) into the selected 3D printer. The most appropriate printing
parameters are selected (e.g. resolution, temperature, printing time), which are typically
based on the printer type, drug characteristics and desired outcomes;
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Dispense: The 3D printer is then ready to automatically prepare the printed
formulations layer by layer, which are then ready for ‘dispensing’ by the pharmacist.

There are six main types of 3D printing methods explored in pharmaceuticals,
described in Table 1.

To date, fused deposition modelling (FDM), selective laser sintering (SLS),
stereolithography (SLA), binder jet (BJ) printing, direct powder extrusion (DPE) and semi-
solid extrusion (SSE) have all been explored for the production of pharmaceuticals(50-
54). Each technology comes with unique technical requirements and produces
personalised drug products with a variety of characteristics — ranging from rapidly
dissolving and orally disintegrating drug products to delayed and sustained release
preparations. Table 1 details each technology, the types of drug products that can be
produced and provides a schematic showcasing the technologies mode of action[38—-64].
A full size version of this table can be found here.

5/30


https://pharmaceutical-journal.com/wp-content/uploads/2022/03/3D-printing-technologies-table-1.pdf

3D printer Mode of action Advantages Disadvantages Schematic
Binder jet A nozzle containing a binder liquid « Capable of producing delayed « Expensive process;
printing moves along an x-y axis depositing release and zero order release « Lack of portable
the liquid onto a flat powder surface. (a drug released at a constant rate) equipment.
The liquid binds the powder particles formulations;
together, causing layer solidification. « Used to develop the world’s first g
The fabrication build plate is then US Food and Drug Administration Powder s
moved down along the vertical z-axis. | (FDA)-approved 3D printed medicine; bed Roller : rintiet
A thin powder layer is distributed « Capable of producing immediate- . /
on top and the process is repeated and sustained-release formulations;
sequentially to fabricate a 3D-printed | « High resolution enables the formation
medicine of complex geometries.
Powder delivery platform  Fabrication platform
Fused A drug-loaded filament is extruded « Capable of producing immediate and | « May be unsuitable for )
deposition through a heated nozzle. The printer sustained-release formulations; thermosensitive drugs; Filement
modelling head is moved along the x-y axis « Can improve solubility of poorly « Can be challenging to
to release the molten extrudate, soluble drugs (by producing formulate the initial
which solidifies at room temperature amorphous solid dispersions); filament feedstock;
onto a build plate. The build plate « Ability for multi-nozzle printing « Challenging to scale up;
is sequentially lowered along the (production of multi-drug « Low drug loading. Thermal
vertical z-axis to enable a layer-by- combinations); elemem\ Heated
layer fabrication of a 3D-printed « Cheap system; Printlel nozzle
medicine « Portable, compact and user friendly. Build plate
Semi-solid A drug-loaded semi-solid material « Suitable for production of chewable « Low resolution compared .
extrusion (e.g. gel or paste) is extruded using a and palatable formulations; to other 3D printing zaxis Force
syringe-based tool head. The printer « Capable of producing a range technologies;
head is moved along the x-y-z axis of formulation types, including « Only suitable for drugs x-y axis
to release the extrudate, which immediate-release and controlled- that can be formulated as -
solidifies at room temperature release dosage forms, polypills and a semi-solid;
onto a build plate oral films. « Low throughput. -
Semi-solid
|~ material
Eutrusion Printlet
! Build plate
Direct An extrusion-based process, a drug- « Capable of producing immediate- and | « May be unsuitable for Powder
powder loaded formulation blend is inserted sustained-release formulations thermosensitive drugs; happer
extrusion into a powder hopper. The hopper « Can improve solubility of poorly « Relatively new 3D Single screw
feeds into a heated single screw soluble drugs (by producing printing technology in extruder ~_ |
extruder in the print head, creating amorphous solid dispersions); pharmaceuticals. )
amolten extrudate, which solidifies « Capable for scale up (demonstrated ’ xyas
at room temperature onto a build by Triastek, which developed a FDA
plate. The build plate is sequentially investigational new drug application Thermal
lowered along the vertical z-axis to clearance for a formulation prepared element
enable a layer-by-layer fabrication of using a similar technology).
a 3D-printed medicine
Stereo- The process involves exposing a « Widely explored for the production « May be unsuitable for Laser source
lithography photopolymerisable resin to of sustained-release drug products photosensitive drugs;
high-energy light (e.g. UV light) and medical devices; « Potential issues around
to induce polymerisation and « High resolution and accuracy material toxicity. Moving
solidification of the material. (superior to other 3D printing apparatus
Each time, the resin is solidified to a technologies) enabling the production
defined depth, the platform is moved of complex geometries; Printlet(s) =
down vertically along the z-axis and « Can improve solubility of poorly x
the built layer is recoated with resin. soluble drugs; uild plate|
The process is repeated to create a « Suitable for the production of multi- Photo-
3D-printed medicine layered polypills. polymerisable
resin
Selective This process employs a laser « Capable of forming highly porous « May be unsuitable for Laser Source
laser that is directed to draw a specific dosage forms (rapidly dissolving); photosensitive and t:. gMirmr
sintering pattern on the powder bed, causing « Capable of producing a range thermosensitive drugs; o
selective partial or full melting to of formulation types, including « Requires precise control g:
bind powder particles. Once the immediate-release through to over powder flow Roller §!  Printet
layer is sintered, a roller distributes controlled-release dosage forms and characteristics; Powder bed . 3,
a fresh layer of powder on top of medical devices; « Post-processing required.
the sintered material. The process is « High resolution process enabling the
repeated layer-by-layer to fabricate a production of complex geometries;
3D-printed medicine « Suitable for the production of
polypills.
Powder delivery platform Fabrication platform

