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Abstract

Purpose: Three-dimensional printing (3DP) is a rapidly growing additive
manufacturing process and it is predicted that the technology will transform the
production of goods across numerous fields. In the pharmaceutical sector, 3DP has been
used to develop complex dosage forms of different sizes and structures, dose variations,
dose combinations and release characteristics, not possible to produce using traditional
manufacturing methods. However, the technology has mainly been focused on
polymer-based systems and currently, limited information is available about the

potential opportunities for the 3DP of soft materials such as lipids.

Methods: This review paper emphasises the most commonly used 3DP technologies
for soft materials such as inkjet printing, binder jetting, selective laser sintering (SLS),
stereolithography (SLA), fused deposition modeling (FDM) and semi-solid extrusion,
with the current status of these technologies for soft materials in biological, food and

pharmaceutical applications.

Result: The advantages of 3DP, particularly in the pharmaceutical field, are highlighted
and an insight is provided about the current studies for lipid-based drug delivery
systems evaluating the potential of 3DP to fabricate innovative products. Additionally,
the challenges of the 3DP technologies associated with technical processing, regulatory

and material issues of lipids are discussed in detail.

Conclusion: The future utility of 3DP for printing soft materials, particularly for lipid-
based drug delivery systems, offers great advantages and the technology will potentially
support to address patient compliance and drug effectiveness via a personalised

medicine approach.

Keywords: Additive manufacturing, 3D printed drug products, Printing

pharmaceuticals, Soft materials, Lipid-based drug delivery systems, Personalised

medicines



Introduction

Three-dimensional printing (3DP), also known as additive layer manufacturing, is a
rapid prototyping technique which enables the production of a physical object from a
computer-aided digital file (1). The first commercial 3DP technique was introduced in
the mid-1980s. In 1986, the 3DP apparatus, known as stereolithography (SLA), was
developed and patented for printing objects and the 3DP file format termed .STL (which
can be obtained by computer-aided design (CAD) software) was developed by Charles
W. Hull (2). Subsequently, selective laser sintering (SLS) and fused deposition
modeling (FDM) were developed by Carl Deckard in the mid-1980s and Sachs et al. in
1990, respectively (3, 4). Over the past few decades, several 3DP technologies have
evolved and been utilised in numerous fields either to advance the functionality of the

existing system or as a new manufacturing process (5, 6).

In 3DP, a 3D object is produced by combining or depositing layers of material on a
substrate. A 3D pattern of the object is digitally designed using a CAD program and
transformed into a .STL file. The .STL file is the most commonly used file format for
3D printing and contains the raw information about the surface geometry of a 3D object.
The 3D printer software converts the .STL file into G-code file (or other file extensions
depending on the printer) where the raw information of the .STL divides into a series
of layers of specific thickness. The process enables a 3D printer to print an object in
three-dimensions in a layer-by-layer manner (7). Firstly, for most of the 3DP
technologies, the base of the object is printed by depositing the first layer of materials
on the build plate in X-Y planes, either by moving the nozzle or less commonly the
build plate. Then, the build platform moves downwards along with Z-axis and the
subsequent layer is deposited on the first layer. The process follows the computer
drafting instructions and repeated until a 3D object is produced (5, 8, 9). 3DP
technologies can be used with a wide range of materials such as metals, powders, pastes,
solids, liquids, ceramics, polymers, plastics, as well as living tissues and it is relatively
easy to produce geometrically intricate shapes and structures as the method provides
unprecedented flexibility over designs and shapes (10-12). These 3DP technologies
acquired substantial interest across numerous fields over the few years and have been

employed in various disciplines including the steel and metal industry (13, 14), medical



applications (15-18), dentistry (19), tissue engineering (20-22), food industry (23-25),

and more recently, in the pharmaceutical field (5, 10, 26).

In the pharmaceutical arena, 3DP offers the advantages of high production rates, greater
control over the accuracy and precision of the deposition of active ingredients (which
enables to accurately deposit small amount of potent drugs), ability to generate complex
shapes and structures, reduction in waste material (which can potentially reduce the
production cost), applicability to broad types of materials including poorly water-
soluble drugs, proteins, peptides as well as narrow therapeutic index drugs and the
capability to fabricate the dosage form with varying compositions to tune certain
characteristics (5, 10, 26-28). Henceforth, the technology has been employed to develop
drug delivery devices (29-31), controlled release dosage forms (32), orally
disintegrating dosage forms (33), solid dosage forms in various geometrical shapes (34,
35) and formulations containing combinations of multiple active ingredients with well-
defined drug release profiles (28, 36). This versatility can potentially cause a paradigm
shift in the manufacture of pharmaceuticals. It is anticipated that 3DP will provide a
novel approach for the development and fabrication of pharmaceutical formulations
with unique and customised characteristics which will potentially enable the
manufacture of personalised medicines with individualised dose strengths (5, 10, 37-
39). The use of 3DP in the pharmaceutical field crossed an important milestone in 2015
when the US Food and Drug Administration (FDA) approved the first 3D-printed tablet,

Spritam® (levetiracetam), for epilepsy treatment (40).

Despite the great potential of the technique in the pharmaceutical field, one area that
remains unexplored by 3DP is lipid-based drug delivery systems (LBDDS). Lipids,
which are generally comprise of fatty acids and fatty alcohols are water-insoluble
molecules with high solubility in non-polar organic solvents (i.e. chloroform), are either
highly viscous liquid or soft semi-solid/solid material (with low melting temperature)
at ambient temperature. In pharmaceutics, LBDDS are widely used as a promising
strategy to enhance the drug absorption and bioavailability of many poorly water-
soluble lipophilic drugs (41, 42). Here, we aim to review the 3DP technologies that
have been used with soft materials beyond polymers which could potentially be utilised
for LBDDS. In the context of this paper, we considered as soft materials the products
that are deformed or structurally altered by means of applying mechanical stress or

thermal fluctuations at ambient temperature, and more generally soft matter. This is
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intended to be in contrast to ceramics, metals and other classically ‘hard’ materials.
These types of soft materials such as lipids, gels, colloids, biological materials (i.e.
collagen, gelatine), food materials (chocolate, liquid dough, jams and gels) are more
common in biological applications, food industry and pharmaceutical applications. This
review article starts with an introduction of 3DP technologies with a brief description
of the process of the most commonly used 3DP technologies. The focus of the review
is to expand the potential opportunities for LBDDS in pharmaceutical applications.
Therefore, the following section summarise the recent advances and research studies
regarding soft materials using 3DP technologies in biological applications and in the
food industry and provides a greater insight into its pharmaceutical applications. Lastly,
the final section outlines the most recently reported literature studies using 3DP
technologies for LBDDS and highlights the potential future opportunities for lipid-

based systems.

3D Printing Technologies

3DP is an emerging technology with an enormous potential to make a significant impact
on manufacturing by offering simple and rapid means of product fabrication. A greater
emphasis on the adapted 3DP technologies for soft materials is necessary to better
understand the current applications and potential opportunities for soft materials such
as LBDDS. Herein, we summarised the most commonly utilised and researched 3DP
technologies such as material jetting (MJ), binder jetting (BJ), selective laser sintering
(SLS), fused deposition modeling (FDM), VAT photopolymerisation (including
stereolithography (SLA) and semi-solid extrusion (SSE) printing with a special focus
on their application for soft materials (Figure 1). The primary difference between the
different 3DP technologies is based on the process of how individual layers of material
are formed and assembled to generate the finished product (43). The main benefits and
drawbacks associated with each technology are summarised in Table 1 and the current

published literature studies in the pharmaceutical field are summarised in Table 2.



"t WY

Material Jetting Binder Jetting PowderBed VAT Polymerisation Material Direct Energy Sheet Lamination

Fusion Extrusion Deposition
SSE

Figure 1: Graphical representation of the different 3DP technologies. DOD: Drop-on-demand; MJ: Material jetting; NPJ: Nanoparticle jetting; BJ: Binder jetting; SLS: Selective laser sintering;

DMLS/SLM: Direct metal laser sintering/selective laser melting; MJF: Material jet fusion; EBM: Electron beam melting; SLA: Stereolithography; DLP: Direct light processing; CDLP:

Continuous digital light processing; FDM: Fused deposition modeling; SSE: Semi-solid extrusion; LENS: Laser engineering net shape; EBAM: Electron beam additive manufacturing; LOM:
Laminated object manufacturing; UAM: Ultrasonic additive manufacturing. Figure adapted with permission from reference (26).




Table 1. List of benefits and drawbacks or limitations of frequently used 3DP technologies.

3DP technology Benefits Drawbacks or limitations References
Material jetting — High spatial resolution can  Requires drying step (44, 45)
Inkjet printing be attained by depositing Long printing times

very small volume
Binder jetting Applicable to a broad Requires drying after printing (29, 30, 46-

range of materials Requires a specialised powder 48)

Room temperature process facility

Able to produce a highly Sometimes the fast disintegrating

porous matrix tablets suffer from high friability

and low hardness

Powder bed fusion — A single object can be Limited sintering speed (49-52)
Selective laser produced with variable High energy may degrade
sintering (SLS) porosities and materials

microstructures Requires finishing after printing

Porosity and

microstructures are greatly

controllable and

reproducible
VAT High resolution and Requires curing after printing (53, 54)

photopolymerisation
- stereolithography
(SLA)

accuracy (superior to all
other 3DP technologies)
Able to produce

submicron-sized objects

and micron-sized layers

A limited number of resins are
available

Residual analysis would be
necessary for pharmaceutical
applications

Long printing time if high

resolution is selected




Material extrusion —
Fused deposition
modeling (FDM)

Widely available
Low-cost units

Provide high uniformity
Does not requires post-
printing solidification
Mechanically resistant
product with negligible
friability

Requires production of filaments
in advance

High-temperature process may
degrade active compounds
Low-resolution control depending

on the nozzle size

(35, 55-58)

Material extrusion -

Semi-solid extrusion

Possible to have high drug
loading

Able to produce multi-
release profiles in a single
tablet

Low-resolution control depending
on the nozzle size

Requires drying or solidification
after printing

Tablet properties might be

(28, 32, 36)

compromised- low hardness and
high friability
Challenging to control material

flow-rate through the nozzle

Material Jetting — Inkjet Printing

In the process of material jetting (MJ) a print head selectively deposits droplets of material on
the build plate (Figure 1). Drop-on-demand (DOD) inkjet printing is one of the types of MJ
technologies, and the two most common actuation types of DOD print heads are thermal or
piezoelectric. In the thermal print heads, a resistor produces heat which rapidly creates a vapour
bubble in the material reservoir. Subsequently, a small volume of material is ejected from the
nozzle in the form of the droplet. This process can potentially increase the local temperature of
the material reservoir near the resistor, however for a short period of time and over a small
contact area. This can potentially degrade thermo-labile active compounds. Thermal print
heads are only applicable to high vapour pressure or volatile solvents thus this type of print
heads are less common in pharmaceutical applications (37, 44). On the other hand,
piezoelectric print heads are embedded with piezoelectric elements (i.e. crystal or ceramic)
which generate a mechanical movement upon the application of an electrical current. This

deformation process produces the required pressure to push the liquid out of the nozzle in



droplet form (59). The process can be conducted using less volatile liquid at room temperature,

thus this type of print heads are more common in pharmaceutical applications (27, 60).

In pharmaceutics, inkjet printing has been used with solutions (37, 61-64), nanosuspensions
(65) and melts (66, 67) for 2D printing. For example, Buanz et al. demonstrated a robust
technology based on a thermal inkjet print head and developed personised-dose oral films of
salbutamol sulfate. The liquid droplets of salbutamol sulphate solution were ejected onto the
surface of the porous oral film made from potato starch (68). Subsequently, the technology
expanded to print a combination product containing paclitaxel in a cyclodextrin inclusion
complex and cidofovir encapsulated in polycaprolactone nanoparticle on bioadhesive film for
the treatment of cervical cancer and studied the prolonged release behaviour (69). However, a
limited number of studies have been conducted for soft materials and the literature examples

are provided in the relevant application section in Tables 3, 4 and 5.

Binder Jetting 3D Printing

In the binder jetting (BJ) 3DP technology (also referred as powder bed inkjet printing), thin
layers of powder are distributed layer-by-layer, either by a roller (powder layering system) or
by a powder jetting reservoir (powder jetting system), and the layers are fused together via the
drops of binder solution ejected from the printer heads (70-72). The first layer is printed on the
build platform then the piston lowers to the thickness of the following layer, and subsequent
layers are printed and fused together. The process is repeated several times until the pre-
determined 3D object is produced. Nevertheless, the process sometimes requires additional
drying steps to remove the residual moisture and to improve the physical and mechanical
integrity of the product. BJ 3DP permits control over micro- and macrostructure of the objects
enabling the production of complex and highly porous structures. However, sometimes it can
be challenging to achieve high-resolution objects as the highly porous structure can lead to an

increased friability and poor mechanical strength (71, 73).

