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method for rapid prototyping, AM provides key advantages over traditional manufacturing of drug delivery
and testing systems. These includes the ability to fabricate complex geometries to achieve variable drug release
kinetics; ease of personalising pharmacotherapy for patient and lowering the cost for fabricating personalised
dosages. Furthermore, AM allows fabrication of complex and micron-sized tissue scaffolds and models for drug

l[()%vgvzrg;./ery system testing systems that closely resemble in vivo conditions. However, there are several limitations such as regulatory
Dosage form concerns that may impede the progression to market. Here, we provide an overview of the advantages of AM
3D printing drug delivery and testing, as compared to traditional manufacturing techniques. Also, we discuss the key chal-
Additive manufacturing lenges and future directions for AM enabled pharmaceutical applications.

Personalised medicine © 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Unlike traditional manufacturing of subtractive and formative nature,
3-Dimensional (3D) printing, also known as additive manufacturing
(AM), fabricates a structure via deposition, binding or polymerisation of
materials in successive layers until the complete object is created [1].
Since its inception in mid 1980s, the technology has found applications
in numerous fields, such as automotive, consumer electronics and
healthcare (or medical) industries [2]. While it was first developed for
rapid prototyping, the advances in usable material, speed, accuracy and
precision of AM has led experts to believe that AM can one day be used
for large scale manufacturing [3]. Over the last 15 years, there have
been over 100 publications on AM of drug delivery and testing systems,
with an increasing amount of research especially in recent years, mainly
from United States (US), United Kingdom and China (Fig. 1).The efforts
and advances of AM technology in the field of pharmaceutics has recently
culminated with the US Food and Drug Administration (FDA) approval of
the world's first AM orodispersible tablet SPRITAM® (Levetiracetam) [4],
further supporting the capabilities of AM to improve upon current phar-
maceutical dosage forms through complex and customised dosage
forms which are not cost-effective or otherwise impossible with tradi-
tional manufacturing [5].

There are several differences between traditional manufacturing and
AM for pharmaceutical applications. These differences were largely the
motivation behind the increased hype in AM and the amount of research
for it. As illustrated by Norman et al. [6], some of the key motivations of
AM for pharmaceutical applications are product complexity,
personalisation and on-demand manufacturing,. Firstly, AM is able to fab-
ricate complex geometries to give pharmaceutical products their multiple
functions such as a polypill with different drug release kinetics, with a sin-
gle tablet [7]. Secondly, AM provides an avenue for personalisation, such
as the printing of drug eluting implants that contour to the patient's ana-
tomical parts [8], or personalised dosing of narrow therapeutic window
medications, e.g., theophylline [9]. Thirdly, the rapid prototyping nature
of AM and relatively ease of use meant that fabrication can be performed
onsite as proposed by Lim et al. [10] in personalising patient's pharmaco-
therapy in pharmacy, where pharmacists fabricate the personalised tab-
lets on the spot and dispense them to the patients. Furthermore, AM
has been known for its cost efficiency, owing to its potential for low-
cost production of small quantities of personalised products (Fig. 2A).
The cost of AM is also becoming increasingly competitive, especially for
small production runs such as small-sized standard implants, prosthetics

or personalised dosing tablets etc. [11]. This low cost is further
compounded by the expiry of several key patents of AM technologies.
Among them includes stereolithography, fused deposition modelling
and selective laser sintering [12].

Despite these key advantages of AM over traditional pharmaceutical
manufacturing, the question remains whether AM of pharmaceutical
dosage forms and in vitro drug testing devices is here to stay in our
daily life. Based on Gartner's Hype Cycle, there are 5 different stages
for a trend as illustrated in Fig. 2B, with stage 5 the closest to main-
stream adoption and stage 1 the furthest. Among all, AM drugs are eval-
uated as trends on the rise that tend to gather a lot of interest, but
mostly only proof of concept or research exists, not usable technology,
requiring >10 years before it gets mainstream adoption [13]. Yet, this
is hardly surprising as AM drugs can be expected to come under
heavy scrutiny by the regulatory authorities [5,11,14-16]. FDA has re-
cently released its Technical Considerations for AM Medical Devices
on December 5, 2017, to provide the Agency's initial technical consider-
ations specific to devices using AM technologies [17].

The aim of this review is to firstly, provide a summary and simple clas-
sification to the latest AM technologies available. The subsequent 2 sections
summarize the potential benefit of AM in drug delivery and testing sys-
tems. We also evaluated if the benefits are essential or simply add-ons
for the current drug delivery systems and testing devices. Unlike most
other reviews that approach this evaluation from the perspective of AM
technologies, we have approached this evaluation from the perspective of
drug delivery and testing, by first identifying the limitations of current
manufacturing or delivery systems and subsequently, evaluating how AM
has resolved or mitigated these limitations. The final section delves into fu-
ture directions and challenges for AM in pharmaceutical applications.

2. Classification of AM technologies

AM was first introduced in the year 1986 by Charles Hull, when he de-
veloped and later commercialised the first 3D printer for photo-polymer-
isation of light sensitive liquid polymers using ultraviolet (UV) laser
source [1]. This technology came to be known as Stereolithograhy Appa-
ratus or (SLA). Subsequently, many other AM technologies came about
quickly and in abundance. By the end of 2016, there are >10 different
AM technologies in the market and many others are still in development.

In general, the commonly available AM technologies may be classified
into 5 broad categories, as illustrated in Fig. 3 [18]. This classification is
based, in part, upon the baseline technology, type of machine architecture
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Fig. 1. Trends of AM research for pharmaceutical applications in recent years. Ai) The trend of AM by drug delivery or non-cellular in vitro drug testing systems. The largest amount of
research in AM drugs come from drug eluting implants and oral solid dosage forms, followed by transdermal, rectal/vaginal dosage forms and lastly, in vitro drug testing systems; Aii)
Number of research publications in AM for pharmaceutical applications with time. There is an increasing amount of publications for AM drugs, especially in recent years, after the
approval of Spritam® by FDA; Bi) Major players in AM research by countries; Bii) Other players in AM research by countries.

and the material transformation physics. The ones with a green tick are
those technologies that have been reported for pharmaceutical applications.

Vat polymerisation (VP) in general, is regarded as one of the highest
resolution 3D printers, especially for 2-photon polymerisation (2PP)
which boast of a resolution in the nanometer range [19]. This high resolu-
tion allows fabrication of highly personalised organic shapes critical for
implants and transdermal delivery systems, or other complex geometries
necessary for controlling drug release kinetics. The drug of interest, de-
pending on its solubility, can be loaded directly into the liquid pre-poly-
mer solution. Depending on the polymer used, various extended or
immediate release drug delivery systems can be fabricated. However,
the usable material for this technology may be limited due to a require-
ment for the starting solution to be photo-reactive and photocurable. Fur-
thermore, the use of free radical polymerisation also has a perpetual
concern over its safety profile due to potential residual free radicals or
monomers and the technique may not be suitable for medications with
anti-oxidant properties such as Vitamin A, C and E. In this aspect, biocom-
patible photo-initiators such as (2-hydroxy-1-[4-(2-hydroxyethoxy)
phenyl]-2-methyl-1-propanone (Irgacure® 2959) or monomers such as

methacrylated gelatin (GelMA) have been developed and tested for its
safety [20]. Finally, vat polymerisation may also require multiple post cur-
ing steps to render it biocompatible. This may result in a loss of drug
loaded and subsequent imprecise dosing.

