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Abstract

Powder bed fusion (PBF) is a 3D printing method that selectively consolidates
powders into 3D objects using a power source. PBF has various derivatives; selective
laser sintering/melting, direct metal laser sintering, electron beam melting and multi-
jet fusion. These technologies provide a multitude of benefits that make them well
suited for the fabrication of bespoke drug-laden formulations, devices and implants.
This includes their superior printing resolution and speed, and ability to produce
objects without the need for secondary supports, enabling them to precisely create
complex products. Herein, this review article outlines the unique applications of PBF
3D printing, including the main principles underpinning its technologies and
highlighting their novel pharmaceutical and biomedical applications. The challenges
and shortcomings are also considered, emphasising on their effects on the 3D printed

products, whilst providing a forward-thinking view.
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1 Introduction

Three-dimensional (3D) printing is an overarching term that has been used to describe
a set of additive manufacturing technologies that build objects from a computer-aided
design (CAD) model in a layer-by-layer manner [1-5]. Different types of 3D printing
processes have been introduced, with each technology having unique attributes and
feedstock materials, making their applications both diverse and distinctive [6-11]. The
American Society for Testing and Materials (ASTM) categorises 3D printing processes
into seven main groups; vat polymerisation, binder jetting, material jetting, direct
energy deposition, sheet lamination, material extrusion and powder bed fusion [12].
Each group is broken down into subsets of multiple printing technologies that typically

share the same principles to consolidate feed materials into 3D objects [13-18].

3D printing has recently gained interest in various industries, offering new
manufacturing paradigms to production of existing or novel product designs [19-26].
Within the pharmaceutical industry, it is seen as a disruptive technology with the

potential to digitalise pharmaceutical production by dispensing individual units of



personalised medications in a flexible manner [27-32], moving treatments away from
one-size-fits-all dosing [33-36]. Due to the unique attributes of the 3D printing
technologies, such as their additive nature and ability to be combined with 3D imaging,
they can be exploited to create 3D objects that are typically challenging to be made
using conventional production processes [37-41]. As such, their use for designing and
assessing innovative drug-eluting dosage forms is particularly promising for advancing

the pharmaceutical sector into digital healthcare [42-45].

Since the approval of the first 3D-printed tablet (Spritam) by the United States Food
and Drug Administration (FDA) [46], 3D printing has been evolving rapidly in the
pharmaceutical arena, with cutting-edge research demonstrating the unique prospects
this technology can offer [47-51]. This has led many researchers to explore and study
further 3D printing technologies to evaluate their use within healthcare [52-56]. Powder
bed fusion (PBF) is a 3D printing type that uses a focused power source (e.g., laser
or electron beam) to selectively consolidate powder particles into solid objects [57,
58]. One key advantage of PBF technologies is their ability to fabricate overhanging
geometries without the need for support structures because the loose powder particles
inside the printing platform act as a support ensuring the integrity of the printed objects
throughout printing. Thus, a variety of complex and highly detailed objects can be
produced using PBF and its uses span various industries (e.g., aerospace,
automotive, military, medical, dentistry, engineering and electronics) [59-66]. PBF has
also been explored for pharmaceutical use, where a feedstock material, constituting a
pharmaceutical-grade powder blend of a drug and thermoplastic polymer, has been
used. Therefore, in terms of starting materials, PBF is considered to hold the closest

resemblance to traditional tabletting processes when compared with other 3D printing



technologies [67]. Moreover, 83% of 3D printed medical devices cleared by the FDA
between the years 2010 and 2015 were manufactured using PBF 3D printing, making
it more favourable over material extrusion and vat polymerisation 3D printing
technologies [68]. Thus, of the different printing technologies, the PBF technologies
may be the most suited for use within pharmaceutical research, because they are
more feasible to explore and offer a novel and versatile approach for the rapid tailoring

of devices and medications.

This review article outlines the main principles underpinning PBF 3D printing
technologies, highlighting their unique inherent properties and discussing the
differences between them. The recent applications and advantages of PBF within
healthcare are also provided. And finally, an insight into the technical challenges and

in-process conditions affecting the final 3D object are discussed.

2 The technologies

Currently, PBF is classified into four subset technologies; selective laser sintering
(SLS), selective laser melting (SLM) / direct metal laser sintering (DMLS), electron
beam melting (EBM) and multi-jet fusion (MJF) (Figure 1) [69]. A summary of the
different PBF technologies is shown in Table 1. Generally, all the PBF technologies
share the same underpinning principles that include building objects in a layer-by-layer
fashion using thermal energy resulting from the combination of increased temperature
and the use of an energy source [70]. Moreover, all the PBF technologies use
powdered feedstock materials, where the main differences between them lie in the
type and amount of energy transmitted to the powder bed for consolidation and in the

type of powdered materials they employ. For instance, whilst SLS, SLM and DMLS



employ a laser beam and EBM uses an electron beam, MJF functions using an infrared
lamp. In the same vein, the feed materials in SLM and DMLS include metals or alloyed

powders [71], whereas thermoplastic polymers are used in the case of SLS and MJF.
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Figure 1. Graphical illustration of (A) selective laser sintering, (B) selective laser melting and direct metal laser sintering, (C) electron

beam melting and (D) multi-jet fusion 3D printing technologies.



Table 1. A summary of the different powder bed fusion (PBF) technologies, highlighting the similarities and differences between
them; SLS, selective laser sintering;, SLM, selective laser melting; DMLS, direct metal laser sintering; EBM, electron beam melting;

MJF, multi-jet fusion.

Energy Power Powder particle Layer thickness Build speed
Technology Feedstock material Reference(s)
source (kW) size (um) (um) (mm/h)

Laser Upto Thermoplastic
SLS 58-180 100-120 4.2 -20 [67, 72-74]
beam 0.04 polymers

Laser Upto Metals/ alloyed
SLM/DMLS 20-63 20-100 7-8 [75]
beam 1 powders

Electron Upto Metals/ alloyed
EBM 45-150 50-200 6-7 [75]
beam 60 powders

Infrared Thermoplastic
MJF - 35-120 70-100 1.8-4 [72, 76-78]
lamp polymers




As shown in Figure 1, the PBF systems are typically comprised of five main parts; (i)
a build platform/tank, where objects are printed; (ii) an energy source, which is
responsible for the consolidation process; (iii) a powder reservoir platform/tank or
hopper, where fresh powder is held before being dispensed onto the building platform;
(iv) a mechanical roller, that spreads the fresh powder onto the building platform and
flattens it; and (v) a material container, which is responsible for recovering and
recycling loose powder material. The PBF printing process involves raising the build
platform to its highest level. Then, a fresh layer of powder is dispensed and flattened
by the roller [79]. The energy source is then activated, which selectively scans across
the powder in the build platform, consolidating the powder particles based upon the
pattern from the 3D file. Thereafter, the build platform moves down to create sufficient
space for a new powder layer. This is followed by the rising of the reservoir platform
and the spreading of a new layer of powder by the roller. This process is then repeated
until the printing job has been completed [80]. At the end of the process, the 3D printer
is left to cool down, after which the loose powder particles are brushed off or removed
with compressed air to recover the printed 3D object. In some cases, the printed object
may need to be coated, polished or undergo surface finishing to enhance its

mechanical properties or improve its appearance.