The important parameters of BJ printing are the diameter of the nozzle, droplet spacing,
printing speed and the velocity and frequency of the droplets. The concentration of the binder
can significantly affect the mechanical strength of the product. For instance, Patirupanusara et
al. studied the effect of binder concentration (maltodextrin and polyvinyl alcohol (PVA)) on
the formability and the properties of fabricated polymethyl methacrylate and reported that at

least 10% w/w of the binder was required for a successful fabrication (74). Increasing binder



concentration resulted in lower porosity and reduced strength (74). Additionally, the droplet
size of the binder solution can also significantly affect the binder distribution and eventually

the porosity and strength.

BJ is well established in tissue engineering and pharmaceutics (29, 46, 48, 71, 75-77). A
pioneering example of this is Spiritam® (levetiracetam), the first 3D printed medicine approved
by the US FDA, where the Zipdose® technology was employed to develop a highly porous
tablet (40). The high porosity resulted in a rapid dispersion of the tablet upon contact with
liquids, even at high dose (40). This technology has been less explored for soft materials and
has limited applications into the food industry. The relevant literature examples for soft
materials are presented in Table 4.

Powder Bed Fusion - Selective Laser Sintering 3D Printing

Selective laser sintering (SLS) is the most common type of powder bed fusion. It is similar to
BJ 3DP except that it uses laser radiation to sinter (superficial melting) or fuse the powder
materials and form a 3D object, instead of a liquid binder to glue the layers (50). In SLS printing,
the first layer of the powder is uniformly distributed via a roller on the build plate. Thereafter,
the powder is heated up to the softening point (just below the melting point) by a source of
laser beam to fuse the powder particles together and form a layer following the cross-section
profiles from the controlling computer software. The subsequent layers follow the similar
process of adding, levelling and sintering at the desired locations until a 3D object is produced.
The unused materials provide a mechanical support during the printing and are removed via

post-processing.

SLS permits great control over internal microstructure and porosity in forming a porous single
object. However, the technology has limited sintering speed and sometimes the printed objects
show shrinkages or deformations due to thermal heating from laser irradiation (52). SLS is
applicable to a broad range of materials such as polymers, polyesters, ceramic powders, metals,
glass and presumably, it could be extended to high melting point lipids (78). SLS is well
established in tissue engineering and other non-medical manufacturing industries (79-82). The
high energy laser used in some 3D printers may potentially degrade the active compounds thus,
the technology had limited applications in the pharmaceutical arena. However, more recently,
the technology has been employed to prepare an immediate release and modified release tablets

of acetaminophen, and the feasibility of the method for the pharmaceutical field has been
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demonstrated (49). In case of soft materials, the technology has been utilised in the bioprinting
for tissue engineering and in the food industry. Hence, the literature examples of reported
studies for soft materials are provided at a later stage in the relevant sections (see Tables 3 and
4).

VAT Photopolymerisation

In VAT photopolymerisation, a vat with liquid photopolymer resin is used to construct the
layers. A 3D object is produced by curing a photosensitive resin in a process called
‘photopolymerisation’. VAT photopolymerisation includes different types of 3DP process such
as stereolithography (SLA), digital light projection (DLP), continuous liquid interface
production (CLIP) or two-photon photopolymerisation (83). Each technique produces the
object based on similar chemical reactions but they slightly differ in the initiation process and
source of light (84, 85).

In this technique, the print head focusses a laser beam or light into a vat of resin to a specific
depth. The laser causes localized photopolymerisation of the resin and forms a matrix of cross-
linked polymers. The process hardens the materials and forms a solid layer. The build platform
lowers into a vat of resin to the equivalent depth of the polymerised layer thickness where the
UV light cures the resin. The second polymerised layer is cured as the penetration of the UV
lights depth exceeds the thickness of the layer. The build platform continues to lower and the
subsequent layers are formed on top of the previous layers and a 3D object is generated in
layer-by-layer fashion (84). The formed object is further processed for the curing of the final

product, improving the mechanical strength and polish or removal of unattached material (84).

The important parameters of the SLA process are scanning speed, laser power, exposure time,
the selection of resin and the amount of polymer and photoinitiator (86). SLA offers a great
efficiency, versatility, high level of accuracy and resolution. An object can be produced at a
resolution down to 0.2 um, making SLA a superior technique compared to other 3DP
technologies (84). SLA has been extensively applied in tissue engineering (87, 88), tissue
scaffolding (89, 90), into the fabrication of implantable devices (91) and more recently in the
pharmaceutical field (92, 93). For pharmaceutical applications, the active compounds are
incorporated with resin and they get trapped into the matrix during cross-linking process. The
localised heating is minimal during printing thus SLA is suitable for thermo-labile active

compounds. Wang et al. developed modified release tablets of 4-aminosalicylic acid (4-ASA)
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and paracetamol (acetaminophen) using polyethylene glycol diacrylate (PEGDA) as a
monomer avoiding drug degradation that was observed for 4-ASA using FDM 3D printing (93).

The technology has limited applications in pharmaceutics due to the limited availability and
compatibility of photocrosslinkable polymers since only the FDA approved resin for human
use can be used for pharmaceutical applications. In general, low-molecular-weight polyacrylate
macromers are the most suitable and broadly used materials for photopolymerisation. However,
the major drawback of them is the potential residual monomers that can remain in the object
after the printing and the potential hazards associated with them, which can lead to regulatory
challenges and stability issues (94). Typically, VAT photopolymerisation printing processes
are time-consuming. However, the recent advancement of the methods led to the evolution of
continuous layer interface production technique (CLIP), the fastest 3DP technology to date,
which can be applied for different materials in order to produce diverse type of objects with
high pace and superior resolution (95). The use of SLA for soft materials printing is limited

and the reported literature examples are summarised in Tables 3 and 5.

Material Extrusion - Fused Deposition Modeling 3D Printing
Fused deposition modeling (FDM) is the most broadly used low-cost 3DP technique across

many fields. In FDM, thermoplastic polymers, in form of a filament, are extruded through the
printer head at a specific temperature at definite directions and the semi-molten material is
deposited on the build plate to form the layers (96-98). The FDM process can be divided into
three parts - (i) the extrusion of molten material, (ii) the deposition of material layers and (iii)
the solidification of the layers (generally the cooling of the printed layers). Briefly, the
thermoplastic polymeric filaments (printing materials) are fed through the nozzle tip of the
printer head where the filaments are melted just above the softening point via heating elements.
These semi-molten materials are extruded through the nozzle tip of the printer head on the build
plate and form a thin layer of material. Usually, the outer layer is printed first and then the
internal structures printed layer-by-layer with the degree of internal space filled with an

extruded polymer known as the ‘infill’.

FDM has been broadly used for commercially available pre-processed filaments (for easy and
rapid processing) with different types of polymeric materials such as polylactic acid (PLA),
polyvinyl alcohol (PVA), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane
(TPU) and high-impact polystyrene (HIPS) or aliphatic polyamides (nylon). FDM enables the
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production of complex objects with high accuracy and with different substances via using

multi-nozzle printing systems (35).

The versatile user control over the fabrication of the object by controlling printing parameters
enables FDM to produce hollow and porous objects with good mechanical strength (1, 86). For
instance, the technique has been employed to fabricate the pharmaceutical tablets with varying
infill density from 0 -100% in order to investigate the impact of infill density on the tablet
characteristics (35). The tablets with 0% infill density formed a complete hollow structure (with
high porosity) whereas 100% infill density tablets created a totally solid object (high
mechanical strength), indicating the pronounced effect of infill density on porosity and
mechanical strength on the final product (35). The materials should possess appropriate heat
transfer characteristics and rheological properties as these factors can significantly influence
the performance of the printing process in addition to other processing variables such as nozzle

diameter, pressure drop, feed rate and thermal properties of the feed (11).

In pharmaceutics, the drugs were initially loaded via incubation of filaments in drug-loaded
organic solutions (35). Usually, the incubation process is expensive and time-consuming as the
drug loading is achieved via passive diffusion thus, the process requires the use of highly
concentrated drug solution for a long time to incorporate a small mass of drug into the filaments.
Additionally, the drug-loading via incubation is not efficient and the process may be limited to
low-dose drugs. Thus, hot melt extrusion (HME) has been used as an alternative method to
obtain the drug-loaded filaments (34). In HME, the materials (i.e. polymer, drug and additives
such as plasticizer) are homogeneously mixed and extruded at elevated temperature to produce
the polymeric filaments (31, 99). This approach enhanced the potential of FDM to expand the
range of suitable polymers for FDM with the capability to achieve higher drug loading and to
design multi-active drug delivery systems (100). For example, Goyanes et al. produced
paracetamol-loaded polyvinyl alcohol (PVA) filaments with the use of a single-screw filament
extruder and printed solid dosage forms in five unique geometrical shapes: cube, pyramid,
cylinder, sphere and donut-like. The study reported dependency of the kinetics of the drug
release profiles on the surface area to volume ratio of the printed dosage forms (34). In another
study, Pietrzak et al. developed instantaneous and prolonged release theophylline caplets
primarily based on cellulose or methacrylic polymeric filaments with a yield of nearly 100%
drug loading, and demonstrated the use of plasticizer in order to modulate the melting

temperatures to restrict the thermal degradation of active ingredient and polymer (101).

13



Subsequently, the use of FDM expanded for the development of numerous types of
pharmaceutical dosage forms and the published literature studies are summarised in Table 2.

The high processing temperature during extrusion can degrade active pharmaceutical
compounds and/or excipients. However, the issue can be avoided by using novel polymers that
print at lower temperatures (55, 56) or including the drug inside the formulation without
incorporation into the filament (102-104). A way to avoid the incorporation of the drug in the
filament is to print the shell of the tablet using FDM and to include the drug in the middle in
liquid, powder or semi-solid form (Figure 2). The concept of printing formulations with drug-
free filaments using FDM printing with pharmaceutical grade polymers have been already
tested in vivo incorporating radiotracers and antituberculosis drugs combinations (103, 104).
As shown in Figure 2, the process can be completely automatic and it would be feasible to
modify the kinetics of drug release of the incorporated drugs in the core by selecting the

appropriate polymers for the shell of the formulations.

Computer controlled
FDM 3D printer head

Figure 2. Schematic illustration of the manufacture of a 3D printed liquid capsule. A dual head
3D printer was modified by replacing the right-hand nozzle with a syringe dispenser. The FDM
nozzle head was loaded with HME processed drug-free filament whilst drug solution or
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suspension is incorporated inside the formulations using a syringe dispenser. Figure adapted

with permission from reference (102).

Material Extrusion - Semi-Solid Extrusion 3D Printing

Other major type of 3DP technique that could be highly relevant to soft materials is extrusion-
based semi-solid extrusion (SSE) printing. In this process, the starting materials (usually semi-
solid mixture) are extruded via a syringe-based tool-head nozzle to create the 3D object (105).
The starting materials, more commonly gels or pastes, are prepared by means of mixing the
ideal ratio of substances with solvents in order to attain an optimum viscosity appropriate for
printing (32, 106). The chemical, physical and mechanical properties, such as rheological
properties, viscosity and miscibility of materials, can significantly impact on the processing
(i.e. excess material flow at low viscosity or insufficient material flow at high viscosity). The
printing parameters such as material flow rate, processing temperature and printing speed have
to be optimal and carefully controlled to achieve a decent finished product with good
mechanical properties. Generally, the printed product requires post-processing steps of drying

or cooling.

The main advantage of SSE compared to FDM is that the process does not require high
temperature thus it is suitable for thermo-labile active compounds. However, the physical state
of the starting material (gels or paste) may affect the drying process that can potentially lead to
the shrinkage or deformation of the product or the collapse of the object in the case of the
insufficient hardness. The resolution of this method is sometimes lower than FDM as the
process uses larger size orifices with a dimension of 0.5 — 0.8 mm, which can potentially affect
the reproducibility. The use of soft materials is more common in the food industry (24) and the
biological applications (bioprinting) thus the technique has been extensively implemented for
tissue engineering (107), tissue scaffolding (108). The current application of SSE printing in
the pharmaceutical field is limited. However, interesting formulations incorporating high drug
loading or multiple drugs have been manufactured for research purposes (28, 109) and the
published literature studies based on this technology for soft materials are described below in
the relevant sections (see Tables 3, 4 and 5).
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Table 2. Summary of literature examples of 3DP technologies utilized in the pharmaceutical field.