Material extrusion (ME) uses either a high melting point thermoplas-
tic polymer, as in the case of fused-deposition-modelling (FDM) or with a
low melting point paste or gel, as in the case of pneumatic or syringe ex-
trusion (PE/SE). Due to the relatively low cost of FDM printers, many re-
searches on oral dosage forms have been conducted using them.
However, the key disadvantage of FDM lies in the use of heat which is un-
suitable for thermal labile drugs and excipients [21]. Also, the drug load-
ing process may be tedious, either through hot melt extrusion (HME) to
extrude both the drug and polymer into a single filament, or through pas-
sive loading by submerging the final printed drug delivery system into a
drug solution. Pneumatic or syringe extrusions, on the other hand, have
been utilised in a series of bioprinters to print cellular materials, critical
for organ on a chip or cell laden drug testing systems. It is considered as
one of the most biocompatible AM technology for cellular work, as it
does not use elevated temperature. Finally, pneumatic or syringe
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Fig. 2. Current state of AM of drug delivery & testing systems. A) The breakeven analysis comparing traditional manufacturing and AM. AM plays an important role in propelling
personalised medicine for public acceptance due to its lower cost, compared to traditional manufacturing. B) A simplified Gartner's Hype Curve for AM, specifically for biomedical
related applications. AM drugs are estimated to take >10 years to reach public acceptance and widespread usage. One of the key challenges will be that from the regulatory authorities.

extrusions often uses only a small amount of sample, in the range of 3 to
5 mL, as compared to a few hundred grams for other technologies. This
may be helpful especially for the fabrication of drug delivery or testing
systems due to the shortage and cost of the key components.

Material jetting (M]) pushes either the binder liquid or building mate-
rial at high speed, through very tiny nozzles and deposit them onto a sub-
strate in accordance to the CAD model. The jetting process is controlled by
well-established technologies such as thermal jetting or piezoelectric jet-
ting [22]. The nature of the material jetting process allows for different
materials to be printed into the same object, depending on the number
of print heads available. The jetting of material in specific proportion can
be a potential for tuning of the drug composition during the printing pro-
cess. In the case of binder jetting (BJ), instead of the building material that
is jetted, a liquid with binding power is being jetted onto a bed of powder.
This forms the basis of numerous research in tablet printing and it is also
the only AM technology that has been used in an FDA approved drug
product, Spritam®. However, there is a requirement for optimisation of
the jetting fluid in terms of drop formation velocity and the fluid viscosity,
thereby increasing the complexity of the technology [22].

Powder bed fusion (PBF) and direct energy deposition (DED) are
largely similar where both apply a source of high energy onto a powder

bed of building material to join the particles together, in the image de-
fined by the CAD model. PBF utilises a thermal source to induce fusion
between powder particles, while DED creates parts by melting material
as it is deposited. Both technologies deal primarily with metal material
and are therefore less used in pharmaceutical applications.

Typically, the choice of AM technologies depends on the printing
materials. For pharmaceutical applications, the product needs to have
biocompatibility, safe degradation by-product, good degradation kinet-
ics, sufficient printing resolution and appropriate mechanical strength
[23]. Taking these factors together allows one to select the most appro-
priate material and accordingly, the AM technology.

3. AM for drug delivery systems
3.1. Oral solid dosage forms

3.1.1. Rapid prototyping and formulation optimisation

One of the huge advantages in using AM for oral solid dosage form
fabrication, over traditional manufacturing, is the ability for rapid
prototyping and quick optimisation of different parameters (Table 1).
Many research groups have produced tablets of varying release profiles,
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Fig. 3. Different classes of AM technologies. There are 5 main classes of AM technologies beginning with the vat polymerisation, following by powder bed fusion, material extrusion,
material jetting and finally direct energy deposition. Each has its unique working principles that may sometimes restrict the type of material available for use in that technology. The
green ticks refer to technologies that have been used for pharmaceutical applications either in actual product or in research.

i.e., immediate or sustained or delayed release by varying polymer com-
positions [24-28], tablet shapes [29], tablet infill densities [30,31] or
printing substrates [32]. The ability to fabricate and change complex
shapes with a simple amendment in CAD model and the flexibility to
change formulation rapidly proved to be an advantage for product de-
velopment and optimisation (Fig. 4A). This is especially important in
personalised medicine, where a specific dosage or formulation may be
required in small amounts and the turnover of production line may be
swift.

3.1.2. Improved bioavailability/zero order kinetics

Oral solid dosage form such as tablets, capsules, pills, lozenges, tro-
ches, pellets or films is the most widely accepted form of medication
due to its convenience and the resulting improved patient compliance
[33]. However, oral drug delivery can be particularly challenging when
considering the variations that occur in the absorption of drug mole-
cules due to potential interactions with the contents/secretions of the
gastric intestinal tract, membrane permeability of drug, intestinal tran-
sit and gastric emptying [34]. These interactions result in poor bioavail-
ability of oral drugs [35] and variations of the serum/plasma drug level.
Often, these fluctuations in drug serum level are the cause of either in-
creased incidences in adverse effects due to supra-therapeutic levels
[36]; or loss in efficacy of the drug due to sub-therapeutic levels [37].

One effective way to improve the bioavailability of oral drugs is to in-
crease the gastric residence time of the drug and thereby, improving the
absorption [38]. Two of the most common ways of achieving this are the
bio/mucoadhesive systems and floating systems [39]. However, the effi-
ciency of bio/mucoadhesive systems can be impaired by constant turn-
over of the mucus and the system may be adhered to other mucous

membrane such as the oesophagus. In the case of floating system, tradi-
tional production either have tedious production or they involve multi-
ple polymers which makes optimisation effort difficult and taxing. Chai
et al. [40] illustrated the use of FDM printers to fabricate hydroxypropyl
cellulose (HPC) tablets for intragastric floating delivery of domperidone
in a low cost and simple method (Table 2). The floating capabilities of
tablet was achieved by varying the infill density of the printed tablet.
The optimized formulation (contain 10% domperidone, with 2 shells
and 0% infill) exhibited a sustained release profile and could float for
about 10 h in vitro and >8 h in vivo (rabbits). The relative bioavailability
of the printed tablet was 222.49 + 62.85% as compared to the commer-
cial tablet.

Other than improving bioavailability, one of the more common ap-
plications of AM in pharmaceutics is the fabrication of sustained or
zero-order release kinetics tablets (Table 2). In previous studies,
sustained release or uniform delivery of drug has been shown to im-
prove tolerability or reduce incidences of adverse event [41,42]. Yet, as
the tablet dissolves into the gastric-intestinal fluid, the surface area to
volume ratio changes, resulting in nonlinear drug release kinetics.
Utilising the capability of AM to produce complex geometries, Yu et al.
[43] and Wang et al. [44] fabricated complex donut shape tablets
using B] and SLA. The donut shape tablet provides a stable, sustained re-
lease rate of drug by keeping a constant effective drug release surface
area to volume ratio. In a similar attempt by Lim et al. [10], an acryloni-
trile butadiene styrene (ABS) scaffold containing carbamazepine was
fabricated through FDM (Fig. 4B). Each of the scaffolds contains small
holes for drug release, while the remaining of the scaffold remains im-
permeable to the drug release. As the ABS remains relatively stable
throughout the dissolution, the effective surface area for drug release
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Table 1
AM oral dosage forms for rapid prototyping and optimisation.