Due to its ability to employ different types of materials and 3D designs, PBF 3D printing
can be exploited in a wide array of industries, with its applications extending to
electronics (Figure 2A), automotive and aviation industries (Figure 2B), explosives,
medical implants (Figure 2C), surgical tooling, tissue engineering and dental

prosthetics and appliances (Figure 2D) [81].



Figure 2. (A) Image of SLM printed circuit. Reprinted with permission from [82]. (B)
Image of a DMLS 3D printed aircraft engine transmission gear (left) during printing
and (right) following post-processing. Reprinted with permission from [83]. (C) (left) 3D
design and (right) image of an SLS 3D printed scaffold with a polyhedral structure for
bone regeneration. Scale shown in cm. Reprinted with permission from [84]. (D) (top)
3D model and (bottom) image of a helical spring—based lattice structure fabricated

using MJF. Reprinted with permission from [85].

3 Healthcare applications of PBF
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To understand the main differences between the different PBF technologies and their
unique applications within healthcare, each technology will be discussed in more

detail.

3.1 Selective laser sintering (SLS)

SLS 3D printing utilises a laser beam to fuse powder particles together at their
surfaces, a process termed ‘sintering’ (Figure 1A) [86, 87]. This technology was
developed by Carl Deckard in 1984, with the first model employing a neodymium-
doped yttrium aluminium garnet (Nd:YAG) laser [88]. Nowadays, SLS 3D printers
employ a variety of laser types, including diode, fibre and carbon dioxide (CO,) lasers,

with the latter being the most common type.

Owing to initial suspicions of drug and/or excipient degradation being caused by the
laser [89], early uses of SLS in pharmaceutical research did not include any drug
substance but instead, a methylene blue dye was used [90]. Porous nylon cubes (8 x
8 x 8 mm) were fabricated by adjusting the laser power and scanning speed of a CO,
laser. It was demonstrated that as the laser scanning speed increased, the porosity of
the printed objects increased. In the case of laser power, as it increased the porosity
of the object decreased. A following study showed that both porosity and drug release
could be controlled by repositioning dense walls in the 3D printed drug delivery devices
[91]. This was achieved by re-orienting the 3D designs of the devices, thus changing
their 3D printing pattern. Subsequently, the first attempt to employ biodegradable
polymers for SLS use involved the use of polycaprolactone (PCL) and poly-L-lactide
(PLLA) [73]. The printing conditions were optimised to create porous drug delivery

devices with strong mechanical characteristics. In particular, two printing parameters,
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the laser scanning speed and laser power, were used to control properties of the
devices. In another approach, the exterior structure of the devices was used to control
the drug release [92]. To reduce the burst release, the dwell of the laser was used to
include additional barrier rings on the exterior of the devices; the addition of more

barriers resulted in a more significant reduction in the burst release.

Despite the promising results, the early studies did not evaluate the effect of the laser
energy on the drug stability. Thus, doubts relating to the suitability of SLS 3D printing
for pharmaceutical use persisted. This was the case until 2017, when the first SLS
Printlets™ (3D printed tablets) were fabricated [93]. Herein, a diode laser was
investigated for pharmaceutical SLS printing for the first time. The Printlets
incorporated paracetamol as a model drug and were fabricated using two commercial
pharmaceutical grade polymers; Eudragit L100-55 and Kollicoat IR. Due to the intrinsic
properties of the polymers, the Eudragit L100-55 Printlets displayed prolonged release
characteristics, whilst those incorporating Kollicoat IR had immediate release
characteristics. To eliminate any concerns relating to drug degradation resulting from
the diode laser, degradation studies were performed and confirmed that no drug
degradation has occurred. Another important finding of this study was that sintering
could not occur when using a feedstock consisting of the polymer and drug mixture
solely, as the use diode laser emitted its energy in the visible light region. Since most
pharmaceutical powders are white in colour, no energy absorption from the laser
occurred. As such, a suitable solution to this problem involved the incorporation of a
pharmaceutical grade colourant into the feedstock powder mixture, facilitating

absorptance of the energy emitted from the diode laser.

12



With its unique features, SLS 3D printing offers a wide range of novel pharmaceutical
applications. For instance, (i) SLS has the ability to create free-form 3D objects without
the need for additional support materials; (ii) the capacity of the SLS build platform can
be increased and its productivity enhanced by stacking printed objects on top of one
another, making it more amenable for scale up and mass production compared with
other 3D printing technologies; (iii) SLS can create objects with high degrees of
porosity and pore connectivity [94]; (iv) there is no need for pre-processing SLS
feedstock materials, which is a necessity in the case of other 3D printing technologies
(e.g., fused deposition modelling (FDM) requires the creation of filaments); (v) the
process does not involve the use of solvents, and thus is considered safe for use with
drugs that are prone to hydrolysis; (vi) SLS enables the recycling and reprocessing of
feedstock materials, which reduces production waste and supports green
pharmaceuticals; (vii) it does not require additional excipients that could lead potential
toxicities; and (viii) SLS has shown to be more cost effective for the production of
personalised parts compared to other 3D printing technologies (e.g., fused deposition
modelling (FDM) and stereolithography (SLA)) and conventional pharmaceutical
production processes (e.g., injection moulding) [95, 96]. Collectively, these properties
make SLS 3D printing a highly flexible technology that is suited for the preparation of

a variety of pharmaceutical dosage forms and medical devices.