_ Type of dosage _
3DP technique Ingredients Summary References
form
MJ - Inkjet Microparticles Paclitaxel and PLGA Fabricated polymer-based microparticles in various (110)
printing geometrical shapes
Coated stent Fenofibrate and Zotarolimus Inkjet printing demonstrated high coating efficiency for (111)
stents with the potential to deposit low dose with high
precision
Solid dispersion Felodipine and PVP Developed solid dispersion felodipine formulation (64)
capable of controlling the drug release
Orthopedic implant  Rifampicin, PLGA and BCP Demonstrated the feasibility of a piezoelectric print head  (112)
to deposit microparticles of rifampicin onto the orthopedic
implant
BJ Tablets Chlorpheniramine maleate, fluorescein Developed delayed-release tablets with a varying polymer (71)
disodium salt, EuE, EuRL and PVP content
Microporous Vancomycin, ofloxacin, tetracycline, Fabricated microporous bioceramic implants comprising  (113)
bioceramic hydroxyapatite, MDCPD and DCPA antibiotics for the treatment of bone infections
implants
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Tablets Acetaminophen, HPMC, EuRS 100, Fabricated tablets with the complex inner structure to (46)
SA, EC and SLS achieve zero-order drug release characteristics
Orodispersible Levetiracetam, MCC, glycerine, Developed a rapidly disintegrating 3D printed dosage (75)
dosage forms Tween 80, MA, povidone, sucralose form containing a high drug dose in a porous matrix
and colloidal silicon dioxide
Extended-release Acetaminophen, EC and HPMC Developed multi-layer controlled release doughnut- 47)
tablet shaped drug-delivery device
Implants Levofloxacin, rifampicin and PLA Fabricated the drug-loaded implants with complicated (77)
structure to control the drug release. This may potentially
provide a new approach for the prophylaxis and therapy
for bone diseases
Implant containing  Rifampicin, isoniazid and PDLLA Developed dose form containing multi-active drugs to (30)
multiple drugs achieve the programmed release of drugs for the treatment
of tuberculosis
FDT Acetaminophen, methylene blue, PVP, Designed and fabricated FDTs with loose powders in their  (76)
MA and colloidal silica central regions
SLS IR & MR tablets Acetaminophen, KolR, EuL100-55 Demonstrated the capability of SLS to formulate (49)

and Candurin gold sheen (for

sintering)
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Shell core structure  PA and MB Fabricated polymeric drug delivery devices utilizing SLS ~ (114)
Cubic porous Nylon powder and MB Developed porous cylindrical disc of polymeric matrices  (52)
structure and studied the influence of temperature on porosity and
on dense wall
Tablets with Acetaminophen, EuL100-55, HPMC PAT used to quantify the drug content in the printed (115)
different drug and Candurin gold sheen (for tablets
loading and shapes  sintering)
oDT Acetaminophen, HPMC E5, KoVA 64 Demonstrated the SLS feasibility for pharmaceutical (33)
and Candurin gold sheen (for applications and developed ODT with accelerated drug
sintering) release
Lattice structures Acetaminophen, PEO, EuL100-55, Modulated the drug release profiles by developing the (116)
EuRL and EC gyroid lattice structures
SLA Anti-acne patch Salicylic acid, PEG and PEGDA Developed salicylic acid patches for the treatment of acne  (92)
Tablets 4-aminosalicylic acid, acetaminophen, Fabricated drug-loaded tablets to achieve tailor drug (93)

PEGDA, diphenyl(2,4,6-trimethyl
benzoyl)phosphine oxide and PEG
300

release profiles
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FDM

Capsular device for
oral pulsative

release

Tablets

Tablets

Tablets loaded with

nanocapsules

Tablets

Tablets

Tablets

An intrauterine
system and

subcutaneous rods

HPC and PEG

HPC

Acetaminophen and PVA

Deflazacort nanocapsules, PCL and
EuRL 100

Theophylline, EURL, EuRS, EUE and
HPC

Prednisolone and PVA

5-aminosalicylic acid, captopril,
theophylline, prednisolone, EUEPO,
TCP and processed lactose

Indomethacin and EVA copolymers
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Produced HPC filaments using HME and fabricated
hollow structures using FDM

Patient acceptability of 3D printed formulations
depending on size, shape and colour

Fabricated drug-loaded tablets into geometrical shapes

Developed multi-functional solid dosage form containing
drug-loaded nanocapsules, by coupling FDM and

nanotechnology, for customized drug delivery.

Developed flexible-dose tablets with immediate and/or

extended release profiles
Fabricated extended-release tablet and controlled its dose

Developed IR tablets using non-melting filler possessing

the excellent mechanical strength

Demonstrated the feasibility of EVA polymer grades for
FDM and fabricated T-shaped intrauterine systems and
subcutaneous rods using most appropriate grades of EVA

(117)

(118)

(34)

(119)

(101)

(120)

(121)

(122)



Tablets printed in Budesonide and PVA Developed capsule-shaped tablets using FDM and coated  (123)
capsule shapes using the fluid bed, and compared the release kinetics

with commercially available budesonide products

Tablets Ramipril, KoVA 64 and Kol12 PF Low-temperature printing for thermo-labile Ramipril (55)

Abbreviations: MJ (material jetting), BJ (binder jetting), SLS (selective laser sintering), SLA (stereolithography), FDM (fused deposition modeling) PLGA (poly lactic-co-
glycolic acid)), PVP (polyvinylpyrrolidone), PAT (Process analytical technology), BCP (biphasic calcium phosphate), EUE (Eudragit® E), EuRL (Eudragit® RL), MDCPD
(microporous dicalcium phosphate dehydrate), DCPA (dicalcium phosphate anhydrous), hydroxypropyl methylcellulose (HPMC), EuRS-100 (Eudragit® RS 100), SA (stearic
acid), EC (ethyl cellulose), SLS (sodium lauryl sulfate), MCC (microcrystalline cellulose), PLA (polylactic acid), PDLLA (Poly-DL-lactic acid), MA (mannitol), FDT (fast
disintegrating tablet), IR (immediate release), MR (modified release), KoIR (Kollicoat® IR), EuL 100-55 (Eudragit® L100-55), PA (polyamide), MB (methylene blue), KoVA
64 (Kollidon® VA 64), ODT (orally disintegrating tablet), PEO (polyethylene oxide), PEG (polyethylene glycol), PEGDA (polyethylene glycol diacrylate), HPC (hydroxypropyl
cellulose), PCL (polycaprolactone), EUEPO (Eudragit® EPO), TCP (tribasic calcium phosphate), EVA (ethylene vinyl acetate), Ko12 PF (Kollidon® 12PF), HME (hot melt

extrusion)
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Current 3DP Applications for Soft Materials

Materials such as liquids, lubricants, foams, adhesives, gels, paints, food additives (such as
chocolate, cheese and jams), liquid crystals, lipids, colloids and biological materials (such as
collagen and gelatine) are soft materials that show a large degree of internal freedom with weak
internal interactions between molecules. These types of materials are more commonly used in
the biological applications, food industry and pharmaceutical field. Thus, this section briefly
outlines the most recently used 3DP technologies for soft materials in the biological application
and food industry with greater emphasis into pharmaceutical applications. As mentioned earlier,
the focus of the manuscript is on drug delivery thus the biological and food industry section
are described superficially. However, the interested reader can retrieve detailed information by

referring references (24, 25, 124).

Current 3D Bioprinting Applications for Soft Materials

3DP is a broadly used tool in tissue engineering with the aim to develop new tissues and organs
in order to regenerate, restore or replace the functionally of defective or injured organs (125,
126). To achieve this aim, the biological scaffolds are produced from natural or synthetic
polymers in tissue engineering. However, these biological scaffolds must have a highly porous
3D structure in order to achieve the biological functionality and to use as a tissue or organ (127).
3D bioprinting has the capability to meet this unique requirement by producing highly porous
3D structures with the biological functions such as cell affinity, migration, attachment and
differentiation (108, 128). Thus, 3D bioprinting has been employed to produce 3D porous
structures with controlled cell pattern in order to retain the cell functionality and viability.
Briefly, in 3D bioprinting, tissue-like structures are generated by means of the layer-by-layer
deposition of biomaterials recognised as bioinks and a 3D highly porous structure containing
living tissue and biomaterials are generated in the desired shape. The bioinks (a mixture of
cells, matrix and nutrients) are printed from the printer cartridge and placed in an incubator
where this cell-based matrix matures into a tissue. The technique is highly dependent on the

precise deposition of biomaterial layers and living tissues.

3D bioprinting offers the advantages of rapid-fabrication, high-precision and customised
manufacturing of biocompatible scaffolds (129, 130). The recent advancement in the
technology enabled the accurate control of the distribution of the pore size, pore volume and

interconnectivity of the pores to form a biocompatible scaffold (108, 128). Among other 3DP
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technologies, three most commonly researched 3D bioprinting techniques for soft materials are
MJ-inkjet printing (131), SLS (132) and SLA (133). Some literature examples of 3D
bioprinting applications using soft materials are summerised in Table 3.

Table 3. Literature examples of 3D bioprinting performed using soft materials for biological

applications.
3DP technique Biomaterials Summary References
MJ - Inkjet PEG, collagen and Demonstrated the feasibility of inkjet printing  (134)
PDL mixture to create neuron adhesive patterns
Gelatine and MTG Developed printable gelatine with (135)
encapsulated cell and use as bioink
Fibrin gels Fabricated 3D scaffolds structures (136)
Decellularised adipose Prepared a precisely defined dome-shaped (137)
tissue bioink adipose tissue structures using decellularised
adipose tissue matrix bioink that has viability
over 2 weeks
SLS PCL and HC Developed novel protocol to produce micro-  (138)
sphere based bone scaffolds with multi-scaled
porosity and good biocompatibility
PCL and gelatine or Fabricated scaffolds with gelatine or collagen  (139)
collagen and studied the mechanical and biological
properties
PCL and HC Fabricated tissue engineering scaffolds (140)
SLA Photopolymerisable Developed hydrogel scaffolds within the open (141)
PEG-based hydrogel  channels of scaffolds 3D structures
scaffolds
Photo-polymerisable  Fabricated the complex inner structures of (142)
PEGDA cell encapsulating hydrogels
PCL oligomers, Developed designed porous 3D scaffolds (143)

biodegradable resins,
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Irgacure 369
photoinitiator and dye

PDLLA-PEG- Prepared porous biodegradable hydrogel (144)
PDLLA-based structures with well-defined internal
macromer, visible structures and good mechanical properties

light photo-initiator,
and dye

Abbreviations: MJ (material jetting), SLS (selective laser sintering), SLA (stereolithography), PEG
(Polyethylene glycol), PDL (poly-D-lysine), MTG (microbial transglutaminase), PCL (Polycaprolactone), HC
(hydroxyapatite composite), PEGDA (polyethylene glycol diacrylate), PDLLA (poly-DL-lactic acid))

Despite the advantages, the technology has only been implemented into some laboratories and
wider adoption of the technology can potentially develop new models. 3D bioprinting still has
many challenges to overcome, such as the selection of appropriate biomaterials, development
of bacteria free-environment during printing, blood supply and moulding and prolonged
survival of the printed structures. The most important resources of bioprinting are bioinks and
printable biomaterials. Currently, the range of biocompatible materials is very small and the
catalogue of the bioinks is restrained to collagen, fibrin, thermoplastics, gelatine, fibrin,
ceramics and mild curable composites. Therefore, there is a need to develop new printable
biomaterials with the properties of biocompatibility, easy manufacturing process and sufficient
mechanical strengths to form cell supports and to secure 3D structures (20). The application of
bioprinting is not limited to produce scaffold structures but the technology also has been
extended to medical applications to produce bone implants that can accurately match with the
body parts (145). It is forecasted that in the future, it may be possible to manufacture a whole

human organ and transplant it into the human body.

Current 3DP Applications for Soft Materials in the Food Industry

In recent times, awareness about food ingredient metabolism and consciousness about healthy
food has prompted public interest on the concept of personalised nutrition food which is
customised to individual requirements (25, 124). The current food production process is unable
to meet this unique requirement as the production of customised food can be complex, slow,

and expensive and require handmade skills.
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In food 3D printing, premixed food ingredients are deposited into layers where the food
products can be designed and fabricated via controlling the amount of printing material and
nutrition content to meet the individual needs. 3DP has the capability provide a platform to
meet the unique requirement of customised food production while offering creativity,
sustainability and customisation (24). 3DP permits the control over design and fabrication of
food with customised colour, shape, flavour, texture, characteristics and optimisation of
nutrition content which can potentially provide a new kind of food with high dietary values (25,
124). 3DP can potentially serve as a new way of cooking that can bring the food production

process to the digital stage.