Table 1: The six main 3D printing technologies used in pharmaceuticals, detailing the mode of action,
types of formulations produced and a diagram of the printing process for medicines production

Motivations for 3D printing medicines
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The potential to personalise therapies in an automated and decentralised manner means
that 3D printing provides various opportunities to patients, pharmacists, clinicians and the
pharmaceutical industry alike.

Benefits to patients

A major benefit of 3D printing medicines is the ability to truly personalise a treatment
based on a patient’s therapeutic or individual requirements. In the future, patients could
be asked to select a formulation type from a catalogue; enabling the selection of
characteristics such as formulation flavour, texture, colour, shape and size, leading to
increased patient autonomy and engagement with treatment pathways and improved
medicines adherence[15]. Enabling the production of medicines with exact dosages, or
even containing flexible dosages of more than one drug to create a 3D printed
polyprintlet, can also improve treatment efficacy while reducing the risk of adverse effects
owing to inaccurate dosing[26,27].

Paediatrics

The ability to produce medicines with personalised dosage, flavour, shape and size can
provide many benefits to paediatric populations, for whom conventional mass-produced
formulations may not be suitable (e.g. owing to poor palatability or unsuitable dosages)
[65,66]. Several studies have focused on producing child-acceptable formulations using
3D printing, including the production of chewable and even chocolate-based formulations
[67,68].

For example, a 2018 study by Scoutaris et al. produced ‘candy-like’ formulations of
several drugs, including indomethacin, that imitatedHaribo Starmix® sweets using FDM
[69]. However, while 3D printing can create formulations that are palatable to children, it is
important to balance this against the risk of the formulations being too desirable and
creating unintended risks to patient safety.

In 2020, Januskaite et al. evaluated the visual preferences of children aged 4-11 years of
placebo printlets produced using four different 3D printing technologies, including digital
light processing (DLP), the concept of which is similar to SLA, SLS, SSE and FDM[70].
Printlets were judged based on their familiarity, appearance, perceived taste and texture.
Around 62% of children considered DLP printlets to be the most visually appealing,
followed by SLS printlets, and FDM and SSE printlets. However, when the children were
informed that the SSE printlet was chewable, the majority (79%) changed their original
choice, which highlights children’s preference for chewable dosage forms[70].