Application Drug Drug loading 3D printer Material Author

Free form ability demonstrates effectiveness for rapid prototyping & optimisation

Photocurable bioink for AM of Ropinirole hydro-chloride Drug mixed in  M]/B] Norbornene Functionalized Hyaluronic Acid Acosta-Velez
hydrophilic active drugs, for pre-polymer (MJ-ABP-01-080, etal, 2017
accurate dosing. Ink was jetted to a solution MicroFab [27]
preformed tablet Technologies)

UV inkjetted tablet for possible large Ropinirole hydro-chloride Drug mixed in  Piezo-activated M] PEGDA Clark et al.,
scale manufacturing pre-polymer with UV (Dimatix 2017

solution DMP 2830 inkjet [28]
printer)

Relationship study between heatand ~ Curcumin PVA filament  FDM (NinjaBot) PVA Tagami et al.,
infill densities on drug release for was soaked in 2016
oral tablet drug solution [30]

Novel shapes of tablet for varied drug ~ Paracetamol Drug mixed FDM (MakerBot PVA Goyanes et
release (Cube; pyramid; torus; with PVA Replicator 2X al, 2015
cylinder; sphere) during HME Desktop) [29]

Customisable release kinetics based on Paracetamol/caffeine Drug mixed FDM (MakerBot PVA Goyanes et
drug loading and composition with PVA Replicator 2X) al., 2016

during HME [24]

Fully customisable release profile Orange G (model drug) Added into FDM (UP), reverse Polyanhydride (surface eroding); PLA Soh & Sun,

tablet pre-polymer molding (impermeable protective layer) 2015
[25]

Varying release profile with changes to Fluorescein (Model drug) PVA filament ~ FDM (MakerBot PVA Goyanes et

infill percentages of AM tablets was soaked in  Replicator 2 al,, 2014
drug solution ~ Desktop); [31]

Precision patterning of low dose drug  Paracetamol; Theophylline; Drug dissolved M] (Dimatix DMP Drug dissolved in propylene glycol Sandler et al.,
with individualised dosing and Caffeine in PG-purified 2800 inkjet printer)  (PG)-purified water (30:70%). 3 different 2011
automated fabrication of medicines water substrate of uncoated paper, coated paper [32]

(30:70%) and PET film

Customisable release kinetics based on Chlor-pheniramine/Fluorescein Drug mixed BJ (Not disclosed) 1) Avicel PH301; Eudragit E-100 Katstra et al.,
binder or polymer used for oral with powder 2) Avicel PH301; Eudragit RLPO 2000
tablet polymer 3) Pharmatose DCL 11; PVP + Tween20 [26]

pH based release mechanism tablet; Diclofenac Drug mixed BJ (Not disclosed) Multiple pharmaceutical grade polymers Rowe et al.,
Immediate-extended; Breakaway; with powder 2000
Enteric dual pulsatory; Dual polymer [26]

pulsatory tablet

* MJ: Material Jetting; BJ: Binder Jetting; FDM: Fused Deposition Modelling; HME: Hot Melt Extrusion; PVA: Poly Vinyl Alcohol; PEGDA: Polyethylene glycol diacrylate; PLA: Poly Lactic
Acid; PET: Poly Ethylene Terepthalate; PVP: Poly Vinyl Pyrrolidone

A) B)

¥

lilmal

1Tmm

Fig. 4. Rapid prototyping ability of AM to fabricate complex geometries for oral tablets. A) The use of AM to quickly varying the degree of infills of a tablet to achieve controlled and tunable
drug release. B) The use of AM to fabricate tablet scaffold with small holes in the body of the tablet to achieve zero order drug release.
Adapted from [10,48] with permission.
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remains constant and zero-order release kinetics was achieved. Further-
more, the ability to place components at specific location allowed 3D
printers to achieve a material gradient in the case of Yu et al. [45]. The
matrix tablet, fabricated via a BJ printer, exhibited material gradient in
a radial direction coupled with a drug-free release-barrier layer on
both the top and bottom layer of the tablet. Using this method, 98% of
the drug could be released linearly in 12 h. Poly ethylene glycol (PEG)
and poly vinyl alcohol (PVA) can be also be used for sustained drug re-
lease, as reported by Hsu et al. [46] and Skowyra et al. [47].

3.1.3. Immediate release and intestinal targeted delivery

Beyond zero order/sustained release kinetics, immediate release oral
dosage form is also a common drug release profile (Table 3). This profile
is especially suited for medications that require quick onset, such as an-
algesics. In this aspect, Fina et al. [51], Okwuosa et al. [52] and Sadia et al.
[53] fabricated immediate release tablets using selective laser sintering
(SLS) and FDM,, respectively. For FDM, instead of the commonly avail-
able thermoplastics such as polylactic acid (PLA) or ABS, which binds
tightly to the active drug, hydrophilic pharmaceutical grade polymers
such as polyvinyl pyrrolidone (PVP) and Eudragit EPO were used to
allow quick release of the medications upon contact with water.

For drugs which are degraded by gastric acid, an enteric coating is usu-
ally applied to the tablet. This allows the tablet to be resistant to acidic pH
and will disintegrate and release the drug in alkali environment (Table 3).
Using this approach, it also allows a targeted delivery of drugs to the intes-
tinal region, such as the use of budesonide in inflammatory bowel disease,
as demonstrated by Goyanes et al. [54]. In a 2-step process, budesonide
loaded polyvinyl alcohol caplets were first fabricated using an FDM printer
and subsequently coated with a layer of enteric polymer using a bottom

spray fluidised bed coater. This sequential step process produced a modi-
fied release budesonide product which demonstrated an absent of drug re-
lease in acidic pH and an ~80% of total drug released in alkali pH within 8 h.
To simplify this approach further, Goyanes et al. [55] demonstrated the fab-
rication of paracetamol loaded hypromellose succinate (enteric polymer)
tablet in a single step process using FDM. In dissolution, <10% drug release
took place in the acidic pH phase; in the intestinal phase, drug release pro-
files were dependent on the polymer composition of the tablets, the per-
centage of drug loading and the internal structures. The LG grade of
hypromellose succinate generally gave the highest drug release within
8 h in the intestinal phase. Also in a one-step approach using FDM,
Okwuosa et al. [56] illustrated the use of a dual nozzle FDM in fabricating
an enteric methacrylic polymer shell encapsulating a PVP core, previously
loaded with theophylline, budesonide and diclofenac sodium. This shell-
core tablet demonstrated sufficient resistant of the tablet in acidic pH and
only releasing the drugs in an alkali pH, with total drug release >80% for
all 3 drugs within 8 h. All the above studies are clear evidence of the capa-
bilities of AM in fabricating tablets with drug targeted for intestinal release.

3.1.4. Personalised medicine/multi-drug/multi-function tablet

For drug dosing, there will be variations in drug efficacy or adverse
events for each individual. These variations could be attributed to inter-
individual differences in drug metabolism or absorption profiles [57].
Yet, current mass manufacturing of oral dosage form via traditional pow-
der compaction offers no cost-effective means to meet the challenges of
personalised therapeutic regimes for individuals [58]. In addition, with
the use of multiple medications to control complex diseases becoming a
common phenomenon, the inconvenience of consuming numerous tab-
lets poses a polypharmacy pill burden, leading to an increased risk of