In the food industry, 3DP has been utilised for three primary reasons — (i) to design the layout
of food with unique textures (ii) to enhance the appearance of the food by designing the food
in complex structures by way of controlling the construction of structures at micro- and macro
levels and (iii) to develop new nutrient-dense food materials (25). Thus far, the technologies
have been researched to meet the unique requirement of distinctive consumer categories such
as children, elderly, athletes and expectant mother via varying the food component levels such
as protein and fat (24, 146). For example, the 3D printed smooth foods have been prepared for
an elderly populations who suffer from difficulty in chewing and swallowing (147, 148). More
recently, the 3D printing company (BeexHex, USA) developed a 3D printer for the NASA
(National Aeronautics and Space Administration) astronauts to produce food while they are on
missions (149). This would enable astronauts to avoid the drudgery of pre-processed food and
permit them to eat high nutritional value interesting food every day. Similarly, 3D food printing
was also proposed to be used in isolated areas or during natural disasters, since the technology
can be used to meet specific food requirements.

Different 3DP technologies have been applied to process the additives, flavours and vitamins
to advance food properties with tailor-made chemical, structural characteristics and extended
shelf-life which can satisfy the unique need of individuals. It is anticipated that 3DP will change
the manufacturing process of certain types of foods such as chocolates, cookies, cakes and ice
creams. To date, inkjet, BJ, SLS and SSE have been applied for food-related applications and
several reported literature studies for printing food using soft materials are provided in Table
4,
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Table 4. Summary of literature studies carried out for soft materials in the food industry using

3DP technologies.

3DP technique Ingredients Summary References
MJ - Inkjet Chocolate, solid desserts,  Developed FoodJet printing technology for (150)
liquid dough, jams, gels, the disposition of liquid food layers on top
cheese, sugar icing and of solid food substrate
meat paste
BJ Chocolate Printed chocolate on basis of the chemical (151, 152)
reaction providing adhesive forces between
powder and binder
Sugars and flavour binders  Fabricated the sculptural cakes for a (153)
wedding or other special occasions
SLS Sugar and Nesquik Developed a multi-layer food matrix. Each (154, 155)
layer contained different food materials
SSE Cake frosting and Printed cake frosting and processed cheese  (156)
processed cheese at room temperature
Turkey, scallop and celery  Demonstrated the feasibility of semi-solid  (23)
extrusion process for food printing with
complex internal structures
Pasta recipe (Durum wheat Prepared 3D printed pasta (157)
semolina with water and
without additives)
Chocolate and confection  Printed chocolates at a working (158)
temperature between 28°C and 40°C
Xanthan and gelatine Printed food materials containing protein,  (159)

starch etc. in different texture and flavours

Abbreviations: MJ (material jetting), BJ (binder jetting), SLS (selective laser sintering), SSE (semi-solid

extrusion)

The printing of food is far more complex and challenging process than it may appear.

Numerous parameters such as mechanical force, the layout of digital recipes and processing

pressures need to be optimised. The process of optimisation is challenging and the process

requires the evaluation of the customised needs to meet the individual requirements. For
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instance, in semi-solid extrusion, the diameter and size of the nozzle can significantly affect
the deposition rate and resolution. Sometimes, dense oil material can block the printer nozzle
which may lead to the short fall of printing material in forming the desired shape. Other
important parameters of the process include the line distance, the size and diameter of the
nozzle, quantity of layers, the thickness of layers and shapes, laser power, printing temperature
and cooling temperature (25). And more importantly, the properties of the materials need to

satisfy the requirements for printability.

In the clinical practice, it is a common approach to administer medicines with food in order to
facilitate swallowing and/or to enhance the absorption and oral bioavailability of the poorly
water-soluble drugs (160). Considering the progression of 3DP technology, it is easily
envisaged that 3D printing of food may be utilized as a novel tool to delivery drugs by
incorporating active compounds during the food printing process. It is anticipated that this
approach will open new avenues in near future for bespoke food-based pharmaceutical drug

delivery systems.

Current 3DP Pharmaceutical Applications for Soft Materials

In pharmaceutics, the dosage forms are prepared to administer the active pharmaceutical
compounds with the aim to deliver them to the biological sites of action in order to achieve a
therapeutic effect. The inter-individual differences in patients (e.g. race, gender, age, weight,
disease condition and pharmacokinetic characteristics) lead to variability in the therapeutic
effects. Henceforth, in recent times, the approach of personalised medicines, unique for the
patient, is in considerable demand and is rapidly growing with an increased emphasis on the
patient-specific dosage form. In personalised medicines, the drug dose and dose combinations
are tailored to meet the patient’s individual need. Despite the fact that traditional manufacturing
techniques are cost-efficient and allow large-scale production, they can be labour intensive,
and time-consuming. Conventional manufacturing do not provide the appropriate flexibility
particularly in the dose variations or dose combinations required for personalised medicine and
they are not suitable to produce complex geometries to meet the therapeutic requirement of the
individual, hence, limiting their use in the manufacture of ‘personalised medications’ (5, 32,
64).

3DP shows the potential to meet these needs, and revolutionise the manufacturing of medicines
by providing simple and rapid means of a fabrication customised dosage form (10). The
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technology offers the benefits of the production of small batches (even only one tablet) with
tailored dosages, sizes, shapes and release characteristics. The process also offers novel
approaches and tactics for the development of novel drug delivery units and thereby it is turning
into a very popular technique in the pharmaceutical field (10-12, 26, 29, 30, 37). Over the past
few years, 3DP received an increasing interest within the pharmaceutical industry and the
technology has been employed to develop various kinds of unique pharmaceutical dosage
forms such as tablets, implants, microchips, circular discs and hydrogels, with special
characteristics (i.e. complicated inner structures, complex geometries, surface texture
controlled release profiles) (28, 34, 48, 53, 71, 100, 161-165). This is changing the perception
of how medicines will be designed, manufactured and used. The most commonly used 3DP
technologies in the pharmaceutical field are inkjet, BJ, SLS, SLA, FDM and SSE printing. The
comprehensive review about the literature examples of the developed different type of
formulations using 3DP technologies are summarised in Table 2.. Since most of the evaluated
formulations are polymer-based systems, our purpose here is to provide an insight of 3DP
technologies for pharmaceutical applications for soft materials, thus, the reported literature
examples associated with soft materials are provided in Table 5.

Table 5. Summary of literature examples carried out using soft materials in pharmaceutical

applications using 3DP technologies.

3DP technique Ingredients Summary References
MJ - Inkjet Fenofibrate with Fabricated honeycomb architectures in (45)
beeswax intricate and flexible shapes for controlled

drug-loading and drug-release

characteristics

Naproxen, PEG 3350  Printed melt-based dosage forms onto (67)
and PIF38 edible HPMC polymeric films

SLA Ibuprofen, PEG, and Fabricated drug-loaded hydrogels from (53)
riboflavin cross-linkable resins

SSE Captopril, nifedipine  Developed multi-active ingredient tablets  (28)
and glipizide with with well-defined SR profiles for
HPMC nifedipine and glipizide and an osmotic

pump for captopril
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Hydrochlorothiazide,
aspirin, atenolol,
pravastatin sodium,
ramipril, cellulose
acetate, D-mannitol
and PEG 6000
Guaifenesin, HPMC,
PAA, and MCC

Dexamethasone-21-
phosphate disodium,
PLGA and PVA

Metformin
hydrochloride,
glyburide, acarbose,
PIF 127 and red dye
Paracetamol, PVP
K25, sodium
phosphate

monobasic and dibasic

and NaCCS

Dipyridamole, HPMC
K4M, HPMC E15 and

MCC PH 101

Developed multi-active ingredient tablets
with the functionally of more than one
release profile (IR sections of aspirin and
hydrochlorothiazide and SR compartments

of pravastatin, atenolol and ramipril)

Developed bilayer tablet with SR and IR
profiles, and compared the release profiles
with commercial tablet

Encapsulated active-component between
printed polymer layers to develop CR drug
delivery systems for the treatment of
chronic inflammatory disorders
Fabricated the polypill for type Il diabetes
and studied the relationship between
programmed profiles and resultant
temporal profile

Developed IR paracetamol tablets with
high drug loading, suitable for

personalized medicine

Fabricated gastro-floating tablets to
prolong the gastric residence time to

improve the drug release

(36)

(32)

(106)

(166)

(109)

(167)
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Abbreviations: MJ (material jetting), SLA (stereolithography), SSE (semi-solid extrusion) PEG (Polyethylene
glycol), HPMC (hydroxy propyl methyl cellulose), PIF38 (Pluronic® F38), PEGDA (polyethylene glycol
diacrylate), SR (sustained release), IR (immediate release), PAA (polyacrylic acid), MCC (microcrystalline
cellulose), PLGA (poly lactic-co-glycolic acid), PVA (polyvinyl alcohol), CR (controlled release), PiF 127
(Pluronic® F 127), NaCCS (croscarmellose sodium)

3DP offers many benefits including streamlining the production process and the possibility to
create personalised medicines. The major therapeutic and technical benefits of 3DP in the

pharmaceutical field are related to personalised medicines (10, 12, 26). The ability to produce



small batches of individualised dosage forms directly at the point of care where not only the
dose is regarded in the design of the customised medicines but also the patient’s individual
characteristics, needs and preferences (36, 72). This is not attainable with the use of
conventional manufacturing methods due to mass manufacturing of dosage forms designed for

desirable effect on the majority of the population. The advantages of 3DP include:

e Dose flexibility: Flexibility in the formation of the dosage form with varying dose
where the dose can be controlled effortlessly and rapidly with the aid of adjusting
dimensions or infill density of the dosage forms (100).

e Reduce labour and capital investment: A platform that can potentially partially replace
conventional manufacturing methods like tableting and reducing labour and capital
investment in processes like compounding pharmacy.

e Unique characteristics: Capability to produce a large array of dosage forms with unique
characteristics (shape, colour, size, flavour) by controlling the accurate deposition of
materials (118).

e Pediatric and geriatric formulations: Ability to produce more acceptable dosage forms
containing specific doses for pediatric or geriatric populations which can considerably
enhance therapy efficacy and clinical adherence while reducing the hazard of
unfavourable effects.

e Dosage forms with complex dosage regimes: Production of complex dosage forms
incorporating different sections or drug release regimes. It permits to create dosage
forms with the exact amount of drugs with easy administration process and low risk of
dose deviation, providing an effective treatment (165, 168, 169).

e Drug combinations: Production of a single dosage form containing multi-active
ingredients by accurately controlling the spatial distribution of materials resulting in the
improvement of patient adherence (28, 36, 165).

Lipids and Potential Opportunities for Lipid-based Drug Delivery
Systems

Lipids are based on fatty acids and fatty alcohols, and derivatives thereof, and are broadly used
as carriers to deliver poorly water-soluble lipophilic drugs. Many active pharmaceutical
compounds possess low water solubility and high membrane permeability (classified as Class

Il compounds in Biopharmaceutical Classification System) (170, 171). These lipophilic
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compounds often suffer from low absorption due to low solubility and/or limited dissolution
rate in the gastrointestinal (Gl) tract. It has been reported that lipid species can potentially
provide a beneficial effect on the absorption and bioavailability of these lipophilic compounds
(42, 172). Briefly, the lipids can potentially enhance the absorption of these poorly water-
soluble lipophilic compounds by presenting the drugs in the solubilised state in the GI tract
thereby overcoming the drug dissolution step, delaying the gastric emptying, promoting
lymphatic transport and attenuating the protein efflux activity at the surface of the enterocytes,
leading to enhancement in the oral bioavailability (42). Additionally, the digestion of lipids
leads to the formation of free fatty acids and monoglycerides which can interact with the
endogenous amphiphilic components (such as bile salts, phospholipid and cholesterol) and
form liquid crystalline colloidal phases. The lipophilic drugs can reside into these formed liquid
crystalline phases resulting into further enhancement in drug solubilisation and drug absorption
(42, 173). As a result, over the past two decades, lipid-based drug delivery systems (LBDDS)
have received an increased interest and it is a well-known approach to co-administer the
lipophilic drug with natural or synthetic lipids in order to improve the absorption and oral
bioavailability of poorly water-soluble lipophilic drugs. Lipid-based drug delivery systems
comprise a broad range of formulations from simple oil solutions to complex combinations of
oils, surfactants, co-surfactants and sometimes co-solvents in addition to active compounds.
Pouton classified LBDDS into four different classes based on their compositions and likely
behavior on dispersion and digestion (174, 175). Briefly, type | formulations are simple oil
solutions (i.e. mono, di or triglycerides), type Il formulations are mixture of oils and water-
insoluble surfactants (referred as self-emulsifying drug delivery system (SEDDS)), type Il are
mixture of oils, water soluble or water insoluble surfactants and co-solvents (referred as self-
microemulsifying (SMEDDS)/nanoemulsifying drug delivery systems (SNEDDS)) and type
IV formulations are mixture of water-soluble surfactants and co-solvents without oils (174,
175).