Because SLS permits the use of feed materials with distinctive intrinsic characteristics,
an array of drug release modes can be attained. This can be achieved by modulating
the printing parameters and carefully choosing a suitable polymer matrix. As an
example, selecting an immediate-release polymer matrix (e.g., Kollicoat IR (Figure 3A)

[93] or hydroxypropyl methylcellulose (HPMC) (Figure 3B) [97]) allows the production
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of Printlets with instant release patterns. On the other hand, selecting a polymer with
pH-dependent properties (e.g., Eudragit L100-55 (Figure 3A) [93]) or sustained
release properties (e.g., PCL and PLLA (Figure 3C) [73]) yields Printlets with
controlled release properties. The Printlets can be loaded with various drug
percentages, wherein a different drug content will change the energy absorption of the
feed powder and the mechanical properties, and thus will result in Printlets with
different drug release characteristics. As an example, in one study, increasing the
paracetamol content in the Printlets (e.g., 5% to 35%) resulted in a higher degree of
consolidation and stronger interparticle connections. This in turn slowed down the rate
at which the dissolution medium penetrated into the Printlets and decelerated the drug
release (Figure 3A) [93]. However, this observation was specific to paracetamol and
other drug substances and powder mixtures may display different effects. Laser
absorption can also be controlled by changing the laser scanning speeds, which can
also be used to modulate the drug release properties [97]. As an example, at laser
scanning speeds of 100, 200 and 300 mm/s, paracetamol Printlets with a HPMC matrix
have shown to achieve a complete drug release within 4 h, 3 h and 2 h, respectively
(Figure 3B). This is because as the laser scanning speed decreases, the contact time
between the laser beam and the powder bed increases, resulting in a higher degree
of consolidation and hence, a slower drug release. The use of SLS has also shown to
give amorphous solid dispersions, without the need for further post-processing [98].
This in turn improves the solubility of poorly soluble drug agents and enhances their

bioavailability.
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Figure 3. (A) Image of the (top) Kollicoat IR and (bottom) Eudragit L100-55 Printlets,
incorporating (from right to left) 5, 20 and 35% paracetamol, respectively. Scale shown
in cm. Reprinted with permission from [93]. (B) X-ray micro-CT images on cross
sections of the (top) HPMC and (bottom) Kollidon VAG4 Printlets fabricated at a laser
scanning speed of (from left to right) 100, 200 and 300 mm/s, respectively. The
coloured scale bar represents density. Reprinted with permission from [97]. (C) Image
of a PCL-based SLS 3D printed tablet. Scale shown in cm. Reprinted with permission
from [73]. (D) Surface electron microscopy (SEM) cross-sectional images of the orally
disintegrating ondansetron Printlets, containing (from left to right) 50 and 60%

mannitol, respectively. Reprinted with permission from [99].

Orally disintegrating and fast-dissolving Printlets can also be created using SLS 3D
printing. This can be achieved by exploiting the technology’s ability loosely to bind
powder particles on the surface. As the process does not involve the use of
compression forces, the resulting Printlets are highly porous. In the presence of even

small volumes, the liquid can rapidly penetrate into the Printlets, breaking them into
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small fragments. This outcome can be modulated by controlling the laser scanning
speed, wherein the disintegration speed can be further increased by utilising a higher
laser scanning speed [97]. This is because as the laser scanning speed increases, the
contact time between the laser beam and powder bed surface decreases. As a result,
Printlets with rapid disintegration properties are created whilst maintaining acceptable
mechanical characteristics. However, this requires the use of a polymer matrix with
rapid disintegration properties. As an example, paracetamol and ondansetron Printlets
based on a Kollidon VA64 matrix have shown to have disintegration times varying at
>600, 15 and 4 s, when printed at laser scanning speeds of 100, 200 and 300 mm/s,
respectively (Figure 3B and 3D) [97, 99]. Because of that, Printlets fabricated at a
speed of 100 mm/s achieved complete drug dissolution within 1 h, whilst those printed
at speeds of 200 and 300 mm/s required only 5 min for the complete dissolution. In a
succeeding study, it was shown that the incorporating 30% diclofenac sodium as the
drug substance resulted in a slow disintegration rate and altered the mechanical
properties of the Printlets when compared with those incorporating paracetamol [100].
Thus, to improve the mechanical characteristics and speed up the disintegration time
of the Printlets, lactose monohydrate was incorporated into the formulation. A similar
approach was used in a following study, wherein a mixture of lactose monohydrate
and microcrystalline cellulose was used [101], with clindamycin palmitate HCI used as

the drug agent.

SLS orally disintegrating Printlets have shown to offer an innovative and practical way
to deliver medications suited for patients with visual impairment [102]. This is because
the Printlets disintegrate within ~5 s, avoiding the need for being taken with water and

thus facilitating self-administration of medications. To suit the needs of this patient
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group, the 3D design of the Printlets can be modified to include Braille and Moon
patterns on their surfaces, permitting patients to identify medicines using tactile
perception (Figure 4A). This is particularly useful when medications are taken out of
their original packaging. Moreover, Printlets with innovative shapes (e.g., sun, moon,
heart, caplet shape, pentagon and square) can be fabricated to enable the inclusion
of additional medication information (e.g., medication indication and/or dosing
regimen). For example, a heart shape can be used to refer to medications used to
treat cardiovascular conditions. In the same vein, the sun and moon shapes can be
used as a reference to morning and evening dosing regimens, respectively. The
number of flat sides in a pentagon and a square can be used to correspond to the
medication dosing time. The study has shown that up to three Braille letters can be
printed onto bigger sized formulations (e.g., a caplet shape), which can be used for
three-letter abbreviations. For instance, PAR can be used as an abbreviation for
paracetamol (Figure 4A). The use of these Printlets in patients with visual impairment

may aid in reducing medication errors and improving adherence to treatments.
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Figure 4. (A) Graphical illustration showing how SLS Printlets incorporating three
Braille letter abbreviations can be used by visually impaired patients to identify
medications. Reprinted with permission from [102]. (B) Images of SLS gyroid lattice
Printlets fabricated using (from left to right) polyethylene oxide, Eudragit L100-55, ethyl
cellulose and Eudragit RL. Scale shown in cm. Reprinted with permission from [103].
(C) SEM image of a dual SLS mini-Printlet, where the blue colour represents the
Kollicoat IR matrix and the green colour represents the ethyl cellulose matrix.

Reprinted with permission from [104]. (D) Image of an SLS 3D printed intrauterine
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device. Reprinted with permission from [105]. (E) Image of a smart mandible implant
with an embedded drug delivery system. Reprinted with permission from [106]. (F)
Image and SEM micrographs of an SLS 3D printed cube. Reprinted with permission
from [107]. (G) Image of (from left to right) wax model of nasal prosthesis, resin model
of nasal defect and wax nasal pattern with resin model, all fabricated using SLS 3D

printing. Reprinted with permission from [108].