Table 2
AM oral dosage forms for intragastric floating tablet & sustained release tablet.
Application Drug Drug loading 3D Printer Material Author
Increase bioavailability
Intragastric floating tablet, for extended Domperidone  HME for preparing drug loaded FDM (MakerBot HPC Chai et al.,
release; Increased bioavailability filament Replicator 2X) 2017
[40]
Reduce fluctuations in drug serum/plasma level
Controlled and tunable drug release with Fenofibrate Incorporated into melted M] (Dimatix DMP Beeswax Kyobula
bespoke complex geometries tablet beeswax at 90 °C with magnetic ~ 2800 inkjet printer) etal,
stirrer 2017
[48]
Scaffold (cap and body) with varying hole sizes Carbamazepine Commercial tablet was grounded FDM (Da Vinci 1.0) ABS Lim et al.,
on body; zero order release kinetics tablet to load into scaffold 2016
(10]
Torus shaped tablet; modified release; 4-ASA; Drug mixed with pre-polymer SLA (form 1+) PEGDA; PEG Wang et
Customisable paracetamol solution al, 2016
(44]
Controlled release tablet Acetaminophen HME for preparing drug loaded FDM (Prusai3) (HPC; Eudragit L100; HPMC Zhang et
filament al., 2016
(49]
Controllable release kinetics tablet Naproxen Drug mixed with PEG M] (custom made) PEG Hsu et al.,
2015
[46]
Donut shaped; zero order release kinetics Paracetamol Drug mixed with powder BJ (Shanghai Folichif =~ HPMC; Ethyl cellulose Yu et al,
tablet polymer Co., Ltd) 2008
[43]
Tablet with material gradient; zero order Paracetamol Drug mixed with powder BJ (Shanghai Folichif ~ Ethylcellulose; Sodium lauryl Yuetal,
release kinetics polymer Co., Ltd) sulfate; Stearic acid; Eudragit 2006
RS-100 [45]
Customisable; extended release tablet Prednisolone PVA filament was soaked in drug FDM (MakerBot PVA Skowyra
solution Replicator 2X etal,
Experimental) 2014
[47]
Modified release tablet (thermal degradation =~ 5-ASA; 4-ASA PVA filament was soaked in drug FDM (MakerBot PVA Goyanes
of 4-ASA) solution Replicator 2 Desktop); etal,
2014
[50]

* MJ: Material Jetting; BJ: Binder Jetting; SLA: Stereolithographic Apparatus; FDM: Fused Deposition Modelling; HME: Hot Melt Extrusion; PVA: Poly Vinyl Alcohol; PEGDA: Poly Ethylene
Glycol Diacrylate; PEG: Poly Ethylene Glycol; 4-ASA: 4-amino-salicylic acid; 5-ASA: 5-amino salicyclic acid; HPMC: Hydroxy Propyl Methyl Cellulose; HPC: Hydroxy Propyl Cellulose; ABS:

Acrylonitrile Butadiene Styrene
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Table 3
AM oral dosage forms for immediate/intestinal release of drugs.
Application Drug Drug loading 3D printer Material Author
Shortens time to onset of action
Immediate/modified release  Paracetamol Drug mixed with powder polymer  SLS (Sintratec Kit) Kollicoat IR; eudragit L100-55; ethyl Fina et
tablet acrylate copolymer al.,, 2017
(51]
Immediate release tablet Di-pyridamole; HME for preparing drug loaded FDM, 110 °C, (MakerBot PVP + talc Okwuosa
Theo-phylline filament Replicator 2X Experimental) etal,
2016
(52]
Immediate release tablet 5-ASA captopril; HME for preparing drug loaded FDM (MakerBot Replicator Eudragit EPO; microcrystalline Sadia et
theo-phylline; filament 2X) cellulose; talc; tri-calcium phosphate, in al., 2016
pred-nisolone various ratio [53]
Prevents degradation of drugs sensitive to acidic pH
Enteric coated, controlled Budesonide HME for preparing drug loaded FDM (MakerBot Replicator 2X PVA Goyanes
release caplet filament; fluid bed processing for ~ Desktop); Fluid bed for etal,
enteric coating enteric coating 2015
[54]
Modified release enteric Paracetamol HME for preparing drug loaded FDM (MakerBot Replicator HPMCAS LG, HPMCAS MG and HPMCAS Goyanes
tablet filament 2X) HG; magnesium stearate; etal,
methylparaben NF grade 2017
[55]
Shell-core delayed release Theophylline; HME for preparing drug loaded FDM (not disclosed), Eudragit L (enteric shell; PVP (core) Okwuosa
tablet targeted for small Budesonide; filament multi-nozzle etal,
intestine release diclofenac sodium 2017
[56]

* SLS: Selective laser sintering; FDM: Fused Deposition Modelling; HME: Hot Melt Extrusion; PVA: Poly Vinyl Alcohol; PVP: Poly Vinyl Pyrrolidone: HPMCAS: Hypromellose Acetate Suc-

cinate; 5-ASA: 5-Amino Salicylic Acid.

medication errors and poor patient compliance. Therefore, combining
multiple medications, with personalised dosing into one single tablet
with suitable dosing and release profile will be an attractive alternative
for the healthcare systems around the world.

In the aspect of fabricating multi-drug tablet, the capability of AM to
produce specific geometries allows the compartmentalisation of incom-
patible drugs into different regions of a single tablet. Different mixtures
of excipients/polymers can be incorporated into specific regions of the
tablet to achieve customised drug release profiles (Table 4). Using a
pneumatic extrusion (PE) bioprinter, Khaled et al. [59] demonstrated

the combination of multiple drugs in a single tablet (Fig. 5A). Both im-
mediate and sustained release profiles were achieved when 2 different
mixtures of excipients were compartmentalised into a single tablet.
Similarly, Khaled et al. [60] demonstrated the use of pneumatic extru-
sion, to fabricate a single guaifenesin drug compartmentalised into 2 dif-
ferent excipients mixture to produce both an immediate and sustained
release of guaifenesin in a single tablet, comparable to that of the com-
mercial tablet. Using an inexpensive FDM printer with dual extrusion
nozzles, Goyanes et al. [61] and Li et al. [62] separately fabricated a
shell and core tablet with either different drugs or varying contents of

Table 4
AM oral dosage forms for multi-functional/multi drug component tablets.

Application Drug Drug loading 3DP printer Material Author

Multi-functional/multi drug tablet/personalisation

Multi-functional tablets loaded with Nano sized Deflazacort PCL tablets with Eudragit ~ FDM (MakerBot PCL; Eudragit RL100; Mannitol Beck et
carriers were soaked with Replicator 2) (with or without) al.,, 2017

nanocapsules suspension [63]

Multiple drug in 1 tablet (3in 1); Captopril; nifedipine; Added into paste PE (Regen HU), Cellulose acetate; p-mannitol; Khaled

Immediate/sustained release glipizide multi-nozzle PEG 6000 etal,
2015
[64]

Multiple drug in 1 tablet (5in 1); Aspirin; Added into paste PE (Regen HU), Cellulose acetate; p-mannitol; Khaled

Immediate/sustained release hydro-chloro-thiazide; multi-nozzle PEG 6000 etal,
pravastatin; atenolol; sodium starch glycolate; PVP K30 2015
ramipril [59]

2 compartment caplets (central core with outer Paracetamol; caffeine HME for preparing drug FDM, Multi-nozzle, PVA Goyanes
shell different drug); 2 compartment caplet loaded filament (MakerBot etal,
(alternating layers with different drug) Replicator 2X) 2015

[61]
Controlled release kinetics, with varying content of ~Glipizide HME for preparing drug FDM (Clouovo PVA Lietal,
drug between core and outer shell (DuoTablet) loaded filament Delta-MK2), 2017
Multi-nozzle [62]
Fully customisable release profile tablet Orange G (model drug) Added into pre-polymer FDM (UP), reverse  Polyanhydride (surface eroding); Soh &
molding PLA (impermeable protective Sun,
layer) 2015
[25]
Bilayer tablet Guaifenesin Drug mixed with powder  PE (Fab@Home), HPMC + Sodium starch glycolate Khaled
polymer multi-nozzle; + MCC (Immediate release); etal.,
room temperature HPMC +polyacrylic acid 2013
[60]

* FDM: Fused Deposition Modelling; PE: Pneumatic Extrusion; HME: Hot Melt Extrusion; PVA: Poly Vinyl Alcohol; PVP: Poly Vinyl Pyrrolidone; PLA: Poly Lactic Acid; HPMC: Hydroxy Pro-
pyl Methyl Cellulose; MCC: Microcrystalline Cellulose; PEG: Poly Ethylene Glycol; PCL: Polycaprolactone
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Fig. 5. Schematic structural diagram of multi-drug, multi-function polypill. A) The polypill consists of 3 drugs in 1 tablet. Captopril is embedded within an osmotic formulation for
immediate release while nifedipine and glipizide are embedded within the diffusion formulation for sustained release. B) The polypill here illustrates the use of different polymer such
as an impermeable polymer to restrict the diffusion surface of drug loaded surface eroding polymer. This helps to control the release profile (pulsating, decreasing release or sustained

zero order release) of drugs in the shape as determined by the surface eroding polymer.
Adapted from [25,64] with permission.

the same drug between shell and core both made of PVA. Also using
FDM, Soh et al. [25] fabricated a series of negative moulds to produce
a fully customisable drug release profile tablet using both
polyanhydride and PLA (Fig. 5B). Beck et al. [63] combined both AM
and nanosized carriers of Deflazacort into a single tablet in a 2-step pro-
cess to convert nanosuspension into solid drug dosage form for in-
creased stability and improved drug loading.