In 2019, a world-first clinical study was carried out using a 3D printer to prepare
personalised therapies in a hospital pharmacy setting[71,72]. This technology was
integrated into the Clinic Hospital at University De Santiago de Compostela, Spain, to
produce personalised medicines to treat children aged 3—16 years with maple syrup urine
disease — a severe metabolic disease that stops the body from processing certain amino
acids, causing a harmful build-up of substances in the blood and urine.
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Chewable isoleucine printlets with six different flavours and colours, and four different
dosages, were prepared using SSE, and researchers evaluated isoleucine blood levels
as well as the acceptability of each formulation (see Figure 2). After six months of
treatment, the 3D printed formulations demonstrated more desirable pharmacokinetic
profiles of isoleucine and improved medicine acceptability among the participants,
compared to standard isoleucine therapy. All of the formulations with different flavours
and colours of the printlets were well accepted by patients, but flavour preference differed
according to individuals[72]. Research is ongoing at Alder Hey Hospital in Liverpool for
the production of personalised 3D printed hydrocortisone preparations for paediatrics[73].

Lemon Coconut Banana
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50mg

100mg

150mg .

-
e b
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Figure 2: Chewable printlets in different flavours, colours and with different doses of isoleucine for the
world-first clinical study using 3D printed chewable tablets to treat children with maple syrup urine
disease (71, 72)

Older people

3D printing may be beneficial to older populations or for those on complex dosing
regimens where polypharmacy is common, leading to a high tablet burden. Studies have
highlighted that polypharmacy can lead to non-adherence and confusion for patients,
posing a risk of dosing errors[74].

There is value in combining multiple drugs, dosages and/or drug-release profiles into a
single formulation that could improve medication adherence and reduce administration
errors; however, conventional manufacturing processes do not currently support
individualisation of ‘polypills’, producing only fixed-dose combinations. Owing to the
flexibility and capabilities for accurate spatial distribution of drugs, 3D printing could be
used to produce ‘polyprintlets’[75]. Several papers have demonstrated the production of

8/30



polyprintlets using a range of technologies[75-78]. For example, in 2019 Robles-
Martinez et al. prepared 3D printed polyprintlets using SLA, containing six different drugs
(naproxen, aspirin, paracetamol, caffeine, chloramphenicol and prednisolone) separated
into six different compartments, enabling the reduction of pill burden from six tablets to
just one[26].

A 2015 study used FDM 3D printing to produce low-dose antihypertensive polypills
containing atenolol, ramipril, pravastatin, aspirin and hydrochlorothiazide[22]. It should be
noted that, while the printing of polypills is feasible using 3D printing, this will likely only
be suitable for drugs with a low therapeutic dosage (microgram to milligram dose
strength) to ensure the size of the formulation is a suitable size for administration.

In June 2021, FabRx (a spin-out biotech company from University College London [UCL])
and Gustave Roussy, a world-leading oncology hospital in Paris, announced a
collaboration aiming to translate multi-drug 3D printed formulations into the clinic[46]. As
part of this collaboration, personalised, multi-drug 3D printed dosage forms will be
developed for the treatment of early-stage breast cancer patients, combining anticancer
therapy with anti-side effect treatment into a single tablet. The printed medicines will be
tested in a multi-centre clinical study to assess the effectiveness for improving
acceptability, adherence and ultimately patient outcomes compared with the standard
treatment regime.

3D printing technologies may improve medicines independence. SLS has been employed
to prepare orally disintegrating printlets with Braille and moon patterns on the surface of
the dosage forms to enable visually impaired patients to identify medications (see Figure
3)[79]. The printlets were also produced in different shapes to offer additional information,
such as the dosing regimen.
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Figure 3: Photographs of orodispersible printlets produced using SLS 3D printing, which have the
Braille alphabet (A) and Moon alphabets (B) imprinted on their surface[79]. The study also
demonstrated the ability to produce printlets of different shapes (C), including those in the shape of a
caplets, heart-shaped tablet, sun and moon

Benefits to clinical pharmacy practice
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Owing to its portable, compact and user-friendly nature, 3D printers could be easily
integrated into community and hospital pharmacy settings — FDM, SSE and DPE are
particularly suited for this application. The main motivations for the integration of 3D
printing technologies into clinical pharmacy practice is for pharmacists to have access to
a highly flexible automatic compounding system, that can produce tailored dosage forms
on demand based on the changing needs of the patient or situation. Such technology
enables the production of printlets of any shape and size, as well as creating individual
dosages for each patient, the ability to regulate the number of drugs in the formulation
and to remove or replace individual components (e.g. active pharmaceutical ingredients
or excipients) based on changing clinical requirements[80].