The high resolution of its laser beam allows SLS 3D printing to be used for creating
complex structures (e.g., multi-reservoir systems [109]), enabling controlled delivery
of drugs. The release of progesterone from these systems can extend over a period
of 290 days depending on their content [110]. The loose powder particles inside the
SLS printing platform can be used as rafts to support objects during the printing
process and maintain their integrity. This, along with the high-resolution laser, allows
the fabrication of intricate Printlets (e.g., gyroid lattices (Figure 4B) [103]), enabling the
fine-tuning of the drug release pattern. Compared with cylindrical Printlets, the gyroid
lattices exhibit a more rapid drug release behaviour. As the 3D printing processes
occur in a layer-by-layer fashion, it is possible to create bi-layer Printlets that combine
gyroid lattice and cylindrical structures, enabling higher control over the drug release
pattern. Similarly, 3D printed pellets, termed mini-Printlets, can be prepared using SLS
3D printing [104]. These mini-Printlets offer a universal platform for delivering
personalised medication doses. Herein, SLS 3D printing offers a single step method
to create controlled-release multiparticulate systems, which normally are laborious
and expensive to produce, requiring multi-step processes that involve the use of
dedicated equipment [111]. In addition, the use of SLS aids in regulating the initial

drug release. This is due to the strong coherence between the drug and polymer
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particles that results from the sintering process, which in turn induces a sustained
effect. Dual mini-Printlets that combine two spatially separated drug agents (e.g.,
paracetamol and ibuprofen) with individualised release characteristics can also be
fabricated by modulating the composition of the polymer matrices (Figure 4C). This
provides an innovative and flexible platform that can be used for multi-drug therapy in
different patient groups, which can be dosed conveniently and provide long-term
therapeutic effects. In this novel drug delivery system, each mini-Printlet functions as
a separate drug system. Thus, the risks of dose-dumping and peak plasma

fluctuations are lower compared to monolithic pharmaceutical dosage forms.

Another example that demonstrates SLS’s unique ability to overcome geometry
limitations imposed by traditional production processes is its use for creating
intrauterine devices containing two drug substances (e.g., progesterone and 5-
fluorouracil) (Figure 4D) [105]. The two drugs have shown synergism when used to
treat endometrial and ovarian cancers. Progesterone exhibited zero-order kinetics,
whereas 5-fluorouracil displayed an initial burst release after 1 h, followed by a
sustained release extending up to 35 days. The devices were fabricated using two
different laser powers, 3 W and 5 W, wherein a high drug release rate was observed
with the devices fabricated using 3 W. This was attributed to the higher porosity
resulting at 3 W, which accelerates the drug diffusion. SLS 3D printing was also
explored for tissue and bone regeneration, wherein PCL implants incorporating
ibuprofen were investigated [112]. The implants containing ibuprofen have been
shown to undergo a higher degree of sintering intensity compared with those
fabricated using PCL alone. Similarly, 5-fluorouracil implants based on polyethylene

(PE) [113] or PCL [114] matrices were studied as a type of cancer treatment. Both
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types of implants presented an initial drug release burst followed by a sustained
release, with the PE implants having more prolonged effect. Smart mandible implants
with embedded drug delivery systems were also be fabricated using SLS 3D printing
(Figure 4E) [106]. More recently, cubic-shaped poly(lactic acid) (PLA) and
hydroxyapatite (HAP) implants were fabricated for bone repair (Figure 4F) [107]. The
implants were biocompatible and displayed favourable osteogenic effect in rats. Nasal
prosthesis presents another application for SLS (Figure 4G) [108]. Whilst these
prosthesis did not contain any drug agents, similar ones fabricated using FDM and
SLA have been suggested for the treatment of acne [115] and as nasal wound

dressings [116].

3.2 Selective laser melting (SLM) and direct metal laser sintering (DMLS)

Like SLS, the SLM and DMLS processes utilise a system composed of lenses and
Galvano-mirrors to direct the laser beam to a specific position (Figure 1B). Once
directed onto the powder bed, the laser beam heats the powder bed and photons are
absorbed by the particles, causing them to melt or fuse [117]. Different types of metal
granules can be used, including stainless steel, cobalt chrome, aluminium, titanium
and tool steel. The main difference between SLM and DMLS technologies is that SLM
uses a single component metal (e.g., pure aluminium) and completely melts it at a
single melting temperature [118]. In the case of DMLS, the feed powder is generally
composed of metal alloys (e.g., titanium alloy) with different melting temperatures.
Thus, the process involves the use of high temperature to fuse the powder molecules

together.
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SLM has been used to fabricate metallic femoral stems for total hip replacement [119].
In terms of drug delivery, due to the high-energy laser beam and elevated
temperatures associated with SLM, the process does not allow the direct printing with
drugs incorporated in the feed powder. Instead, the drug substance is incorporated
following the printing process or is printed using a complementary 3D printing
technology. As an example, SLM can be used to print with metals (e.g., cobalt—
chromium—molybdenum alloy and titanium alloy) and combined with FDM to print
using biodegradable polymers (e.g., polylactic acid) to create implants incorporating
both materials (Figure 5A) [120]. The polymer can be loaded with antibiotics (e.g.,
gentamicin [121]) and embedded within the metallic parts of the implant. As the
polymer degrades, the antibiotic is released in a controllable manner during the

regeneration of bone cells.
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Figure 5. (A) Image of a 3D printed hip implant made using a combination of SLM and

FDM 3D printing. The image on the top right corner is a cross-section that shows the
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biodegradable polymer embedded within the metallic part. Reprinted with permission
from [120]. (B) (top) Image and (bottom) SEM image of porous scaffold for bone
regeneration with a 640 um pore size. Reprinted with permission from [122]. (C) Cross-
sectional view of the 3D design of SLM printed titanium implants with (from left to right)
vertical channels, horizontal channels and inclined channels. Reprinted with
permission from [123]. (D) Images of the orthopaedic SLM 3D printed implants having
400 ym permeable thin walls. Reprinted with permission from [124]. (E) Cumulative
silver ion release profiles (n = 3) from the SLM printed and solid implants, measured
using ICP-OES. (F) Diameters of the inhibition zones (n = 3) surrounding implants
against methicillin-resistant Staphylococcus aureus (MRSA) AMC201, measured
using a Petrifilm assay; Ag, silver ions; PEO, plasma electrolytic oxidation; ICP-OES,
inductively coupled plasma optical emission spectrometry; NT, non-treated. Reprinted
with permission from [125]. Image of an SLM 3D printed (G) expandable stent and (H)
Y-shaped stent, both fabricated using poly-L-lactic acid (PLLA). Reprinted with

permission from [126].

Highly porous titanium alloy scaffolds for bone regeneration were fabricated using
SLM 3D printing (Figure 5B) [122]. The scaffolds have shown an interconnected
porosity more than 70%, and the pore sizes of the scaffolds altered their
osseointegration ability. While in this example no drug was incorporated into the
scaffolds, the intrinsic antibacterial activity of titanium alloys could be exploited to
prevent infections from occurring during bone regrowth [127, 128]. SLM 3D printing
has also been used to fabricate titanium implants with controllable drug release
kinetics (Figure 5C) [123]. The drug was added to the implants following the printing

process to avoid any degradation. By changing the processing parameters (e.g., laser
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power, scanning speed and hatch spacing) and the diameter and position of the
microchannels inside the implants, the drug release pattern can be fine-tuned to
achieve the desired kinetics. Orthopaedic titanium implants incorporating vancomycin
were also fabricated to prevent postoperative periprosthetic joint infections (Figure 5D)
[124]. The drug solution was directly injected into the hollow reservoirs following the
printing process. Herein, the porosity of the implants was used to regulate the drug
release pattern. The implants showed strong antimicrobial activity
against Staphylococcus aureus with the effective concentrations observed within 5 h
and extending for up to 18 h. Likewise, paracetamol- and ciprofloxacin-functionalised
titanium implants were also produced using SLM 3D printing [129, 130]. Following the
printing process, the drug attachment was achieved using phosphonic acid based self-
assembled monolayers. Paracetamol has been shown to adhere to the surface of the
implants for up to 4 weeks, after which it was gradually released. In the case of

ciprofloxacin, 40% of the drug content still adhered to the implants after 6 weeks.