To date, the applications of 3DP in the pharmaceutical field have been mainly focussed on
polymer-based systems and very less is known for the LBDDS. Lipids are low-temperature
melting soft materials and the use of 3DP technologies to modify and to tune certain
characteristics of lipid-based systems can be promising. However, lipid offers the benefits of
processing at low-temperature thus they are highly beneficial for thermo-labile compounds.
Due to the low processing temperature, the drugs can retain their crystalline or amorphous form

which can be advantageous for some active compounds. Additionally, the lipids can enhance
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the solubility of lipophilic drugs during processing which can potentially offer the possibility

of manufacture high drug-loading formulations.

To the best of our knowledge, there are only three studies reported for LBDDS using 3DP
technologies. Firstly, Igten et al. proposed custom made dropwise additive manufacturing
technique for the development of amorphous self-emulsifying drug delivery system (SEDDS)
(176). The group developed custom-made DOD inkjet printing and used as a tool for a small-
scale manufacturing process to distribute the individualised dose of celecoxib. A melt-based
solid oral dosage form containing 90% w/w Gelucire® 44/14 and 10% w/w celecoxib was
prepared on hydroxypropyl methylcellulose (HPMC) film using custom-made DOD as shown
in Figure 3. The final dosage form exhibited spontaneous emulsification upon contact with
water. The amorphous form of model drug celecoxib into final dosage form resulted in an
enhanced dissolution behaviour. The team proposed a custom-made DOD as a viable technique
to tailor the regimen of the dosage form for individual patients. On the other hand, Kyobula et
al. validated the use of beeswax as a carrier to produce fenofibrate-loaded solid dosage forms
in bespoke geometries (honeycomb structures) with the usage of hot-melt inkjet printing (45).
The group demonstrated the feasibility of hot-melt inkjet printing in order to achieve desired
drug release profiles by implementing the geometrical capability in combination with

predictive computation techniques (45).
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Figure 3. Preparation of amorphous self-emulsifying drug delivery system (SEDDS) melt-
based formulation on hydroxypropyl methylcellulose (HPMC) films using a custom-made

DOD inkjet printing. Figure adapted with permission from reference (176).

More recently, Vithani et al. developed fenofibrate and cinnarizine-loaded solid self-
microemulsifying drug delivery system (SMEDDS) into various geometrical shapes without a
solid phase carrier using syringe-based extrusion 3DP and studied the effect of geometry on
performance. Solid SMEDDS with four geometrical shapes - cylinder, prism, cube and torus,
with different surface area and surface area to volume ratio were prepared (Figure 4). The result
of this study showed that the kinetic of dispersion was dependent on surface area to volume
ratio values and the kinetic of digestion was initially partially affected by the geometries. The
team proposed an alternative way of preparing solid SMEDDS formulations without the need
of a solid-phase carrier to circumvent the drawbacks of dose dilution, toxicity, dose uniformity
and tolerability associated with an additional solid-phase carrier. This was the first study where
3DP technology was applied to develop solid LBDDS (i.e. solid SMEDDS formulations)
without using a solvent or a solid-phase carrier (177) and it was anticipated to open new

avenues for the development of novel solid LBDDS prepared by 3DP technologies.
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Figure 4. 3D printed fenofibrate-loaded solid SMEDDS formulations in various geometrical
shapes prepared using semi-solid extrusion 3DP technology. Figure adapted with permission

from reference (177).

Above described three literature studies demonstrated the feasibility of 3DP technologies for
LBDDS and indicated 3DP as a promising platform with an immense capability to develop
modified or tailored characteristics LBDDS. These promising studies are anticipated to
promote the adoption of 3DP technologies for lipid-based systems which can potentially lead
to a whole new class of LBDDS. Inkjet and SSE 3DP process are seen as the most suitable
technologies for the lipid-based systems. 3DP can potentially make the manufacturing of solid
LBDDS as a single-step process by eliminating the solidification steps and the associated
drawbacks. However, the use of 3DP for lipids and LBDDS is still in its infancy and the area
is wide open for new approaches. The future directions for LBDDS encompass the
identification and characterisation of additional lipid materials amendable to 3DP process. Due
to its high degree of control and flexibility, 3DP may be appropriate to develop personalised
lipid-based medicines with customised dispersion and digestion kinetics and subsequently drug

solubilisation profiles for an optimal drug delivery.

Current Challenges

Despite the enormous potential, 3DP technology shows numerous technical issues and
regulatory hurdles to be overcome in order to achieve significant adoption in the
pharmaceutical field for LBDDS. This section highlights the current outstanding technical

challenges (including formulation and processing parameters), regulatory challenges and the
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material issues of lipid species that are needed to be overcome in order to develop the real

potential of 3DP in the pharmaceutics.

General challenges affecting all the 3D printed formulations include, the reproducibility,
especially for nozzle based 3DP technologies (i.e. binder jetting and semi-solid extrusion
based), as the printing process goes through multiple start-stop steps throughout printing of
single or multiple objects. Additionally, many 3DP technologies (i.e. inkjet, binder jetting and
semi-solid extrusion) require post-processing treatment which can obviate the apparent benefits
of 3DP technology in the first place. The appearance of the final product can impact on the
patient compliance as sometimes the deposition of the layers are imperfect and may be visible
(96). Sometimes the production of highly porous structures can lead to poor mechanical
resistance such as higher friability values. However, this can be improved by creating more
resistant shell structures in a core-shell tablet design (76). The optimisation of processing
parameters and the selection of materials are basic to ensure the quality of the printed products.
Additionally, many of the used materials in the printing process are non-pharmaceutical grade
substances and the current 3D printers for pharmaceuticals are not good manufacturing practice
(GMP) compliance thus, the process and products must be validated as safe for human

consumption.

Regarding LBDDS, two important challenges for printing are (i) finding the appropriate
pharmaceutical grade lipid or lipidic species that are feasible for printing and (ii) maintaining
the properties of the printed product. Lipids or lipidic substances are non-toxic biodegradable
species that are either in a liquid state at ambient temperature or solid materials having low-
melting temperatures. This physical state of lipid species suggests that substances are more
likely to be compatible for droplet-based or extrusion-based 3DP technologies. The physical
and chemical properties of lipids may make them less appropriated for printing, for instance,
the poor thermoplastic behaviour of lipid species may result in the poor or imperfect binding
of layers which may results in the poor physical property and mechanical strength of the printed
product. The high viscosity of the substances may further lead to poor resolution and less
controlled deposition of materials. Therefore, the use of lipids with low melt viscosity and high
binding capabilities may be most efficient in the printing process. Lastly, the availability of 3D
printing lipid materials, colours and surface finishes are limited in comparison to conventional
materials for printing (72). Despite the challenges, lipids offer distinct advantages of low-
printing temperature and the possibility of incorporating high-drug loading, so we forecast that

the existence of new lipid-based drug delivery systems is just a matter of time.
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The stability and shelf-life of LBDDS are important aspects of the printed formulations which
can significantly affect the performance of the printed formulations. The stability is
significantly affected by the physicochemical properties of the selected lipids and sometimes
by the process. In 3DP, similar to other melting-based methods, lipids are processed at below
or above the melting point of lipid species, thus, theoretically, the implementation of 3DP is
just a new technology with identical process conditions so it should not dramatically affect the
stability of the 3D printed products. It is important to highlight that the printing of LBDDS at
the point of care can potentially remove the stability issue out of the equation, as the freshly
printed products are extemporaneous formulations expected to be used by the patients within a

short period of time.

Indeed, the 3DP technology and its immense potential to revolutionise drug development and
manufacturing has caught the attention of regulatory bodies. However, it is challenging to meet
the traditional regulations for the introduction of 3D printed products. Thus, the FDA is
currently working on developing an understanding of 3DP process via its own research (178).
In May 2016, the FDA released a final guidance on Technical Considerations for Additive
Manufactured Devices for the regulation of 3D-printed medical devices for industry and FDA
staff, which was focussed on design, manufacturing and testing of the devices (179). Several
medical devices and implantable products have been granted clearance based on proving the
effect of 3D printed products in substantiality equivalent to the marketed device. It has been
proposed that similar kind of approach can be applied for pharmaceutical products by
approving the 3D printed drug products that show the bioequivalent to the approved product.
However, a specific guideline and a clear regulatory pathway are very much needed and a new
pathway and guidelines should likely to be developed by the FDA and other regulatory bodies

that also includes the pathway for an approval of personalised medicines.

Concluding Remarks

The evolution and implementation of the different 3DP technologies are rapidly happening in
many manufacturing areas. Regarding the use of soft materials, several types of 3DP
technologies have been employed in (i) bioprinting application to produce scaffolds to
regenerate, replace or restore the functionality of injured tissue or organs, (ii) the food field to
design the food products with better texture and high nutritional values and (iii) the

pharmaceutical area to prepare novel solid dosage forms. 3DP has enabled the preparation of
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complex dosage forms with accurate deposition of materials, with greater spatial control and
geometric flexibility. These features can enhance control, uniformity and the safety of low dose
and potent active compounds. Despite the substantial use of varied “soft” material for 3DP-
based pharmaceutical applications, the application of lipids or LBDDS remains almost
unexplored. The literature studies for soft materials in the biological application, food industry
and pharmaceutical field shows the great potential of 3DP for soft materials. The most current
application of 3DP in the preparation of drug-loaded solid SMEDDS without a solid-phase
carrier can boost the use of lipids for 3DP applications. This technology can provide a whole
new option for solid LBDDS and it can potentially resolve engineering problems associated
with the physicochemical properties of lipids. The commercialisation of 3DP printed novel
dosage forms is challenging, however, this innovative technology will make a significant
impact on the modern pharmaceutical industry where novel personalised solid dosage forms

are demanded.

Acknowledgments & Disclosures

This review was funded in part by the Australian Research Council under the Discovery
Projects scheme (grant DP160102906). Vincent Jannin is an employee of Gattefossé, France.
The author would like to thank Gattefossé, France, for supporting the Ph.D. study of
Kapilkumar Vithani.

References

1. Gross BC, Erkal JL, Lockwood SY, Chen C, Spence DM. Evaluation of 3D Printing
and Its Potential Impact on Biotechnology and the Chemical Sciences. Analytical
Chemistry. 2014;86(7):3240-3253.

2. Hull CW. Apparatus for production of three-dimensional objects by
stereolithography. In.: Google Patents; 1986.

3. Deckard CR. Method and apparatus for producing parts by selective sintering. In.:
Google Patents; 1989.

4. Sachs E. M. Haggerty JSC, M. J. Williams, P. A. Three dimensional printing
techniques. 1993(U.S. Patent 5,204,055).

5. Basit AW, Gaisford S. 3D Printing of Pharmaceuticals: Springer International
Publishing; 2018.

36



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kruth JP, Leu MC, Nakagawa T. Progress in Additive Manufacturing and Rapid
Prototyping. CIRP Annals. 1998;47(2):525-540.

Dolenc A, Makela 1. Slicing procedures for layered manufacturing techniques.
Computer-Aided Design. 1994;26(2):119-126.

Ursan ID, Chiu L, Pierce A. Three-dimensional drug printing: a structured review.
Journal of the American Pharmacists Association. 2013;53(2):136-144.

Lipson H. New world of 3-D printing offers" completely new ways of thinking":
Q&A with author, engineer, and 3-D printing expert Hod Lipson. IEEE pulse.
2013;4(6):12-14.

Trenfield SJ, Awad A, Goyanes A, Gaisford S, Basit AW. 3D Printing
Pharmaceuticals: Drug Development to Frontline Care. Trends in pharmacological
sciences. 2018;39(5):440-451.

Prasad LK, Smyth H. 3D Printing technologies for drug delivery: a review. Drug
development and industrial pharmacy. 2016;42(7):1019-1031.

Awad A, Trenfield SJ, Gaisford S, Basit AW. 3D printed medicines: A new branch of
digital healthcare. International Journal of Pharmaceutics. 2018;548(1):586-596.

Duda T, Raghavan LV. 3D Metal Printing Technology. IFAC-PapersOnL.ine.
2016;49(29):103-110.

Murr LE, Johnson WL. 3D metal droplet printing development and advanced
materials additive manufacturing. Journal of Materials Research and Technology.
2017;6(1):77-89.

Chung P, Heller JA, Etemadi M, Ottoson PE, Liu JA, Rand L, Roy S. Rapid and low-
cost prototyping of medical devices using 3D printed molds for liquid injection
molding. Journal of Visualized Experiments: JOVE. 2014(88):e51745-e51745.

Dombroski CE, Balsdon ME, Froats A. The use of a low cost 3D scanning and
printing tool in the manufacture of custom-made foot orthoses: a preliminary study.
BMC Research Notes. 2014;7(1):443.