While it is unlikely that 3D printing will overtake the conventional mass manufacture of
certain medicines, the capability for flexible manufacture is particularly useful in special
patient populations and settings, as discussed above[15,81]. The majority of oral dosage
forms are only commercially available as a single strength or formulation; pharmacists are
therefore required to extemporaneously prepare bespoke formulations or to outsource the
work to a specials manufacturing company[66]. Such practices are highly laborious, time
consuming and costly, leading to significant delays and high expense for the development
of patient-appropriate medicines. Patients and carers can often be asked to achieve a
target dose of a particular medicine by manually splitting formulations, which is
associated with an increased risk of inaccurate dosing, dose variation and dose-dumping
for enteric coated tablets[82—85].

Studies have successfully explored the use of 3D printing to produce dose-flexible
formulations containing drugs with narrow therapeutic indices, including warfarin,
levothyroxine and tacrolimus[15,28,86,87]. Zheng et al. evaluated the potential for 3D
printing to benefit extemporaneous manufacture by comparing the dose accuracy and
content in 3D printed formulations compared to commercial tablets subdivided by
pharmacists[88]. Compared with the manually split tablets, 3D printed spironolactone
tablets were more accurate and safer[88].

3D printing offers an eco-friendly method of medicines manufacture; formulations can be
produced with little or no drug and excipient wastage, reducing costs particularly for
highly expensive drugs[15]. Medicines can also be produced on demand, reducing
wastage of medicines liable to degradation upon storage, reducing the costs and
environmental challenges that are associated with cold-chain storage and transport.

An on-site 3D printer to support extemporaneous preparation could improve medicine
access for patients, reduce costs of manufacture and accelerate discharge times owing to
reduced labour. One-off bolus doses could be rapidly produced in time or resource-
constrained settings, such as within ambulances, disaster areas, hospital emergency
departments or even for astronauts to produce their own medicines in space. Further
work is required before integration into clinical practice can be attained, including the
need for clear regulatory guidance on the integration of novel POC manufacturing
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technologies in the clinic, strategies for ensuring the quality and safety of formulations
produced at the POC, and further engagement by clinicians and pharmacists who are
important in implementing and managing this technology.

Benefits to the pharmaceutical industry

3D printing technologies pose many benefits to the pharmaceutical industry,

especially within early phase drug development[10]. The time it takes from drug discovery
to a marketed formulation is around 10-15 years, costing an average of £1.3bn[89]

. There is an urgent need to reduce time and cost to market to expedite drug development
timelines, made evident during the recent COVID-19 pandemic requiring rapid drug
development and repurposing trials.

During pre-clinical and clinical formulation development, 3D printing could be used as a
rapid prototyping tool to evaluate one-off or small batches of differing drug product
iterations[10]. This rapid prototyping could speed up evaluating the impact of different
formulation compositions on critical quality attributes (such as drug performance within in
vitro and in vivo models). To date, 3D printed formulations have been tested in a wide
variety of pre-clinical animal models[80,90,91]. As such, compared with laborious
conventional manufacturing technologies, 3D printing could enable an earlier
understanding of process and formulation variables, in turn allowing more rapid entry
into first-in-human (FIH) clinical trials, reducing the time and cost of

development. Moreover, 3D printing could be utilised throughout pre-clinical and early
phase clinical trials to produce small batches of dose flexible drug products on demand to
evaluate safety and efficacy[90].