In another study, SLM titanium implants for bone regeneration were fabricated
incorporating silver nanoparticles [125]. The nanoparticles were embedded within an
oxide layer that was created using plasma electrolytic oxidation. The implants
displayed strong antimicrobial activity, with silver ions exhibiting a constant release
over a period of 28 days (Figure 5E). Due to their high porosity, the number of silver
ions released from the SLM implants was four times that typically released from
analogous solid metallic implants. Similarly, the antimicrobial inhibition zone resulting
from the porous implants was double the size of the inhibition zone of the
corresponding solid implants (Figure 5F), indicating the SLM implants had a stronger

antimicrobial activity. SLM has also been proposed as a viable method for the
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fabrication of biodegradable coronary stents (Figures 5G and 5H) [126]. Although the
stents did not contain any drug agent, it was suggested in the study that a drug can
be incorporated by means of dipping or coating. In particular, drugs such as
antiproliferative agents (e.g., Sirolimus) can be used in early stages of stent

placements, whilst proendothelial mediators can be used in the advanced stages.

DMLS has been used to create titanium scaffolds for bone regeneration. Here, the
scaffolds were used to inhibit bacterial growth without the addition of a drug substance
[131]. In another study, a DMLS customised mesh composed of titanium was designed
for bone augmentation (Figure 6A) [132]. The meshes were designed based on data
collected from computed tomography (CT) imaging. This approach has been shown
to be efficient at reducing the time needed to perform surgery, minimise the
augmentation volume, reduce risks of errors and improve the quality of treatment.
Similarly, a DMLS implant has been used for craniofacial reconstructive surgery [133].
The titanium implants were highly dense with mechanical testing showing they
outperformed implants made using annealing. Compared with implants fabricated
using conventional production methods, those made with DMLS were able to restore
anatomical structure more accurately, even in the case of complex geometries,
achieving improved aesthetic appearances [134]. To permit the loading of antibiotics
onto DMLS implants, a multi-layer coating approach was used (Figure 6B) [135]. In
particular, hyaluronic acid chitosan films incorporating minocycline were self-
assembled onto titanium implants following printing using phase-transited lysozyme.

The implants promoted bone regeneration whilst preventing bacterial colonisation.
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The use of DMLS is not only limited to manufacturing drug delivery systems but can
also extend to include creating equipment for drug synthesis. As an example, DMLS
was used to create a baffle disc embedded inside a flow distributor for a microreactor
assembly (Figure 6C) [136]. The newly proposed microreactor was successful at
scaling up the production of an expensive drug, rufinamide, in a single step. This
system has shown to be highly productive and cost-effective, making a feasible

approach to produce drug substances on-demand.
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Figure 6. (A) Image of DLMS titanium mesh for bone augmentation. Reprinted with
permission from [132]. (B) Schematic diagram showing the process of fabricating
minocycline-loaded HA/CS multilayers coating and their assembly onto the surface of
DMLS implants. Reprinted with permission from [135]. (C) Image of a DMLS 3D

printed baffle disk made out of titanium. Reprinted with permission from [136].
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3.3 Electron beam melting (EBM)

In EBM, the energy needed for printing is supplied from an electron beam rather than
a laser beam (Figure 1C) [137]. The high intensity of the electron beam renders
powdered materials completely molten during the printing process, with temperatures
reaching up to 1000 °C [138]. The EBM process entails using a filament, typically
made of tungsten, as an electron source [139]. The electrons are then collimated into
a narrow beam using an electromagnetic coil. The kinetic energy resulting from the
electrons transfers heat into the powder bed. In doing so, the negative charge of the
powder bed is also increased, requiring helium gas to be released during the melting
process in order to dissipate the charge [140]. This feature increases the minimum
feature size that the EBM process can produce, enabling the use of larger powder
particle sizes compared to other PBF technologies. Similar to SLM, EBM also uses
metal and alloyed powders as its main feedstock material [141, 142]. However, only a
limited number of metals (e.g., titanium, cobalt chrome, stainless steel, aluminium and
copper) are suited for this application, with cobalt chrome and titanium being the most

commonly used.

EBM has been widely used in the fabrication of acetabular cups for hip replacement,
with more than 60,000 units produced worldwide [143]. Similarly, EBM has shown to
be a viable and cost-effective method for producing bespoke hip stems, reducing cost
by up to 35% [144]. Owing to the high resolution of EBM, highly porous implants (e.g.,
hip stems and femoral implants) can be fabricated without compromising their
mechanical properties and performance (Figure 7A and 7B) [145]. Due to that, this
technology has been suggested as a suitable method for creating titanium-based hip

stems loaded with antibiotics, which can be used for the treatment of total hip
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arthroplasty postoperative infections [146]. EBM 3D printed mandibular prostheses
were also fabricated using titanium (Figure 7C) [147]. The prostheses were designed
based on CT scans obtained from patients and have been shown to be mechanically
strong, high porous, light in weight and to promote recovery. Likewise, EBM has also
been used to fabricate scaffolds for bone regeneration [148], wherein different drug
agents have been investigated, including bone morphogenetic proteins (BMP-2) [149],
simvastatin [150] (Figure 7D and 7E). In both cases, the drug agents were added to

the scaffolds following printing, wherein they adsorbed onto the titanium alloy.
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Figure 7. (A) Image of EBM 3D printed functionally porous titanium stems. Scale
shown in cm. Reprinted with permission from [145]. (B) Image of EBM 3D printed
femoral implants used for total knee replacement, fabricated using cobalt—chromium-—
molybdenum alloy. Reprinted with permission from [145]. (C) Image of an EBM 3D
printed mandibular prosthesis fabricated using titanium. Reprinted with permission
from [147]. (D) Image and (E) scanning electron micrograph of an EBM 3D printed

bone scaffold. Reprinted with permission from [148].