Water JJ, Bohr A, Boetker J, Aho J, Sandler N, Nielsen HM, Rantanen J. Three-
dimensional printing of drug-eluting implants: preparation of an antimicrobial
polylactide feedstock material. Journal of pharmaceutical sciences. 2015;104(3):1099-
1107.

Mironov V, Boland T, Trusk T, Forgacs G, Markwald RR. Organ printing: computer-
aided jet-based 3D tissue engineering. Trends in Biotechnology. 2003;21(4):157-161.

Dawood A, Marti Marti B, Sauret-Jackson V, Darwood A. 3D printing in dentistry.
British dental journal. 2015;219(11):521-529.

Gu BK, Choi DJ, Park SJ, Kim MS, Kang CM, Kim C-H. 3-dimensional bioprinting
for tissue engineering applications. Biomaterials Research. 2016;20(1):12.

37



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Boland T, Xu T, Damon B, Cui X. Application of inkjet printing to tissue
engineering. Biotechnology Journal. 2006;1(9):910-917.

Pati F, Shim J-H, Lee J-S, Cho D-W. 3D printing of cell-laden constructs for
heterogeneous tissue regeneration. Manufacturing Letters. 2013;1(1):49-53.

Lipton J, Arnold D, Nigl F, Lopez N, Cohen D, Norén N, Lipson H. Multi-material
food printing with complex internal structure suitable for conventional post-
processing. 2010.

Sun J, Peng Z, Zhou W, Fuh JYH, Hong GS, Chiu A. A Review on 3D Printing for
Customized Food Fabrication. Procedia Manufacturing. 2015;1:308-319.

Yang F, Zhang M, Bhandari B. Recent development in 3D food printing. Critical
Reviews in Food Science and Nutrition. 2017;57(14):3145-3153.

Awad A, Trenfield SJ, Goyanes A, Gaisford S, Basit AW. Reshaping drug
development using 3D printing. Drug Discovery Today. 2018;23(8):1547-1555.

Yu DG, Zhu L-M, Branford-White CJ, Yang XL. Three-dimensional printing in
pharmaceutics: promises and problems. Journal of pharmaceutical sciences.
2008;97(9):3666-3690.

Khaled SA, Burley JC, Alexander MR, Yang J, Roberts CJ. 3D printing of tablets
containing multiple drugs with defined release profiles. International journal of
pharmaceutics. 2015;494(2):643-650.

Huang W, Zheng Q, Sun W, Xu H, Yang X. Levofloxacin implants with predefined
microstructure fabricated by three-dimensional printing technigue. International
journal of pharmaceutics. 2007;339(1-2):33-38.

Wu W, Zheng Q, Guo X, Sun J, Liu Y. A programmed release multi-drug implant
fabricated by three-dimensional printing technology for bone tuberculosis therapy.
Biomedical Materials. 2009;4(6):065005.

Muwaffak Z, Goyanes A, Clark V, Basit AW, Hilton ST, Gaisford S. Patient-specific
3D scanned and 3D printed antimicrobial polycaprolactone wound dressings.
International journal of pharmaceutics. 2017;527(1):161-170.

Khaled SA, Burley JC, Alexander MR, Roberts CJ. Desktop 3D printing of controlled
release pharmaceutical bilayer tablets. International journal of pharmaceutics.
2014;461(1):105-111.

Fina F, Madla CM, Goyanes A, Zhang J, Gaisford S, Basit AW. Fabricating 3D
printed orally disintegrating printlets using selective laser sintering. Int J Pharm.
2018;541(1-2):101-107.

Goyanes A, Martinez PR, Buanz A, Basit AW, Gaisford S. Effect of geometry on
drug release from 3D printed tablets. International journal of pharmaceutics.
2015;494(2):657-663.

38



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Goyanes A, Buanz AB, Basit AW, Gaisford S. Fused-filament 3D printing (3DP) for
fabrication of tablets. International journal of pharmaceutics. 2014;476(1-2):88-92.

Khaled SA, Burley JC, Alexander MR, Yang J, Roberts CJ. 3D printing of five-in-one
dose combination polypill with defined immediate and sustained release profiles.
Journal of controlled release : official journal of the Controlled Release Society.
2015;217:308-314.

Alomari M, Mohamed FH, Basit AW, Gaisford S. Personalised dosing: printing a
dose of one’s own medicine. International journal of pharmaceutics. 2015;494(2):568-
577.

Zhang J, Vo AQ, Feng X, Bandari S, Repka MA. Pharmaceutical Additive
Manufacturing: a Novel Tool for Complex and Personalized Drug Delivery Systems.
AAPS PharmSciTech. 2018.

Sandler N, Preis M. Printed Drug-Delivery Systems for Improved Patient Treatment.
Trends in pharmacological sciences. 2017;38(3):317.

Aprecia. FDA approves the first 3D printed drug product.
https://wwwapreciacom/pdf/2015_08_03_Spritam_FDA_Approval_Press_Releasepdf
. 2015.

Pouton CW, Porter CJ. Formulation of lipid-based delivery systems for oral
administration: materials, methods and strategies. Advanced drug delivery reviews.
2008;60(6):625-637.

Porter CJ, Trevaskis NL, Charman WN. Lipids and lipid-based formulations:
optimizing the oral delivery of lipophilic drugs. Nature Reviews Drug Discovery.
2007;6(3):231.

Madla CM, Trenfield SJ, Goyanes A, Gaisford S, Basit AW. 3D Printing
Technologies, Implementation and Regulation: An Overview. In: Basit AW, Gaisford
S, editors. 3D Printing of Pharmaceuticals. Cham: Springer International Publishing;
2018. p. 21-40.

Daly R, Harrington TS, Martin GD, Hutchings IM. Inkjet printing for pharmaceutics—
a review of research and manufacturing. International journal of pharmaceutics.
2015;494(2):554-567.

Kyobula M, Adedeji A, Alexander MR, Saleh E, Wildman R, Ashcroft I, Gellert PR,
Roberts CJ. 3D inkjet printing of tablets exploiting bespoke complex geometries for
controlled and tuneable drug release. Journal of controlled release : official journal of
the Controlled Release Society. 2017;261:207-215.

Yu DG, Yang XL, Huang WD, Liu J, Wang YG, Xu H. Tablets with material
gradients fabricated by three-dimensional printing. Journal of pharmaceutical
sciences. 2007;96(9):2446-2456.

Yu D-G, Branford-White C, Ma Z-H, Zhu L-M, Li X-Y, Yang X-L. Novel drug
delivery devices for providing linear release profiles fabricated by 3DP. International
journal of pharmaceutics. 2009;370(1-2):160-166.

39



48.

49,

50.

51,

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Rowe C, Katstra W, Palazzolo R, Giritlioglu B, Teung P, Cima M. Multimechanism
oral dosage forms fabricated by three dimensional printing™. Journal of controlled
release. 2000;66(1):11-17.

Fina F, Goyanes A, Gaisford S, Basit AW. Selective laser sintering (SLS) 3D printing
of medicines. International journal of pharmaceutics. 2017;529(1-2):285-293.

Fina F, Gaisford S, Basit AW. Powder Bed Fusion: The Working Process, Current
Applications and Opportunities. In: Basit AW, Gaisford S, editors. 3D Printing of
Pharmaceuticals. Cham: Springer International Publishing; 2018. p. 81-105.

Leong K, Phua K, Chua C, Du Z, Teo K. Fabrication of porous polymeric matrix drug
delivery devices using the selective laser sintering technique. Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine.
2001;215(2):191-192.

Low K, Leong K, Chua C, Du Z, Cheah C. Characterization of SLS parts for drug
delivery devices. Rapid Prototyping Journal. 2001;7(5):262-268.

Martinez PR, Goyanes A, Basit AW, Gaisford S. Fabrication of drug-loaded
hydrogels with stereolithographic 3D printing. International journal of pharmaceutics.
2017;532(1):313-317.

Chockalingam K, Jawahar N, Chandrasekhar U. Influence of layer thickness on
mechanical properties in stereolithography. Rapid Prototyping Journal.
2006;12(2):106-113.

Kollamaram G, Croker DM, Walker GM, Goyanes A, Basit AW, Gaisford S. Low
temperature fused deposition modeling (FDM) 3D printing of thermolabile drugs.
International journal of pharmaceutics. 2018;545(1):144-152.

Goyanes A, Buanz AB, Hatton GB, Gaisford S, Basit AW. 3D printing of modified-
release aminosalicylate (4-ASA and 5-ASA) tablets. European Journal of
Pharmaceutics and Biopharmaceutics. 2015;89:157-162.

Sandler N, Salmela I, Fallarero A, Rosling A, Khajeheian M, Kolakovic R, Genina N,
Nyman J, Vuorela P. Towards fabrication of 3D printed medical devices to prevent
biofilm formation. International journal of pharmaceutics. 2014;459(1-2):62-64.

Moulton SE, Wallace GG. 3-dimensional (3D) fabricated polymer based drug
delivery systems. Journal of controlled release : official journal of the Controlled
Release Society. 2014;193:27-34.

Cooley PW, Wallace DB, Antohe BV. Applications of ink-jet printing technology to
BioMEMS and microfluidic systems. In.Microfluidics and BioMEMS: International
Society for Optics and Photonics; 2001. p. 177-189.

Sumerel J, Lewis J, Doraiswamy A, Deravi LF, Sewell SL, Gerdon AE, Wright DW,
Narayan RJ. Piezoelectric ink jet processing of materials for medicaland biological
applications. Biotechnology Journal. 2006;1(9):976-987.

40



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Alomari M, Vuddanda PR, Trenfield SJ, Dodoo CC, Velaga S, Basit AW, Gaisford S.
Printing T3 and T4 oral drug combinations as a novel strategy for hypothyroidism. Int
J Pharm. 2018;549(1-2):363-369.

Vuddanda PR, Alomari M, Dodoo CC, Trenfield SJ, Velaga S, Basit AW, Gaisford S.
Personalisation of warfarin therapy using thermal ink-jet printing. European journal of
pharmaceutical sciences : official journal of the European Federation for
Pharmaceutical Sciences. 2018;117:80-87.

Sandler N, Maéattanen A, Ihalainen P, Kronberg L, Meierjohann A, Viitala T, Peltonen
J. Inkjet printing of drug substances and use of porous substrates - towards
individualized dosing. Journal of pharmaceutical sciences. 2011;100(8):3386-3395.

Scoutaris N, Alexander MR, Gellert PR, Roberts CJ. Inkjet printing as a novel
medicine formulation technique. Journal of controlled release : official journal of the
Controlled Release Society. 2011;156(2):179-185.

Pardeike J, Strohmeier DM, Schrédl N, Voura C, Gruber M, Khinast JG, Zimmer A.
Nanosuspensions as advanced printing ink for accurate dosing of poorly soluble drugs
in personalized medicines. International journal of pharmaceutics. 2011;420(1):93-
100.

Zhu Q, Toth SJ, Simpson GJ, Hsu H-Y, Taylor LS, Harris MT. Crystallization and
Dissolution Behavior of Naproxen/Polyethylene Glycol Solid Dispersions. The
Journal of Physical Chemistry B. 2013;117(5):1494-1500.

Icten E, Giridhar A, Taylor LS, Nagy ZK, Reklaitis GV. Dropwise Additive
Manufacturing of Pharmaceutical Products for Melt-Based Dosage Forms. Journal of
pharmaceutical sciences. 2015;104(5):1641-1649.

Buanz AB, Saunders MH, Basit AW, Gaisford S. Preparation of personalized-dose
salbutamol sulphate oral films with thermal ink-jet printing. Pharmaceutical research.
2011;28(10):2386.

Varan C, Wickstrom H, Sandler N, Aktas Y, Bilensoy E. Inkjet printing of antiviral
PCL nanoparticles and anticancer cyclodextrin inclusion complexes on bioadhesive
film for cervical administration. International journal of pharmaceutics.
2017;531(2):701-713.

Seitz H, Rieder W, Irsen S, Leukers B, Tille C. Three - dimensional printing of
porous ceramic scaffolds for bone tissue engineering. Journal of Biomedical Materials
Research Part B: Applied Biomaterials. 2005;74(2):782-788.

Katstra W, Palazzolo R, Rowe C, Giritlioglu B, Teung P, Cima M. Oral dosage forms
fabricated by Three Dimensional Printing™. Journal of controlled release.
2000;66(1):1-9.

Alhnan MA, Okwuosa TC, Sadia M, Wan K-W, Ahmed W, Arafat B. Emergence of
3D printed dosage forms: opportunities and challenges. Pharmaceutical research.
2016;33(8):1817-1832.

41



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

McMains S. Layered manufacturing technologies. Communications of the ACM.
2005;48(6):50-56.