3D printing could be used as an alternative manufacturing method in the pharmaceutical
industry to produce mass customised or personalised medicines. From an economical
perspective, it is likely that conventional methods of manufacture for high-volume and
low-added value pharmaceuticals (such as tableting or encapsulation) will remain cost
efficient in centralised facilities[10]. However, there is value in 3D printing formulations
that require personalisation to improve therapeutic outcomes. Formulations could be
mass customised to patient requirements using 3D printing at localised hubs, which is
already being done in the healthcare industry; several major manufacturers use 3D
printing to produce personalised hearing aids in a scaled up manner (around 1,000
devices per day), each being tailored in shape and size to the patient’s ear canal[92].

Pharmaceutical companies could use 3D printing to formulate medicines on demand in
decentralised locations, such as within pharmacies, clinics or even the patient’s home.
Furthermore, this could enable pharmaceutical companies to drive down transport costs
and overall logistics expenses, in turn reducing the carbon footprint associated with
transport and avoiding the need for energy-intensive storage conditions, such as cold-
chain storage for thermosensitive drugs[10]. While the opportunities for 3D printing are
still being explored, the integration of 3D printing into industry will require a shift in
business model and approach will need to be carefully considered before 3D printing is
taken up by pharma on a large scale.
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The future of pharmacy: a roadmap to 3D printing integration

There are many published research papers demonstrating the potential and role of 3D
printing technologies for medicines manufacture and patient care[93]. Figure 4 shows a
timeline of 3D printing in pharmaceuticals and highlights the major milestones of this
technology in the sector.

We are at a turning point, requiring buy-in from a number of key stakeholders, including
researchers, regulators, clinicians, pharmacists and patients, to advance 3D printing
technology for real-world benefit for pharmacists and patients. However, several
challenges remain before widespread integration is possible in the pharmaceutical sector,
including overcoming regulatory requirements, increasing the evidence base to
demonstrate safety and efficacy and the further development of pharmaceutically-
appropriate 3D printers and dosage forms that are widely accepted by pharmacists,
clinicians and patients[80].

Major strides have been made towards overcoming these challenges. Previously,
commercially available 3D printers were not standardised or fit for purpose to produce
pharmaceutical products (i.e. not validated to good manufacturing practice [GMP]). In
recent years, biotech companies have worked alongside regulatory agencies to develop
pharmaceutical 3D printers that enable the production of printlets that are safe and
effective for pharmaceutical use. One example is a pharmaceutical 3D printer that was
developed by FabRx[94]. This is a multi-nozzle GMP printer suitable for medicines
manufacture, developed in close communication with regulatory agencies, including the
MHRA, and hospital end-users to create a system fit for this purpose.

Other pharmaceutical printers include Aprecia Pharmaceutical’'s ZipDose technology, a
scaled-up binder jet printing process to enable the mass manufacture of highly porous
and rapidly orally-disintegrating drug products containing levetiracetam for the treatment
of epilepsy[38].

Triastek has also recently launched a scaled-up melt extrusion system that enables the
production of unique drug products for clinical trials[39]. Other companies, including
DiHeSys, Vitae Industries and Craft Health, are also working towards producing GMP-
compliant pharmaceutical printers, but no research has yet been published using these
printing systems[95-97].
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FDM: fused deposition modelling; SLA: stereolithography;
SLS: selective laser sintering; SSE: semi-solid extrusion

Figure 4: Graphical timeline of the advances in 3D printed medicines between 1995 and the present
day

While the evidence base for 3D printing in pharmaceuticals is extensive, there is more
work to be done for all parties to have confidence in the technology. There remain several
regulatory and technical challenges, including strategies for ensuring the quality and
safety of the medicines produced. Conventional medicine manufacture requires
adherence to GMP and extensive testing requirements, including evaluating the risk of
cross-contamination, weight uniformity and rigorous cleaning requirements[15]. However,
such testing procedures are inherently costly, time-consuming and destructive; making
them unsuitable for the evaluation of 3D printed medicines.