3.4 Multi-jet fusion (MJF)

In MJF, an infrared (IR) lamp acts as the energy source to consolidate powder particles
(Figure 1D). MJF normally employs one type of feedstock material, nylon (e.g., PA
12). Unlike the other PBF technologies, MJF requires two additional agents [80]; a
fusion agent and a detailing agent. A fusion agent is accurately sprayed onto the
printing areas using an ink-jet head. As a result, only the areas covered with the fusion
agent will be consolidated, which improves the printing efficiency, accuracy and speed.
Unlike binder jetting, the fusion agent does not bind the powder particles alone and
instead, requires activation using the energy source for consolidation to be initiated.
Thus, the printing process occurs due to the light energy, not the liquid binder. The
detailing agent, on the other hand, absorbs heat from the edges of the object,
decreasing thermal bleeding (which refers to heat diffusion to adjacent areas)
enhancing the printing resolution and accuracy. Compared with SLS, MJF has shown

to be more cost-effective, irrespective of the number of parts being produced [72].

Unlike the other PBF technologies, MJF has not yet been explored for drug delivery.

This can be mainly attributed to the limited number of materials available for use, and
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the requirement for nylon as the base polymer. Instead, MJF has been combined with
3D scanning and imaging techniques to create patient-specific products. This ensures
proper fitting and maximises the efficiency of the product. As an example, MJF has
been used to create bespoke ankle-foot orthoses for stroke patients, improving their
ability to walk [151]. Likewise, MJF 3D printed prosthetic arms were designed for
patients with forequarter amputations (Figure 8A and B) [152]. The prosthesis was
found to be light in weight, had accurate fitting, was easy to use and could be securely
placed. MJF has also been applied for the fabrication of helmets used in the treatment
of malignant scalp tumours (Figure 8C and D) [153]. The MJF helmet was made using
polyamide 12 (PA-12) and aimed at reducing the air gap between the patient’s head

and bolus, enabling the delivery of accurate doses of radiation therapy.
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STL view

Figure 8. (A) 3D design and (B) image of a MJF 3D printed prosthetic arm for
forequarter amputation. Reprinted with permission from [152]. (C) 3D design and (D)
image of a MJF 3D printed helmet for cancer therapy. Reprinted with permission from

[153].

4 Technical considerations

4.1 Effects of processing parameters
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Like other 3D printing technologies, the processing parameters employed during the
printing process in PBF can significantly impact the properties of the final 3D object.
Therefore, to ensure that the 3D object is printed with optimum characteristics, the
processing parameters have to be optimised to meet the requirements of the intended
application and properties of the feedstock powder. To do so, it is important to
understand how each processing parameter impacts the printing process and its effect
on the feed powder [154]. The main processing parameters relating to the PBF
technology include (i) printing temperature, (ii) energy source and absorptance, (iii)
scanning speed, (iv) scan spacing, (v) particle morphology and (vi) layer thickness,

and are summarised in Table 2 and Figure 9.

There are also other parameters that may affect the final outcome of the PBF
processes. These include (i) printing orientation (e.g., horizontal, vertical or diagonal),
which influences the physical and mechanical characteristics of the final 3D object
[155-157]; (ii) building position, which refers to the location at which the printed object
is placed on the build plate and can affect the mechanical properties of the 3D object
(e.g., middle areas of the build platform retain heat for longer times, causing them to
absorb higher energy density); (iii) inert gas (e.g., argon or nitrogen), which is
responsible for the removal of condensates from the printing chamber, preventing
oxidation from occurring [158]; (iv) dwell time, which is the cooldown time at the
beginning and end of each printing layer and as it increases the final geometrical
features of the 3D printed object are enhanced [159]; and (v) post-treatment, which
includes coating, annealing and surface finishing and influences the tensile strength,

surface hardness, dimensional accuracy and precision of the final objects [160-162].
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Table 2. A summary of the most important processing parameters involved in PBF 3D printing.

Processing Description Classifications/Definitions Equation(s) Effect(s) Reference(s)
parameter
Printing The powder bed e Surface temperature: the Simple Fox equation: ¢ Controlling the powder bed [160]
temperature temperature is the temperature of the superficial layers 1 Wy W temperature is essential for
temperature of the feed of the powder inside the build Tt, T + e inducing the 3D printing
powder inside the building platform. | process.
platform and is normally e Chamber temperature: the W, and Ws: weight e The use of heat lowers the
regulated using the surface temperature in the printer chamber. fralctions o?eact? amount of energy needed for
polymer o RO
temperature and the T and T - Gl transition consolidation, minimising
chamber temperature. tegr: tg ’ .?SS fa S'hlo internal stress and thermal
remperature (Tg) of eac deformation.
individual polymer.
Energy source  An energy source is Energy sources include: A=1—R e Nd:YAG lasers are the oldest, [163-168]
and needed to induce the e Laser beams: whereas CO, lasers are
absorptance consolidation process. The o Nd:YAG lasers A: Absorptance currently the most commonly
efficiency of a powder in o CO;,lasers R: Reflectance used. Fibre lasers have a
absorbing energy is known o COlasers higher laser power density
as its absorptance and is o Diode lasers than CO; lasers. Diode lasers
defined as the ratio of o Fibre lasers have a better consistency in
absorbed radiant energy to e Electron beams melting and heating zones
the incident radiant power. e Infrared lamp compared to all the other laser
types.
o The wavelength of the beam is
Absorptance depends on: one of the few parameters that
e Energy wavelength (A) is intrinsic to the machine and
o Feed powder type thus, cannot be adjusted.
e Powder morphology ¢ In most cases, as the density
e Ambient gas within the of a powder increases, its
controlled atmosphere absorption depth is reduced
e  Powder bed temperature (Exception are transparent
materials). With loose
powders, the incident radiation
Energy transmittance depends on: is distributed between the
e Beam power pores and at the surface,
e  Scanning speed increasing the absorptance
depth.
Scanning The rate at which an The scanning speed is also known as For lasers: e The scanning speed can have  [169-173]
speed energy beam travels the beam speed. significant impact on the
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Scan spacing

Layer
thickness

across the powder bed is
known as the scanning
speed.

Scan spacing is the
distance travelled between
two consecutive scanning
vectors.

Layer thickness is the
height of each individual
3D printed layer.

P

ED =y 1T xn

Scanning speed controls:
e Contact time
e Energy transmittance

ED: Laser energy density
e  Printing time

P: Laser power

Vs: Laser scanning speed
LT: Layer thickness

h: Scan spacing

Scan spacing is also known as the -
hatch distance or line offset

Scan spacing is associated with:
e  The beam diameter
e Energy density.
e Printing time.

Layer thickness is also known as the -
slice thickness.

Layer thickness depends on:
e The 3D printer
e Depth by which the build
platform is lowered at the start of
each layer

Layer thickness affects:
e  Printing resolution
e Appearance of the final object
e  Printing time

¢ As the layer thickness is

energy density of the powder
bed surface.