In addition, Beck et al. [63] also demonstrated the opportunity for
tuning of drug composition during the fabrication process. By adjusting
the infill density of each printed tablet, the author demonstrated a
customisable dose for each of the printed tablet. Alternatively, by chang-
ing the size of printed tablet, one can also adjust the dose to be taken.
This signify how the dose of a printed tablet can potentially be tuned
for personalised dosing, without changing the composition of the
starting material and it may be useful for subsequent high throughput
development of AM oral solid dosage form.

Together, these evidences have demonstrated the ability of AM to pro-
duce multi-functional, multi-drug component oral dosage forms that will
be ideal for the aging population and diverse individuals within the
healthcare system.

3.1.5. Ease of swallowing

Beyond the technical aspect of pharmaceutics, in terms of user expe-
rience, current oral solid dosage forms can also be difficult to swallow,
especially for special populations including the geriatrics [65] and pae-
diatrics [66]. While there are liquid formulations for those who cannot
swallow, they have their disadvantages such as strong medicine taste,
poor stability of drug, high cost and inconvenience of measuring
doses, as compared to oral solid dosage forms. Depending on drug and
individual susceptibility, oral liquid dosage form may also cause uncom-
fortable gastrointestinal irritation and can require frequent dosing [67]
as compared to some other dosage forms.

One common way of resolving the difficulties in swallowing is to
fabricate tablets that disperses readily in the oral cavity (Table 5). The
world's first FDA-approved, AM tablet SPRITAM® was manufactured
with the intention of doing so. The mean time to disintegrate in the
oral cavity for SPRITAM® was in mere seconds [68], as compared to mi-
nutes for traditional orodispersible tablets. This is likely due to the ab-
sence of high compression forces in SPRITAM®, as compared to
traditional powder compaction tablet press. Yet, this does not compro-
mise the efficacy of SPRITAM® compared to traditional levetiracetam

Table 5

AM oral dosage forms for easy swallowing.
Application Drug Drug loading 3D printer Material Author
Resolve difficulties in swallowing
Rapid release of drug from AM Aripiprazole  HME for preparing drug FDM (ZMorph1 2.0S Personal ~ PVA Jamroza et al.,

orodispersible films loaded filament

Fast-melt; porous; quick disintegrating; Levetiracetam

easy to swallow

Patented Formula, FDA
approved Spiritam

Immediate/extended release; easy to
swallow design for tablet

Theophylline  HME for preparing drug

loaded filament

Fast disintegrating tablet Paracetamol  Drug mixed with powder
polymer
Fast disintegrating tablet Paracetamol  Drug mixed with powder

polymer

Fabricator) 2017
[71]

BJ (Zip Dose® technology) Patented formula Boudriau et
al, 2016
[69]

FDM (MakerBot Replicator 2X
Experimental)

BJ (Shanghai Folichif Co., Ltd)

BJ (Shanghai Folichif Co., Ltd)

Eudragit RL, RS & E;
hydroxypropyl cellulose

Colloidal silicon dioxide; PVP
K30; lactose; p-mannitol;
crosslinked PVP

Colloidal silicon dioxide; PVP
K30; lactose; p-mannitol

Pietrzak et al.,
2015

[72]

Yu et al., 2009
[70]

Yu et al., 2008
[70]

* FDM: Fused Deposition Modelling; BJ: Binder Jetting; HME: Hot Melt Extrusion; PVA: Poly Vinyl Alcohol; PVP: Poly Vinyl Pyrrolidone
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Table 6
AM transdermal patches.
Application Drug Drug loading 3D printer Material Author
Personalised antimicrobial wound Copper sulphate; HME for preparing drug FDM (MakerBot Replicator PCL Muwaffaka et
dressing zinc oxide loaded filament 2X) al., 2017
[78]
Acne patch/mask personalised to Salicylic acid Casting/HME for preparing FDM (MakerBot Replicator PCL Goyanes et
individual nose drug loaded filament 2X) al., 2016
Drug loaded into [77]
pre-polymer solution SLA (Form 1+) PEGDA 700 and PEG 300
Microneedle fabricated on a personalised  Diclofenac sodium N/A DLP, (Titan 1) 3DM-Cast Limetal,
splint for trigger finger 2017
[87]
Varying shape and geometry of N/A N/A Continuous DLP (custom  PEGDA Ali et al.,
microneedle made) 2016
[88]
Quick fabrication of mould-independent Rhodamine; Drug loaded into CLIP (Carbon3D) PCL trimethacrylate; PEG Johnson et al.,
microneedle; varying geometries fluorescein (model pre-polymer solution dimethacrylate; polyacrylic acid 2016
drug) [89]
Anticancer agent coated metal 5-fluoro-uracil; Piezodriven jetting onto M] (Nanoplotter II, with Metal microneedle Uddin et al.,
microneedle via inkjet printing curcumin; cisplatin -~ microneedle piezodriven dispenser) 2015 [91]
Antimicrobial coated microneedle Silver & zinc oxide Pulsed laser deposition DLP (Perfactory Il SXGA Envisiontec GmbH, eShell 200 Gittard et al.,
coating +) 2011
[96]
Antimicrobial loaded microneedle, reverse Gentamicin sulfate Drug loaded into 2PP (custom made) PEGDA 600 Gittard et al,,
mould printed pre-polymer solution 2010
[93]
AM microneedle for transdermal drug N/A N/A 2PP (custom made) Envisiontec GmbH, eShell 200 Gittard et al.,
delivery, reverse mould printed 2009
[92]
Extra fine microneedles with tip of N/A N/A 2PP (custom made) Ormocer® US-S4 Doraiswamy
nanometer range et al.,, 2006
[94]

* FDM: Fused Deposition Modelling; SLA: Stereolithographic Apparatus; DLP: Digital Light Processing; 2PP: 2 Photon Polymerisation; M]: Material Jetting; CLIP: Continuous Liquid Interface
Production; PEGDA: Poly Ethylene Glycol Diacrylate; PCL: Polycaprolactone HME: Hot Melt Extrusion; PCL: Polycaprolactone

Fig. 6. The Use of 3D scanners for design and fabrication of personalised transdermal drug delivery devices. Ai - iii) images for the design of a personalised transdermal patch with Ai)
scanned CAD model of female volunteer, Aii) CAD model of personalised nose patch, Aiii) actual printed nose patch using SLA printer. Bi - vi) images for the design of a personalised,
dual- function splint plus microneedle patch. Bi - iv) CAD manipulations to achieve a personalised splint with microneedles placed on the inner surface, Bv - vi) the top and side view
of the fabricated microneedle splint using DLP printer. Scale bar = 2 cm.
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tablet of the same dose as they both presented with similar pharmaco-
kinetics profiles in human [69]. Similarly, in the case of Yu et al. [70], fast
disintegrating paracetamol tablets were fabricated in a similar BJ tech-
nology, using a range of pharmaceutical polymers. Other than
orodispersible tablet, Jamroza et al. [71] utilised FDM to produce AM
orodispersible films. This was achieved using a water soluble thermo-
plastic PVA that dissolves readily in the oral cavity especially for thin
films. Also using FDM, but instead of fabricating orodispersible dosage
forms, Pietrzak et al. [72] focused on fabricating capsule-shaped tablet
that is usually preferred by patients for the ease of swallow [73]. All
these provided evidences on the potential of AM in fabricating easy to
swallow tablets or other oral dosage forms.