To overcome this challenge, work is underway to explore novel and real-time quality
assurance mechanisms for 3D printed pharmaceuticals; for example, researchers have
explored the use of real-time analytical technologies, such as near infrared and Raman
spectroscopy, to ensure the quality and safety of formulations produced using 3D printers
[98,99]. Others have suggested using ‘track and trace’ measures by including QR codes
and data matrices on formulations that can be scanned using a smart phone device or
barcode readers to ensure drug product quality and safety[100—102]. Others have
highlighted the potential for use of a blockchain to track printed formulations and increase
safety[103]. Additionally, as discussed above, several companies are developing GMP-
compliant 3D printers that can be appropriately cleaned and validated to ensure printed
drug product safety and quality. These innovative strategies will lead to a real-time
assurance of 3D printed tablet quality and provide a strategy towards enabling integration
of 3D printed technologies into the clinic.

Certain technical challenges remain before the technology can be widely used; there are
currently a lack of suitable materials and excipients designed for the production of 3D
printed medicines[104]. Furthermore, the use of 3D printing in decentralised locations will
likely cause legal and ethical issues, such as challenges around patient data protection
and security, risk of counterfeit production, as well as patient safety and liability
considerations and the need for pharmacovigilance practices and policies to be in place
to ensure adverse effects are appropriately identified and addressed.

To date, a limited number of studies have been performed in ‘real-world’ clinical

settings involving patients to evaluate the acceptability of 3D-printed formulations and
pharmacists as the end-users of the technologies. It is critical to move towards a
multidisciplinary approach to 3D printing research, and crucially all major stakeholders
(including pharmacists, clinicians, patients, and big pharma) are needed to discuss a way
forward for this technology in the sector. Increased investment from research funders as
well as support from regulatory agencies is also warranted.
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The role of pharmacy in printing medicines

Pharmacists and pharmacy technicians working across sectors are paramount for
enabling the adoption of 3D printing of pharmaceuticals and include those working on the
front line as well as within academia, industry, regulatory agencies and

government. As medicines experts, pharmacy staff can advise on the best strategy and
route to market by defining how, when and where 3D printers could be best applied in
pharmaceutical practice.

To date, globally, pharmacists have been the driving force behind 3D printing in
pharmaceuticals, being the first profession to recognise the true potential of this
technology for medicines production. The first studies that explored the use of FDM,
SLA and SLS 3D printing for the production of medicines, in 2014, 2016, and 2017,
respectively, were driven by academic pharmacists working at UCL School of Pharmacy,
with other pharmacy schools around the world exploring a similar vision[105-107].

The vision for 3D printing in clinical practice will involve pharmacists and pharmacy
technicians going back to their ‘roots’ as formulators; by designing and customising
formulations based on the needs of specific patients and being experts on the use of 3D
printers for the automatic extemporaneous preparation of formulations. One model could
involve the 3D printer taking the form of a ‘Nespresso’ style system. This model would
involve the drug-loaded cartridges being prefabricated at a manufacturing unit and the
feedstock being quality and safety approved on-site, then distributed to local pharmacies
for on-demand dispensing. Biotech companies are keen to make the systems user-
friendly and safe, with an end-to-end tracking system and only allowing those who have
been approved and appropriately trained to operate the system[94].

This route of pharmaceutical production is a novel and innovative solution to overcoming
some commonplace problems in medicines manufacture, and requires a shift in mindset
within the sector. Clinical pharmacists will lead the way in this area, working alongside
university researchers, clinicians, pharmaceutical companies and clinical trial units to
most effectively drive the translation of this technology.

The next generation of pharmacists, including MPharm students and preregistration
pharmacists, must be trained on how to use this technology effectively and safely within
practice. This can be done by educating staff on the appropriate situations to use 3D
printing, providing technical oversight on the printing process and helping to ensure the
guality of the formulations produced, as well as informing and engaging patients about
these new types of medicines.

Conclusion

3D printing has the potential to revolutionise clinical pharmacy practice. It can transition
conventional means of medicine mass manufacture towards the production of small
batches of highly flexible and personalised dosage forms on-demand. This technology
provides benefits for patients, pharmacists and the pharmaceutical industry alike by
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providing unique advantages such as making treatments safer and more effective.
Healthcare professionals, including pharmacists, doctors, and nurses, are of paramount
importance in enabling the integration of this technology and will be key to advising
academics, the pharmaceutical industry and biotech companies on strategies to innovate
the sector using 3D printing.
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