¢ As the scanning speed is
lowered, the contact time
between the energy source
and powder bed increases
and more energy is
transmitted to the powder bed.
Consequently, more dense
objects are produced, and the
printing time increases.

e When the scan space is too [170, 174,
large, the interconnections 175]
between consecutive layers
might not be formed, yielding
3D objects with low
mechanical properties.

¢ As the scan spacing is
increased, the printing time of
each layer is reduced. Whilst
this makes the fabrication
process longer, it enables the
creation of thin and intricate
structures.

¢ |f the scan spacing is too

small, it may result in thermal
deformations.

[160, 164]
reduced, the printing

resolution is enhanced and

the surface of the 3D printed

object appears smoother but

the printing time increases.

¢ The layer thickness should

not fall below the average
particle size of the powder.
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Particle
morphology

Particle morphology refers
to the feed powder’'s
particle size and shape.

Particles should have:

Good flow properties.
Optimum size and shape
Consistency in size and shape

Particle size and shape requirements
depend upon:

Particle size and shape will determine:

Energy source
Beam power

Energy density needed for
consolidation

Energy absorption

Flow properties of the feed
powder

Mechanical properties of the
final object

Porosity of the 3D object

Big particles need more
energy for consolidation and
bigger empty spaces are left
between neighbouring
particles, resulting in poor
mechanical properties.

Very small particles have high
electrostatic charges, causing
them to agglomerate and
affecting their flow properties.
Therefore, resulting in uneven
consolidation across the
powder bed.

Narrow particle size
distribution ensures even
energy absorption.

Uneven particle shape results
in irregular consolidation and
poor particle flow.

[73, 176, 177]
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associated with PBF technologies. Create using BioRender.com

By identifying the different processing parameters and their effects, it is possible to
integrate advanced technologies, such as artificial intelligence or computer vision, to
help in selecting the most optimum printing conditions. In particular, machine learning
can be used to train and create a software than can predict the most optimum printing
conditions for each formulation [178-180], thus accelerating the printing process and

reducing costs and wastage of materials.
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4.2 Adapting the technology for healthcare applications

The powder feedstock used in the PBF technologies primarily comprises thermoplastic
polymers or metals and alloyed powders. However, commercial materials are mostly
unsuited for use within healthcare. This is because these feed powders need to be
biocompatible (e.g., generally recognised as safe, GRAS) as per the FDA’s
certification. As such, conventional powders are typically substituted with
pharmaceutical-grade materials with similar properties. In the case of thermoplastic
polymers, a wide variety of polymer are available for use, and their selection mainly
depends on the desired use (e.g., dosage form and site of action) and the drug release
pattern intended. Different biocompatible polymers and metals have been successfully

employed for healthcare applications and are summarised in Table 3.

Irrespective of its intended application, the selected powder should still meet the
printing requirements of the PBF technology. This includes having appropriate powder
flow properties and appropriate particle shape and size. To improve the flow properties
of the powder, pharmaceutical-grade excipients such as flow enhancers can be added
(e.g., lactose monohydrate [100], microcrystalline cellulose [101] and mannitol [99]).
To enhance the particle morphology of the PBF feedstock, it can be pre-processed.
As an example, to reduce the particle size, the powder can be grinded or milled [181,
182]. To improve the particle shape, spray drying can be used [181, 182]. On the other
hand, to obtain an even particle size distribution, it is recommended to sieve the feed
powder prior to its use [104]. Some powders may require the addition of an
absorptance enhancer. The type of absorptance enhancer suitable for use will depend

upon the wavelength of the energy source. As an example, for a diode laser that
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operates at a 445 nm wavelength, the addition of a colouring agent (e.g., 3% Candurin
Gold Sheen [93], 3% Candurin NXT Ruby Red [183] or 5% charcoal [184]) could
significantly improve the absorptance from the laser beam. More recently, it was
shown that only 0.1- 0.2% tartrazine lake is needed for use with a 450 nm diode laser
[185]. However, it is also possible to print using the drug and polymer alone if the
material absorb at the wavelength of the laser, such as in the case of CO; lasers (A =

10.6 pm) [186].
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Table 3. Summary of the different biocompatible materials used in PBF 3D printing for healthcare applications.

Type Material Drug(s) Technology(s) Application(s) Reference(s)
Thermoplastic Cellulose acetate - SLS Scaffolds for tissue engineering [171]
polymers and drug delivery
Starch—cellulose - SLS Scaffolds for tissue engineering [171]
and drug delivery
Eudragit L100-55 Paracetamol SLS Cylindrical, gyroid lattice and bi- [93, 103]
layer printlets
Eudragit RL Paracetamol SLS Gyroid lattice and bi-layer printlets [103]
Ethyl cellulose Paracetamol, Ibuprofen SLS Gyroid lattice and bi-layer printlets [103, 104]
and mini-Printlets
HAP - SLS Implants for tissue and bone [107]
regeneration
High density Progesterone, 5-fluorouracil SLS Intrauterine devices, tissue and [105, 113]
polyethylene bone regeneration implants
HPMC Paracetamol SLS Cylindrical printlets [97]
Kollicoat IR Paracetamol, Ibuprofen, Lopinavir ~ SLS Cylindrical printlets and mini- [93, 104, 183]
Printlets
Kollidon VA64 Ondansetron, Paracetamol, SLS Orally disintegrating printlets [99-102, 186]
Clindamycin Palmitate
Hydrochloride and Diclofenac
sodium
PCL 5-fluorouracil, Progesterone and SLS Implants for tissue and bone [73, 109, 112,
Ibuprofen regeneration, multi-reservoir drug 114, 126, 187-
delivery  systems  controlled- 189]
release and coronary artery stents
Polyethylene Paracetamol SLS Gyroid lattice and bi-layer printlets  [103]
oxide
Polypropylene - SLS Mandible implants with an [106]
embedded drug delivery system
PLA - SLS Implants for tissue and bone [107]
regeneration
PLLA Paracetamol SLS, SLM Controlled-release printlets and [73, 126]
coronary artery stents
Metals and Cobalt— - SLM Implants for bone regeneration [120]

alloyed powders chromium-—

42



molybdenum

alloy

Titanium Vancomycin, Paracetamol, SLM, EBM, Implants and scaffolds for bone [120, 123-125,
Ciprofloxacin, silver ions, DMLS regeneration, implants  with 129, 130, 135,
morphogenetic proteins (BMP-2), controllable drug release kinetics, 146, 148-150]
Simvastatin, Penicillin, orthopaedic implants and hip
Dexamethasone, Streptomycin and stems
Minocycline

HAP, hydroxyapatite; HPMC, hydroxypropyl methylcellulose; IR, instant release; PCL, polycaprolactone; PLA, poly(lactic acid); PLLA, poly-L-lactide;
SLS, selective laser sintering; SLM, selective laser melting; DMLS, direct metal laser sintering; EBM, electron beam melting.
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5 Challenges, solutions and future outlook

5.1 Powder amount and stability

Typically, the PBF printing process requires the use of large amounts of powder to
ensure consistent layer height and suitable flow of powders during printing. However,
this may not be always feasible, especially in the case of drug available in limited
quantities or expensive drug substances [190]. Additionally, different 3D printers will
require different volumes of powder, making the requirements variable depending on

which system is being used.