3.2. Transdermal patches

Delivery of drugs through the skin offers an attractive alternative to
oral delivery of drugs due to its advantages such as by-pass of the liver's
first pass effect, reduction of pill burden and improved patient compli-
ance [74]. The first transdermal system was developed in 1979, as a
72 h sustained release patch to deliver scopolamine for anti-motion
sickness. Between year 2003 and 2007, a new transdermal delivery sys-
tem is approved every 7.5 months. It is estimated that more than one
billion transdermal patches are currently manufactured each year [74].

Most of the current transdermal patches are fabricated as a single
layer or multiple layers patch. Several methods of fabrication exist
today such as free film or circular Teflon mould-method [75,76]. Yet,
these current fabrication methods involve solvent evaporation and mul-
tiple steps which are often time consuming. Using SLA, Goyanes et al.
[77] fabricated a personalised nose patch containing salicylic acid for
acne treatment. While no specific duration was provided in the article,
there was no evaporation or long stirring time mentioned and therefore,
can be assumed to be of a reasonable duration for the fabrication of the
personalised nose patch.

Furthermore, the skin is undulating and curved around the body anat-
omy such as nose or head. While current transdermal patches are fabri-
cated on a flexible backing layer to allow gentle contouring around the
human anatomy, it may not be able to account for precise and complete
contouring of the patch around minor contours of the skin. Application
of a transdermal patch onto the skin may also require a certain degree of
user expertise to ensure no trapped air bubbles between the patch and
skin. AM offers an alternative method for fabricating transdermal patch
(Table 6). Both Goyanes et al. [77] and Muwaffak et al. 78] utilised a hand-
held 3D scanner to obtain a 3D computer aided design (CAD) model of a
human volunteer's head and face, before designing a perfectly contouring,
patient-specific nose patch. The nose patch was fabricated with either
drug loaded polycaprolactone (PCL) using FDM to deliver antimicrobial
metal ions such as silver or drug loaded PEGDA using SLA to deliver

anti-acne salicyclic acid (Fig. 6A). With a patient specific nose patch,
there may potentially be less issues with the application of patch onto
skin and may provide a more accurate dosing of drugs through the skin.

In recent years, there is also an increasing interest in the use of
microneedles (MN) transdermal patch. MN are three dimensional
micromechanical structures which can produce superficial pores in
the skin to allow local permeation of big molecules into the skin such
as insulin [79-81], melanostatin [82] or erythropoietin [83], which do
not usually cross the stratum corneum. Current fabrication techniques
of MN, such as etching [84], drawing lithography [85] or micro molding
[86] method are unable to fabricate MN onto curved surfaces to account
for the undulating skin surfaces. This imperfect contouring of MN patch
onto human skin surfaces, may result in improper insertion of MN and
potentially a subtherapeutic dosing administered.

To potentially overcome these limitation (Table 6), Lim et al. [87]
demonstrated the use of a DLP printer to fabricate a patient specific
microneedle patch, using a high resolution castable resin 3DM-Cast
(Fig. 6B). The microneedles were fabricated onto a solid substrate,
which doubled up as a splint to immobilise the inflamed finger joint
or tendons, in the case of trigger finger. Microneedles on a personalised
curved surface meant that each microneedle is perpendicular to the skin
surface and can fully insert into the skin. The other significant advantage
of AM is the ability to change the geometry of microneedle rapidly
[88,89]. This allows quick optimisation of material and other parameters
of MN which may affect transdermal drug delivery.

Coating of microneedles is also technically challenging especially in
terms of depositing a known amount of drug onto the needle [90]. 3D
printer with a piezoelectric driven material jetting function allows de-
position of specific amount of drug solution onto existing microneedles
[91]. Apart from accurate dosing, it also allowed user to retain the supe-
rior mechanical strength of existing microneedles such as that of metal
microneedles. Using a 2PP printer, which is currently the highest resolu-
tion printer, Gittard et al. [92,93] and Doraiswamy et al. [94] demon-
strated the fabrication of microneedles, which have extremely fine tip
that allows good penetration of skin and potentially cell targeted deliv-
ery due to its nanosize [95].

3.3. Rectal and vaginal delivery

In current scenario, various vaginal and rectal delivery systems are
used for local as well as systemic delivery. The delivery system includes,
but are not limited to, suppositories, pessary, intra uterine devices, sur-
gical meshes, vaginal stents and vaginal dilators. The current approach
does not consider the specific anatomy of each patient, patient's medical
conditions, age and gender specificity which limit the effective therapy
due to poor fit whereas every patient is unique and requires different
doses of drugs and hormones. In addition, other factors such as

Table 7
AM vaginal/rectal drug delivery systems (suppositories, pessaries, IUS, surgical).
Delivery device Drug Drug loading 3D printer Material Author
Suppository & pessary/sustained release, Lidocaine, ibuprofen sodium, Mixed with DLP (Titan 1) Suppositories/silasticl Q-4720 &  Sunet al.,
non-dissolving suppository & tunable release. diclofenac sodium, ketoprofen pre-polymer MED-4901 Mould/3DM resin 2016
[99]
Pessary/patient specific cerclage pessaries NA NA SLA (ProJet 3500 Silicone (Sylgard 184 Tudela et
HDMax) al,, 2016
[100]
Implants/IUS, surgical meshes, subdermal rod,  Estrogen &/or pro-gesterone Mixed with FDM (MakerBot PCL Tappaetal.,
pessary & extended release (1 week) PCL for HME  Replicator 5th 2017
generation) [102]
Implants/subcutaneous rods, T-shaped IUS, Indo-methacin Mixed with FDM (MakerBot EVA Genina et
feedstock material EVA for HME  Replicator 2X) al., 2016
[104]
Implants/T-shaped IUS, feedstock material Indo-methacin Mixed with FDM (MakerBot PCL Hollander
PCL for HME  Replicator 2X) etal, 2016
[104,105]

* DLP: Digital Light Processing; SLA: Stereolithography Apparatus; FDM: Fused Deposition Modelling; HME: Hot Melt Extrusion; PCL: Polycaprolactone; EVA: Ethyl Vinyl Acetate; IUS: In-

trauterine System
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Fig. 7. Computer aided design of suppository moulds. A) Rectal suppository and B) vaginal suppository.

Adapted from [99] with permission.

variability in drug absorption related with menstrual cycle, menopause
and pregnancy is different among patients. The differences in obstetric
and gynaecologic products such as intrauterine devices shapes and dos-
age concentrations have been known to cause uterine perforations or
inflammation due to poor fit of device to patient's vaginal anatomy
[97,98]. Therefore, patient-specific/personalised delivery systems are
needed to provide personalised shape, size and tailored drug release
to improve the efficacy and to increase compliance. The AM delivery
system in this regard can provide personalised geometry, snug fit, in-
crease efficacy, improve patient compliance and prevent the post-surgi-
cal complications such as hematoma formation after surgery.