Patirupanusara P, Suwanpreuk W, Rubkumintara T, Suwanprateeb J. Effect of binder
content on the material properties of polymethyl methacrylate fabricated by three
dimensional printing technique. Journal of Materials Processing Technology.
2008;207(1-3):40-45.

Jules Jacob NC, Thomas G. West, Donald C. Monkhouse, Henry L. Suprenant,
Nemichand B. Jain Rapid disperse dosage form containing levetiracetam. 2014
(W02014144512 Al).

Yu D-G, Branford-White C, Yang Y-C, Zhu L-M, Welbeck EW, Yang X-L. A novel
fast disintegrating tablet fabricated by three-dimensional printing. Drug development
and industrial pharmacy. 2009;35(12):1530-1536.

Wu W, Zheng Q, Guo X, Huang W. The controlled-releasing drug implant based on
the three dimensional printing technology: Fabrication and properties of drug
releasing in vivo. Journal of Wuhan University of Technology-Mater Sci Ed.
2009;24(6):977.

Wendel B, Rietzel D, Kiihnlein F, Feulner R, Hilder G, Schmachtenberg E. Additive
processing of polymers. Macromolecular Materials and Engineering.
2008;293(10):799-8009.

Tan K, Chua C, Leong K, Cheah C, Cheang P, Bakar MA, Cha S. Scaffold
development using selective laser sintering of polyetheretherketone—hydroxyapatite
biocomposite blends. Biomaterials. 2003;24(18):3115-3123.

Williams JM, Adewunmi A, Schek RM, Flanagan CL, Krebsbach PH, Feinberg SE,
Hollister SJ, Das S. Bone tissue engineering using polycaprolactone scaffolds
fabricated via selective laser sintering. Biomaterials. 2005;26(23):4817-4827.

Bertrand P, Bayle F, Combe C, Geeuriot P, Smurov I. Ceramic components
manufacturing by selective laser sintering. Applied Surface Science.
2007;254(4):989-992.

Rombouts M, Kruth J-P, Froyen L, Mercelis P. Fundamentals of selective laser
melting of alloyed steel powders. CIRP Annals-Manufacturing Technology.
2006;55(1):187-192.

Robles Martinez P, Basit AW, Gaisford S. The History, Developments and
Opportunities of Stereolithography. In: Basit AW, Gaisford S, editors. 3D Printing of
Pharmaceuticals. Cham: Springer International Publishing; 2018. p. 55-79.

Melchels FP, Feijen J, Grijpma DW. A review on stereolithography and its
applications in biomedical engineering. Biomaterials. 2010;31(24):6121-6130.

Lan PX, Lee JW, Seol Y-J, Cho D-W. Development of 3D PPF/DEF scaffolds using
micro-stereolithography and surface modification. Journal of Materials Science:
Materials in Medicine. 2009;20(1):271-279.

42



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. Journal of
Biological Engineering. 2015;9(1):4.

Arcaute K, Mann B, Wicker R. Stereolithography of spatially controlled multi-
material bioactive poly (ethylene glycol) scaffolds. Acta biomaterialia.
2010;6(3):1047-1054.

Arcaute K, Mann BK, Wicker RB. Stereolithography of three-dimensional bioactive
poly (ethylene glycol) constructs with encapsulated cells. Annals of biomedical
engineering. 2006;34(9):1429-1441.

Kim J-H, Lee JW, Yun W-S. Fabrication and tissue engineering application of a 3D
PPF/DEF scaffold using Blu-ray based 3D printing system. Journal of Mechanical
Science and Technology. 2017;31(5):2581-2587.

Lee S-J, Zhu W, Heyburn L, Nowicki M, Harris B, Zhang LG. Development of novel
3-D printed scaffolds with core-shell nanoparticles for nerve regeneration. IEEE
Transactions on Biomedical Engineering. 2017;64(2):408-418.

Popov V, Evseev A, Ivanov A, Roginski V, Volozhin A, Howdle S. Laser
stereolithography and supercritical fluid processing for custom-designed implant
fabrication. Journal of Materials Science: Materials in Medicine. 2004;15(2):123-128.

Goyanes A, Det-Amornrat U, Wang J, Basit AW, Gaisford S. 3D scanning and 3D
printing as innovative technologies for fabricating personalized topical drug delivery
systems. Journal of controlled release : official journal of the Controlled Release
Society. 2016;234:41-48.

Wang J, Goyanes A, Gaisford S, Basit AW. Stereolithographic (SLA) 3D printing of
oral modified-release dosage forms. International journal of pharmaceutics.
2016;503(1):207-212.

Martinez PR, Goyanes A, Basit AW, Gaisford S. Influence of Geometry on the Drug
Release Profiles of Stereolithographic (SLA) 3D-Printed Tablets. AAPS
PharmSciTech. 2018.

Tumbleston JR, Shirvanyants D, Ermoshkin N, Janusziewicz R, Johnson AR, Kelly
D, Chen K, Pinschmidt R, Rolland JP, Ermoshkin A. Continuous liquid interface
production of 3D objects. Science. 2015;347(6228):1349-1352.

Pham DT, Gault RS. A comparison of rapid prototyping technologies. International
Journal of Machine Tools and Manufacture. 1998;38(10-11):1257-1287.

Waldbaur A, Rapp H, Laenge K, Rapp BE. Let there be chip—towards rapid
prototyping of microfluidic devices: one-step manufacturing processes. Analytical
Methods. 2011;3(12):2681-2716.

Ziemian C, Crawn |11 P. Computer aided decision support for fused deposition
modeling. Rapid Prototyping Journal. 2001;7(3):138-147.

Goyanes A, Kobayashi M, Martinez-Pacheco R, Gaisford S, Basit AW. Fused-
filament 3D printing of drug products: Microstructure analysis and drug release

43



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

characteristics of PVA-based caplets. International journal of pharmaceutics.
2016;514(1):290-295.

Goyanes A, Fina F, Martorana A, Sedough D, Gaisford S, Basit AW. Development of
modified release 3D printed tablets (printlets) with pharmaceutical excipients using
additive manufacturing. International journal of pharmaceutics. 2017;527(1):21-30.

Pietrzak K, Isreb A, Alhnan MA. A flexible-dose dispenser for immediate and
extended release 3D printed tablets. European Journal of Pharmaceutics and
Biopharmaceutics. 2015;96:380-387.

Okwuosa TC, Soares C, Gollwitzer V, Habashy R, Timmins P, Alhnan MA. On
demand manufacturing of patient-specific liquid capsules via co-ordinated 3D
printing and liquid dispensing. European journal of pharmaceutical sciences : official
journal of the European Federation for Pharmaceutical Sciences. 2018;118:134-143.

Goyanes A, Fernandez-Ferreiro A, Majeed A, Gomez-Lado N, Awad A, Luaces-
Rodriguez A, Gaisford S, Aguiar P, Basit AW. PET/CT imaging of 3D printed
devices in the gastrointestinal tract of rodents. Int J Pharm. 2018;536(1):158-164.

Genina N, Boetker JP, Colombo S, Harmankaya N, Rantanen J, Bohr A. Anti-
tuberculosis drug combination for controlled oral delivery using 3D printed
compartmental dosage forms: From drug product design to in vivo testing. Journal of
controlled release : official journal of the Controlled Release Society. 2017;268:40-
48.

Firth J, Basit AW, Gaisford S. The Role of Semi-Solid Extrusion Printing in Clinical
Practice. In: Basit AW, Gaisford S, editors. 3D Printing of Pharmaceuticals. Cham:
Springer International Publishing; 2018. p. 133-151.

Rattanakit P, Moulton SE, Santiago KS, Liawruangrath S, Wallace GG. Extrusion
printed polymer structures: A facile and versatile approach to tailored drug delivery
platforms. International journal of pharmaceutics. 2012;422(1-2):254-263.

Richards DJ, Tan Y, Jia J, Yao H, Mei Y. 3D printing for tissue engineering. Israel
Journal of Chemistry. 2013;53(9 - 10):805-814.

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nature Biotechnology.
2014;32(8):773.

Khaled SA, Alexander MR, Wildman RD, Wallace MJ, Sharpe S, Yoo J, Roberts CJ.
3D extrusion printing of high drug loading immediate release paracetamol tablets.
International journal of pharmaceutics. 2018;538(1):223-230.

Lee BK, Yun YH, Choi JS, Choi YC, Kim JD, Cho YW. Fabrication of drug-loaded
polymer microparticles with arbitrary geometries using a piezoelectric inkjet printing
system. International journal of pharmaceutics. 2012;427(2):305-310.

Tarcha PJ, Verlee D, Hui HW, Setesak J, Antohe B, Radulescu D, Wallace D. The
application of ink-jet technology for the coating and loading of drug-eluting stents.
Annals of Biomedical Engineering. 2007;35(10):1791-1799.

44



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Gu Y, Chen X, Lee J-H, Monteiro DA, Wang H, Lee WY. Inkjet printed antibiotic-
and calcium-eluting bioresorbable nanocomposite micropatterns for orthopedic
implants. Acta Biomaterialia. 2012;8(1):424-431.

Gbureck U, Vorndran E, Muller FA, Barralet JE. Low temperature direct 3D printed
bioceramics and biocomposites as drug release matrices. Journal of controlled
release : official journal of the Controlled Release Society. 2007;122(2):173-180.

Cheah C, Leong K, Chua C, Low K, Quek H. Characterization of microfeatures in
selective laser sintered drug delivery devices. Proceedings of the Institution of
Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2002;216(6):369-
383.

Trenfield SJ, Goyanes A, Telford R, Wilsdon D, Rowland M, Gaisford S, Basit AW.
3D printed drug products: Non-destructive dose verification using a rapid point-and-
shoot approach. International journal of pharmaceutics. 2018;549(1):283-292.

Fina F, Goyanes A, Madla CM, Awad A, Trenfield SJ, Kuek JM, Patel P, Gaisford S,
Basit AW. 3D printing of drug-loaded gyroid lattices using selective laser sintering.
Int J Pharm. 2018;547(1-2):44-52.

Melocchi A, Parietti F, Loreti G, Maroni A, Gazzaniga A, Zema L. 3D printing by
fused deposition modeling (FDM) of a swellable/erodible capsular device for oral
pulsatile release of drugs. Journal of Drug Delivery Science and Technology.
2015;30:360-367.

Goyanes A, Scarpa M, Kamlow M, Gaisford S, Basit AW, Orlu M. Patient
acceptability of 3D printed medicines. Int J Pharm. 2017;530(1-2):71-78.

Beck R, Chaves P, Goyanes A, Vukosavljevic B, Buanz A, Windbergs M, Basit A,
Gaisford S. 3D Printed tablets loaded with polymeric nanocapsules: An innovative
approach to produce customized drug delivery systems. International journal of
pharmaceutics. 2017;528(1-2):268-279.

Skowyra J, Pietrzak K, Alhnan MA. Fabrication of extended-release patient-tailored
prednisolone tablets via fused deposition modelling (FDM) 3D printing. European
journal of pharmaceutical sciences : official journal of the European Federation for
Pharmaceutical Sciences. 2015;68:11-17.

Sadia M, Sosnicka A, Arafat B, Isreb A, Ahmed W, Kelarakis A, Alhnan MA.
Adaptation of pharmaceutical excipients to FDM 3D printing for the fabrication of
patient-tailored immediate release tablets. International journal of pharmaceutics.
2016;513(1-2):659-668.

Genina N, Hollander J, Jukarainen H, Makild E, Salonen J, Sandler N. Ethylene vinyl
acetate (EVA) as a new drug carrier for 3D printed medical drug delivery devices.
European journal of pharmaceutical sciences : official journal of the European
Federation for Pharmaceutical Sciences. 2016;90:53-63.

Goyanes A, Chang H, Sedough D, Hatton GB, Wang J, Buanz A, Gaisford S, Basit
AW. Fabrication of controlled-release budesonide tablets via desktop (FDM) 3D
printing. International journal of pharmaceutics. 2015;496(2):414-420.

45



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Godoi FC, Prakash S, Bhandari BR. 3d printing technologies applied for food design:
Status and prospects. Journal of Food Engineering. 2016;179:44-54.

Rengier F, Mehndiratta A, Von Tengg-Kobligk H, Zechmann CM, Unterhinninghofen
R, Kauczor H-U, Giesel FL. 3D printing based on imaging data: review of medical
applications. International Journal of Computer Assisted Radiology and Surgery.
2010;5(4):335-341.

Klein GT, Lu Y, Wang MY. 3D printing and neurosurgery—ready for prime time?
World Neurosurgery. 2013;80(3):233-235.

Bose S, Vahabzadeh S, Bandyopadhyay A. Bone tissue engineering using 3D
printing. Materials Today. 2013;16(12):496-504.