Despite the possibility of reusing unconsolidated feed powders with PBF, the powders
can only be recycled for a few numbers of times. This is because the drug substance
may be chemically unstable or undergo physical changes during the printing process
[191]. Similarly, the polymer or metal particles may undergo changes in size, shape
and/or surface properties when re-used, affecting their printability [192, 193]. Due to
that, it is necessary to optimise the printing process to avoid any unnecessary waste
of drug substances or the incurring of additional costs. A proper solution to this would
include modifying the printers to include powder dispensers that can precisely deposit
the amount of powder needed for printing onto the printing platform. This would help

in reducing the amount of powder used per printing job and avoid post-processing.

5.2 Printing speed and variability in finished products

Although PBF technologies are generally faster than some of the other 3D printing
technologies (e.g., extrusion-based technologies), they are relatively slower than
some of the conventional pharmaceutical production methods (e.g., tabletting).

Furthermore, the PBF technology may require the use of additional processes when
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post-treatment of the printed object is needed (e.g., sieving and brushing Printlets),
thus prolonging the overall production time and imparting extra expenses [194]. In this
regard, the use of automatic sieves (i.e., for retrieving parts from the printing platform)
and closed-loop powder controllers (i.e., for recycling unsintered powder from the
building platform back to the reservoir platform/hopper), multi-layer printing (i.e., the
3D printing of more than one layer at a time), multi-powder hoppers (i.e., hoppers for
multiple, different feedstock materials), multi-process printers (i.e., printers that
integrate other complementary processes within the same print job) and multi-laser
systems (i.e., printers that operate using more than one laser beam within the same
print job) have shown to improve the efficiency of PBF 3D printing by increasing output

whilst reducing expenditure [195, 196].

Like other 3D printing technologies, PBF suffers from issues relating to printing
variability. As an example, it was previously shown that heat transfer could differ
depending on the printing location on the build platform [80, 197]. Hence, resulting in
3D printed parts with different mechanical properties and porosities. Moreover, in
some cases, thermal expansion and contraction could lead to the warping (i.e.,
bending or curling) of the printed object [69, 198]. Therefore, it is necessary to ensure
that the powder bed and printing chamber are sufficiently and evenly heated
throughout the printing process to provide an adequate amount of heat for successful

printing.

5.3 Regulatory challenges
In 2017, a guidance on the “technical considerations for medical devices manufactured

using additive manufacturing” was issued by the FDA, highlighting the main factors to
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be considered when designing and manufacturing 3D printed products [199].
However, the guidance does not cover 3D printed drug products or biomedical
implants. Thus, at the moment there is not a specific guidance to be followed. Hence,
it is crucial to define a set of requirements that are specific for 3D printed drug
products, wherein all technical aspects (e.g., feed materials, 3D printing process and

3D printed product validation) should be covered [200].

At present, not all commercial PBF 3D printers are made for use within healthcare and
do not comply with Good Manufacturing Practice (GMP) specifications for drug
products, so therefore are unsuitable for use in the production of drug-laden products.
This calls for the need to develop new PBF platforms that are specific to healthcare
use for drug products and conform with GMP requirements. Like any other new
equipment, developing a PBF 3D printer causes technical and logistical challenges.
As an example, the 3D printer may produce inconsistent products or drug doses. Thus,
it is necessary to optimise the process to ensure dose uniformity and end-product
consistency. To do so, in-process quality control (QC) methods need to be

implemented.

To facilitate this, rapid ‘point-and-shoot’ process analytical technologies (PAT) based
on portable near infrared (NIR) spectrometry or Raman confocal microscopy have
been suggested as viable, non-destructive approaches for the verification of drug
doses [201-204]. This method has been shown to be effective on SLS Printlets with
different geometries [205]. Other information, including the solid state of the drug, its
polymorphism, interactions, stability, moisture content, purity, breaking force and

disintegration properties, can also be derived [206-209]. These approaches can also
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be applied for dose verification in Printlets with multiple drug agents, wherein the
validated calibration models are generated using partial least squares regression
[210]. Alternatively, NIR hyperspectral imaging can be utilised to quantify drugs and
analyse their spatial distribution within Printlets [211]. Geometric and printing accuracy
monitoring can also be achieved via the use of imaging techniques and artificial vision,
wherein thermal imaging could be used to predict the mechanical properties of the

Printlets [209, 212, 213].

Finally, although biocompatible feed materials (e.g., thermoplastic polymers, drug
substances and metals) are suitable for use with the PBF technologies, they have not
been approved for such uses. In particular, the PBF processes involve the use of heat
and energy sources, both of which may induce chemical changes in the drug product
and/or excipients. Moreover, different printing systems and conditions will have
variable effects. Thus, approval for using these excipients with the PBF 3D printing

technologies should be obtained taking these aspects into consideration.

Despite the absence of FDA-approved drug-loaded products made using PBF, there
is an increased interest in this technology. This particularly due to its ability to produce
solid amorphous dispersions, which aid in improving the solubility of poorly soluble
drugs. Moreover, PBF offers flexibility in altering the dose, shape and release
characteristics of drug delivery systems, making it a useful tool in early preclinical and
clinical studies. As an example, Merck has recently announced that it will be using
SLS 3D printing to fabricate formulations for clinical studies in a more efficient and
simple manner [214]. The ability to produce multiple drug-laden iterations in a short

time frame enables the rapid customisation of the dosage forms based on the progress
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and requirements of the study design [215]. Given that it currently takes a drug product
10 to 15 years to reach the market [216], such an approach can have significant

advantages in expediting drug development whilst reducing expenditure.

6 Conclusion

The Powder Bed Fusion (PBF) technologies have shown great potential as versatile
manufacturing tools for the fabrication of novel drug-laden products for various
healthcare applications. Due to the absence of need for support materials, PBF can
be used to create dosage forms with unique structural and functional designs that are
typically complex or impossible to produce using conventional processes or other
printing technologies. By combining it with imaging and 3D scanning technologies,
patient-specific drug delivery systems can be designed for targeted therapy. This
enables the creation of dosage forms and medical devices with optimum
characteristics and fitting, enhancing the efficiency of treatment and improving
healthcare outcomes. Compared with other 3D printing technologies, the adoption of
PBF for mass production within healthcare may be realised more rapidly because of
its similarity with traditional production methods and ability to be scaled up. Whether
the PBF technologies are eventually embraced within healthcare or not remains
unknown, though the rapidly evolving research and preliminary outcomes would

suggest in favour.
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