Recent developments in AM gave rise to potential solution to the is-
sues pertaining to rectal and vaginal delivery systems. However, to date,
very few studies have been reported in this area. The latest develop-
ment in this field has been briefly summarized in Table 7. Sun et al.
has shown the application of DLP 3D printer to prepare moulds of differ-
ent shape and size made from 3DM Castable resin (Kudo3D Inc., USA)
which were later utilised to make non-dissolving suppositories and pes-
saries of non-dissolving elastic silicone polymer (Silastic Q7-4720 and
MED-4901) loaded with anti-inflammatory drugs [99]. The use of elastic
polymer can provide a snug fit for rectal or vaginal delivery and allow
tailoring of anti-inflammatory drugs release. The use of elastic polymer

Table 8
AM drug delivery implants (bioactive disc and filaments; patch; stents; meshes; discs; catheters).
Delivery device Drug Drug loading 3D printer Material Author
Drug eluting product/flexible dosing &  Nitrofurantoin Mixed with PLA & FDM, MakerBot ~ PLA & metolose(R) Boetker et
precision medication. metolose for HME Replicator 2 al., 2016
(USA) [111]
Drug-eluting product/drug-loaded Nitrofurantoin Mixed with PLA for HME =~ FDM, MakerBot ~ PLA Water et al.,
feedstock materials Replicator 2 2015 [112]
(USA)
Drug-eluting product/bioflim inhibtion  Nitrofurantoin Mixed with PLA for HME ~ FDM (UP! Plus)  PLA Sandler et al.,
2014
[110]
Drug eluting product/fillaments, pellets, Gentamicin or metho-trexate Mixed with PLA for HME =~ FDM, MakerBot ~ PLA Weisman et
catheters, discs, SR Replicator 2X al.,, 2015
(USA) 9
[97,103,120]
Patch/SR (5 days), personalised & Tetracycline HCL Drug mixed with EHD printing PCL, PVP & PVP-PCL Wang et al.,
tailored drug delivery. polymer solution (not stated) composite 2017
[118]
Patch/pancreatic cancer xenografts for ~ Fluorouracil Mixed into molten paste  PE, MHDS (not PLGA, PCL Yietal, 2016
cancer growth suppression of PCL/PLGA stated) [117]
Vascular stent/patient specific, Intrinsic antioxidant property NA MicroCLIP B-Ink™ Van Lith et
bioresorbable, compressible & (custom made) al,, 2016
self-expanding. [121]
Vascular stent/anthelmintic, Niclosamide, inositol phosphate (IP6) Mixed with PCL for HME =~ FDM (Airwolf PCL & graphene Misra et al.,
nanocomposite or PCL-graphene HD) nanoplatelets 2017
composite [122]
Hernia meshes/hernia repair, bioactive ~ Gentamicin Mixed with PLA for HME =~ FDM, (MakerBot PLA Ballard et al.,
mesh Replicator 3D) 2017
[119]
Bioactive disc/antibacterial activity Oleo-gum-resins of Boswellia Mixed gum resins and FDM (Prusa Oleo Gum Resin & Horst et al.,
papyrifera Commiphora myrrha & oxides for HME Mendel-13) nanoparticles of TiO2, P25, 2017
Styrax benzoin Mo03, & Cu20 [123]

* FDM: Fused Deposition Modelling; CLIP: Continuous Liquid Interface Production; EHD: Electro Hydro Dynamic; MHDS: Multiple Head Deposition System; HME: Hot Melt Extrusion; PLA:
Polylactic acid; PLGA: Polylactic co-glycolic acid; PVP: Polyvinylpyrrolidone; PCL: Polycaprolactone; B-Ink™: 52% mPDC, 2.2% Irgacure 819, 0.2% Sudan | & 46% diethyl fumarate
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Table 9
AM drug eluting implants/scaffolds for bone regeneration & related infections.
Delivery device/features Drug Drug loading 3D printer Material Author
Drug eluting implant/slow release INH Mixed in binding solution BJ (Fochif PLLA Wuetal,
Mechatronics 2014
Technique Co. Ltd) [128]
Drug eluting implant/distinct bi-modal, or pulsed release LFX Mixed in binding solution BJ (Fochif PLLA Huang et
profile Mechatronics al., 2007
Technique Co. Ltd) [125]
Multi-drug implant/sustained & programmed drug LFX & tobramycin Mixed in binding solution BJ (Fochif PDLLA Wuetal,
release, multi drug, chronic osteomyelitis Mechatronics 2016
Technique Co. Ltd) [127]
Multi-drug implant/sustained & programmed drug INH & RFP Mixed in binding solution BJ (Fochif PDLLA Wau et al,,
release, multi drug, bone TB Mechatronics 2009
Technique Co. Ltd) [8]
Multi-drug implant/controlled-release drug implant LFX & RFP Mixed in binding solution BJ (Fochif PLLA Wuet al,,
Mechatronics 2009
Technique Co. Ltd) [126]
Titanium implants/potential drug releasing capabilities ~ NA NA SLM (ProX 200 Ti6Al4V Gulati et al.,
Production 3DP) 2016
[147]
Drug eluting implant/primary & secondary bone cancer, Doxorubicin & Drug solution was loaded onto SLM (ProX 200 Ti6Al4V Mabher et
surface composed of nanotubes Apo2L/TRAIL printed parts, under vacuum & later ~ production 3DP) al.,, 2017

dried. [148]

Drug eluting implant/bioresorbable, biofilm prevention, RFP RFP & PLGA co-precipitate to form M] (Dimatix Materials ~ TiAl6V4, PLGA, BCP Guetal,
accelerated osteoblast cell differentiation nano-composite in the printing Printer, DMP2800) nanoparticles 2012
solution [149]
Composite scaffold/Guided regeneration NA NA PE, multi-nozzle PCL/PLGA/R-TCP Shim et al.,
(custom made) 2013
[130]
Composite scaffold/delayed release, bioabsorbable Radio-labelled Printed scaffold soaked in rhBMP-2 SLA (Viper si2) PPF/carbonate Parry et al.
rhBMP-2 loaded microspheres solution hydroxyapatite coating, (2017)
PLGA microspheres [132]
Composite scaffold/excellent osteogenesis in the goat. rhBMP-2 Absorbed into printed scaffold under PE, MHDS PLGA/TCP Yu, D. et al.,
vacuum (TissForm™) 2008
[131]
Composite scaffold/enhanced regeneration rhBMP-2 Absorbed into printed scaffold with ~ PE, multi-nozzle PCL/PLGA/gelatin or Shim et al.,
collagen/gelatin under vacuum (custom made) collagen 2014
[129]
Composite scaffold/Guided regeneration, membrane like rhBMP-2 Absorbed into printed scaffold with ~ PE, multi-nozzle PCL/PLGA/B-TCP Shim et al.,
scaffold collagen under vacuum (custom made) 2014
[129]
Bio-porous scaffold/SR, enhanced osteogenic activity rhBMP-2 Immobilized on scaffold surface PE (Korea Institute of ~ PCL, Dopamine HCI Lee etal.,
Machinery and (coating) 2016
Materials) [135]
Functionalised scaffold/peptide functionalized, N3-OGP &/Or Immobilized on PEU using CuAAC FDM, CartesioW Propargy! functionalized Lietal,
enhanced osteogenic activity N3-BMP-2 click, subsequently HME to make PEU 2017
filament [136]
Functionalised scaffold/peptide functionalized, good BMP-2 Impregnated on printed scaffold PE, multi-nozzle PCL Jensen et
osteoconductivity & osteointegration (BioScaffolder, GeSIM) al., 2014
[137]
Complex scaffold/bone defect healing VEGF Mixed with alginate or alginate PE, multi-nozzle CPC paste, alginate, gellan Ahlfeld et
gellan gum to form printing paste (BioScaffolder, GeSiM) gum al., 2017
[133]
Composite scaffold/chronic osteomyelitis Tobramycin Mixed with polymer and melt during PE, multi-nozzle PCL/PLGA Shim et al.,
printing (custom made) 2015
[150]
Composite scaffold/proposed feasibility for bone repair ~ NA NA PE, multi-nozzle MBG coated with PHBHHx Yang et al.,
therapeutics (Nano-Plotter NP 2.1, 2014
GeSiM) [139]
Composite scaffold/SR, multi-functional, local anticancer Doxorubicin Mixed within material PE, multi-nozzle (3D Fe;04/MBG/PCL Zhang et
& enhanced osteogenic activity, & magnetic Bioplotter™ al., 2014
hyperthermia EnvisionTEC) [144]
Composite scaffold/controlled ion release & drug Dexa-methasone  Mixed within material PE, multi-nozzle (3D Sr-MBG Zhang et
delivery, enhanced mechanical strength Bioplotter™ al,, 2014
EnvisionTEC) [145]
Composite scaffold/SR (12 week), multi-drug, INH & RFP Impregnated on printed scaffold PE, multi-nozzle (3D MBG-COOH/MBG-CH5 Zhuetal,
osteoarticular tuberculosis, functionalized MBG Bioplotter™ 2015
EnvisionTEC) [141,143]
Composite scaffold/SR (12 week), multi-drug, INH & RFP Mixed within material PE, multi-nozzle (3D MBG-COOH/MBG-CH3 Lietal,
osteoarticular tuberculosis, functionalized MBG Bioplotter™ 2015
EnvisionTEC) [143]
Composite scaffold/SR (4 week) DMOG Mixed within material PE, multi-nozzle (3D MBG/PHBHHx Min et al.,
Bioplotter™ 2015
EnvisionTEC) [142]
Composite scaffold/controlled release TGFp3, small Embedded in printed scaffold, Low temperature FDM  PU/HA Hung et al,,
molecule drug blended with HA (custom made) 2016
Y27632 [134]