Wu G-H, Hsu S-h. polymeric-based 3D printing for tissue engineering. Journal of
Medical and Biological Engineering. 2015;35(3):285-292.

Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric scaffolds in
tissue engineering application: a review. International Journal of Polymer Science.
2011;2011:109.

Forbes SJ, Rosenthal N. Preparing the ground for tissue regeneration: from
mechanism to therapy. Nature Medicine. 2014;20(8):857.

Hsieh F-Y, Hsu S-h. 3D bioprinting: a new insight into the therapeutic strategy of
neural tissue regeneration. Organogenesis. 2015;11(4):153-158.

Mazzoli A, Ferretti C, Gigante A, Salvolini E, Mattioli-Belmonte M. Selective laser
sintering manufacturing of polycaprolactone bone scaffolds for applications in bone
tissue engineering. Rapid Prototyping Journal. 2015;21(4):386-392.

Lee JW, Ahn G, Kim DS, Cho D-W. Development of nano-and microscale composite
3D scaffolds using PPF/DEF-HA and micro-stereolithography. Microelectronic
Engineering. 2009;86(4-6):1465-1467.

Sanjana NE, Fuller SB. A fast flexible ink-jet printing method for patterning
dissociated neurons in culture. Journal of Neuroscience Methods. 2004;136(2):151-
163.

Irvine SA, Agrawal A, Lee BH, Chua HY, Low KY, Lau BC, Machluf M,
Venkatraman S. Printing cell-laden gelatin constructs by free-form fabrication and
enzymatic protein crosslinking. Biomedical Microdevices. 2015;17(1):16.

Xu T, Gregory CA, Molnar P, Cui X, Jalota S, Bhaduri SB, Boland T. Viability and
electrophysiology of neural cell structures generated by the inkjet printing method.
Biomaterials. 2006;27(19):3580-3588.

Pati F, Ha D-H, Jang J, Han HH, Rhie J-W, Cho D-W. Biomimetic 3D tissue printing
for soft tissue regeneration. Biomaterials. 2015;62:164-175.

46



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Du Y, Liu H, Shuang J, Wang J, Ma J, Zhang S. Microsphere-based selective laser
sintering for building macroporous bone scaffolds with controlled microstructure and
excellent biocompatibility. Colloids and surfaces B, Biointerfaces. 2015;135:81-89.

Chen C-H, Lee M-Y, Shyu VB-H, Chen Y-C, Chen C-T, Chen J-P. Surface
modification of polycaprolactone scaffolds fabricated via selective laser sintering for
cartilage tissue engineering. Materials Science and Engineering: C. 2014;40:389-397.

Wiria FE, Leong KF, Chua CK, Liu Y. Poly-¢-caprolactone/hydroxyapatite for tissue
engineering scaffold fabrication via selective laser sintering. Acta Biomaterialia.
2007;3(1):1-12.

Neiman JAS, Raman R, Chan V, Rhoads MG, Raredon MSB, Velazquez JJ, Dyer RL,
Bashir R, Hammond PT, Griffith LG. Photopatterning of hydrogel scaffolds coupled
to filter materials using stereolithography for perfused 3D culture of hepatocytes.
Biotechnology and Bioengineering. 2015;112(4):777-787.

Chan V, Zorlutuna P, Jeong JH, Kong H, Bashir R. Three-dimensional
photopatterning of hydrogels using stereolithography for long-term cell encapsulation.
Lab on a Chip. 2010;10(16):2062-2070.

Elomaa L, Teixeira S, Hakala R, Korhonen H, Grijpma DW, Seppala JV. Preparation
of poly(e-caprolactone)-based tissue engineering scaffolds by stereolithography. Acta
Biomaterialia. 2011;7(11):3850-3856.

Seck TM, Melchels FPW, Feijen J, Grijpma DW. Designed biodegradable hydrogel
structures prepared by stereolithography using poly(ethylene glycol)/poly(D,L-
lactide)-based resins. Journal of controlled release : official journal of the Controlled
Release Society. 2010;148(1):34-41.

Hatton GB, Madla CM, Gaisford S, Basit AW. Medical Applications of 3D Printing.
In: Basit AW, Gaisford S, editors. 3D Printing of Pharmaceuticals. Cham: Springer
International Publishing; 2018. p. 163-182.

Gray N. Looking to the future: creating novel foods using 3D printing. In.
http://www.foodnavigator.com/Science-Nutrition/Looking-to-the-future-Creating-
novel-foods-using-3Dprinting.; 2010.

Michail N. Biozoon's 3D printed smooth foods target Europe’s elderly. In.
https://www.foodnavigator.com/Article/2016/09/26/Biozoon-s-3D-printed-smooth-
foods-target-Europe-s-
elderly?utm_source=copyright&utm_medium=0nSite&utm_campaign=copyright;
2016.

Serizawa R, Shitara M, Gong J, Makino M, Kabir MH, Furukawa H. 3D jet printer of
edible gels for food creation. In.SPIE Smart Structures and Materials +
Nondestructive Evaluation and Health Monitoring: SPIE; 2014. p. 6.

Gohd C. NASA Astronauts Can Now 3D-Print Pizzas in Space. In.
https://futurism.com/nasa-astronauts-can-now-3d-print-pizzas-in-space/; 2017.

47


http://www.foodnavigator.com/Science-Nutrition/Looking-to-the-future-Creating-novel-foods-using-3Dprinting.;
http://www.foodnavigator.com/Science-Nutrition/Looking-to-the-future-Creating-novel-foods-using-3Dprinting.;
http://www.foodnavigator.com/Article/2016/09/26/Biozoon-s-3D-printed-smooth-foods-target-Europe-s-elderly?utm_source=copyright&utm_medium=OnSite&utm_campaign=copyright;
http://www.foodnavigator.com/Article/2016/09/26/Biozoon-s-3D-printed-smooth-foods-target-Europe-s-elderly?utm_source=copyright&utm_medium=OnSite&utm_campaign=copyright;
http://www.foodnavigator.com/Article/2016/09/26/Biozoon-s-3D-printed-smooth-foods-target-Europe-s-elderly?utm_source=copyright&utm_medium=OnSite&utm_campaign=copyright;

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

161.

162.

163.

164.

Grood JPW, Grood, P.J. Method and Device for Dispensing a Liquid. 2011;Google
Patents.

Von Hasseln KW, Von Hasseln, E.M., Williams, D.X., Gale, R.R. . Making an Edible
Component, Comprises Depositing Successive Layers of Food Material According to
Digital Data that Describes the Edible Component, and Applying Edible Binders to
Regions of the Successive Layers of the Food Material. 3d Systems Inc (Thde-C) 3d
Systems Inc (Thde-C). 2014.

Diaz JV, Noort, M.W.J., Van, B.K.J.C. Method for the Production of an Edible Object
by Powder Bed (3d) Printing and Food Products Obtainable Therewith. Google
Patents. 2015.

Lab S. 3D Systems: 3D Systems acquires the Sugar Lab. In:
http://www.3dsystems.com/de/press-releases/3d-systems-acquiressugar-lab, editor.;
2013.

Diaz JV, Van Bommel, K.J.C., Noort, M.W., Henket, J., Brier, P., 2014b. . Preparing
Edible Product, Preferably Food Product Including Bakery Product, and
Confectionary Product, Involves Providing Edible Powder Composition, and
Subjecting Composition to Selective Laser Sintering. . Nederlandse Org Toegepast
Natuurwetensch (Nede-C). 2014.

Diaz JV, Van, B.K.J.C., Noort, M.W.J., Henket, J., Brier, P. Method for the
Production of Edible Objects Using Sls and Food Products. Google Patents. 2014.

Periard D, Schaal N, Schaal M, Malone E, Lipson H. Printing food. 2007.
Van der Linden D. 3D Food printing Creating shapes and textures. 2015.

Hao L, Seaman O, Mellor S, Henderson J, Sewell N, Sloan M. Extrusion behavior of
chocolate for additive layer manufacturing; 2010.

Cohen DL, Lipton JI, Cutler M, Coulter D, Vesco A, Lipson H. Hydrocolloid
printing: a novel platform for customized food production. 2009.

Melander A. Influence of food on the bioavailability of drugs. Clin Pharmacokinet.
1978;3(5):337-351.

Liang K, Carmone S, Brambilla D, Leroux J-C. 3D printing of a wearable
personalized oral delivery device: A first-in-human study. Science advances.
2018;4(5):eaat2544.

Cima LG, Cima MJ. Preparation of medical devices by solid free-form fabrication
methods. In.: Google Patents; 1996.

Santini Jr JT, Cima MJ, Langer R. A controlled-release microchip. Nature.
1999;397(6717):335.

Monkhouse D, Yoo J, Sherwood JK, Cima MJ, Bornancini E. Dosage forms

exhibiting multi-phasic release kinetics and methods of manufacture thereof. In.:
Google Patents; 2001.

48


http://www.3dsystems.com/de/press-releases/3d-systems-acquiressugar-lab

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Goyanes A, Wang J, Buanz A, Martinez-Pacheco R, Telford R, Gaisford S, Basit
AW. 3D Printing of Medicines: Engineering Novel Oral Devices with Unique Design
and Drug Release Characteristics. Molecular Pharmaceutics. 2015;12(11):4077-4084.

P. HA, Yuxin T, Justin H, N. JB. Programming of Multicomponent Temporal Release
Profiles in 3D Printed Polypills via Core-Shell, Multilayer, and Gradient
Concentration Profiles. Advanced Healthcare Materials;0(0):1800213.

Li Q, Guan X, Cui M, Zhu Z, Chen K, Wen H, Jia D, Hou J, Xu W, Yang X, Pan W.
Preparation and investigation of novel gastro-floating tablets with 3D extrusion-based
printing. Int J Pharm. 2018;535(1-2):325-332.

Maroni A, Melocchi A, Parietti F, Foppoli A, Zema L, Gazzaniga A. 3D printed
multi-compartment capsular devices for two-pulse oral drug delivery. Journal of
controlled release : official journal of the Controlled Release Society. 2017;268:10-
18.

Okwuosa TC, Pereira BC, Arafat B, Cieszynska M, Isreb A, Alhnan MA. Fabricating
a shell-core delayed release tablet using dual FDM 3D printing for patient-centred
therapy. Pharmaceutical research. 2017;34(2):427-437.

Amidon GL, Lennernas H, Shah VP, Crison JR. A theoretical basis for a
biopharmaceutic drug classification: the correlation of in vitro drug product
dissolution and in vivo bioavailability. Pharm Res. 1995;12(3):413-420.

Yu LX, Amidon GL, Polli JE, Zhao H, Mehta MU, Conner DP, Shah VP, Lesko LJ,
Chen ML, Lee VH, Hussain AS. Biopharmaceutics classification system: the
scientific basis for biowaiver extensions. Pharm Res. 2002;19(7):921-925.

Mu H, Holm R, Mullertz A. Lipid-based formulations for oral administration of
poorly water-soluble drugs. Int J Pharm. 2013;453(1):215-224.

Vithani K, Hawley A, Jannin V, Pouton C, Boyd BJ. Solubilisation behaviour of
poorly water-soluble drugs during digestion of solid SMEDDS. European journal of
pharmaceutics and biopharmaceutics : official journal of Arbeitsgemeinschaft fur
Pharmazeutische Verfahrenstechnik eV. 2018;130:236-246.

Pouton CW. Lipid formulations for oral administration of drugs: non-emulsifying,
self-emulsifying and ‘self-microemulsifying’ drug delivery systems. European Journal
of Pharmaceutical Sciences. 2000;11:S93-S98.

Pouton CW. Formulation of poorly water-soluble drugs for oral administration:
Physicochemical and physiological issues and the lipid formulation classification
system. European Journal of Pharmaceutical Sciences. 2006;29(3):278-287.

Icten E, Purohit HS, Wallace C, Giridhar A, Taylor LS, Nagy ZK, Reklaitis GV.
Dropwise additive manufacturing of pharmaceutical products for amorphous and self
emulsifying drug delivery systems. International journal of pharmaceutics.
2017;524(1):424-432.

Vithani K, Goyanes A, Jannin V, Basit AW, Gaisford S, Boyd BJ. Novel 3D Printed
Lipid-based Dose Forms — Preparing Solid SMEDDS without a Solid-Phase Carrier

49



178.

179.

and Impact of Geometry on Performance European Journal of Pharmaceutics and
Biopharmaceutics (revision under review).

Sparrow N. FDA tackles opportunities, challenges of 3D-printed medical devices. In.
In. Plastics today: Medicine; 2014.

Administration UFaD. Technical Considerations for Additive Manufactured Medical
Devices -Draft Guidance for Industry and Food and Drug Administration Staff. In.
https://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/Gui
danceDocuments/UCM499809.pdf; 2016.

50


http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM499809.pdf;
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM499809.pdf;