* BJ: Binder Jetting; SLM: Selective Laser Melting; MJ: Material Jetting; PE: Pneumatic Extrusion; SLA: Stereolithographic Apparatus; HME: Hot Melt Extrusion; MHDS: Multiple Head De-
position System; RFP: Rifampicin; INH: Isoniazid; LFX: Levofloxacin; Ti6Al4V: Titanium Alloy; PLGA: Poly Lactic Co-Glycolic Acid; BCP: Biphasic Calcium Phosphate; PLLA: Poly L-Lactic
Acid; PDLLA: Poly D,L-lactic acid CuAAC: Copper-Catalyzed Azide Alkyne Cycloaddition; rhBMP-2: Recombinant Bone Morphogenetic Protein-2; OGP: Osteogenic Growth Peptide; INH:
Isoniazid; RFP: Rifampicin; DMOG: Dimethyloxallyl Glycine; MBG: Mesoporous Bioactive Glass; PCL: PolyCaprolactone; PLGA: Polylactic co-glycolic acid; TCP: Tricalcium Phosphate;
PEU: PolyEster Urea; PHBHHx: Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate); Sr: Strontium; PU: Polyurethane; HA: Hyaluronic acid; PPF: Polypropylene Fumarate
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also has the potential for other clinical applications such as drug eluting
ear plugs. The design and preparation of suppositories has been briefly
described in Fig. 7. In a similar approach, Tudela et al. developed a
cerclage pessary for prevention of preterm birth [100]. Prenatal ultra-
sound was used to measure cervical length and radius to 3D print
personalised pessaries. Pessary for women, with stress urinary inconti-
nence, to prevent urinary leakage was also developed by a separate
group of researchers [101]. In contrast, using a mould free approach,
Tappa et al. has demonstrated the fabrication of personalised pessary
made of biodegradable PCL and PLA. Various pessaries with different
shapes were fabricated, together with IUS, subdermal rods, surgical
mesh and discs to deliver hormones [102,103]. Genina, N. et al. and Hol-
lander, J. et al. also demonstrated the fabrication of T-shaped IUS, subcu-
taneous rods and filaments as feed stock material to produce implants
using FDM. Both ethylvinyl acetate (EVA) and PCL demonstrated the
sustained release of indomethacin [104,105]. Hakim et al. also demon-
strated the fabrication of vaginal stents for paediatric and adolescent
population. The design customization was based on CT scan imaging
to vary the lengths and widths of stents and dilators [106]. It has poten-
tial to deliver antibiotics or hormones, prevent bleeding, provide pain
relief and prevent hematoma formation after surgery [107]. Jaklenec,
A. et al. has developed a vaccine formulation which in general can be
used for delivery through the mucosa either via vaginal, rectal, nasal,
oral or pulmonary routes [108]. Pouliot, J. et al. has patented the alterna-
tive approach/treatment with patient specific drug delivery implants to
treat cancer (mouth, anal, cervical, and vaginal) [109].

3.4. Drug delivery implants

Drug delivery implants may include but are not limited to the
types of constructs for drug delivery or medical applications, such
as composite scaffolds, bone cages, filaments, catheters, stents, intra-
uterine devices, meshes and drug eluting devices. In general, cur-
rently commercially available implants lack the personalisation of
the treatment and consideration of several issues, similar to vaginal
delivery, such as anatomical differences, age, genders and disease
condition. Moreover, it may compromise the safety and efficacy of
therapy due to a lack of personalisation. The advances in AM technol-
ogies have promoted the use of drug laden implants (Tables 8, 9, 10).

3.4.1. Discs, filaments and surgical patches

Drug loaded disc implants and filaments are one of the simplest
structures for medical applications. Nitrofurantoin loaded disc implants
made of biodegradable polymers have been studied by several
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researchers (Table 8) [110-112]. Boetker et al. demonstrated that rheol-
ogy of the molten materials, undissolved particles and amount of meth-
ylcellulose can affect the drug release from the implant [111]. Water et
al. demonstrated an 85% biofilm reduction over 18 h [110]. In addition,
Sandler et al. also demonstrated the inhibition of biofilm colonization to
treat recurrent infections [112]. Separately, Weisman has demonstrated
the fabrication of drug eluting products, including disc and other im-
plants [97,103,113].

Patches are delivery systems for drugs and cosmetics typically con-
sidered for skin and wound care. It could be of various types (Table 8)
such as porous patches [114] and microneedle patches [115,116]. How-
ever, a surgical patch implant can be an important delivery system to
treat internal organs. The patch in this regard can be designed with pre-
cise geometry and dose.

The surgical patch as demonstrated by Yi et al. was fabricated into
patches of various shape, porosity and layers made from PCL and
PLGA (Fig. 8), loaded with fluorouracil. The team demonstrated in a rab-
bit model that the surgical patch could significantly reduce the size of a
pancreatic tumour [117]. Wang et al. also demonstrated the fabrication
of biodegradable surgical patches. The tetracycline loaded patch dem-
onstrated a sustained release of drug in in vitro conditions for 5 days.
This can potentially provide sustained anti-inflammatory and anti-bac-
terial actions. The team also studied the effect of AM operation parame-
ters such as collector speed, flow rate, working distance and applied
voltage on diameter and morphology of fibres to optimize parameters
including the patch shape, dimensions and drug release kinetics [118].
Ballard et al. demonstrated the fabrication of biodegradable meshes
loaded with Gentamicin to repair hernia which can be tailored based
on intraoperative measurements, thus eliminating waste and
minimising the unwanted drug exposure to other parts of the body
[119]. Tappa et al. fabricated a progesterone loaded surgical meshes
for vaginal applications [102,103].

34.2. Stents

Stents are devices inserted into the lumen of vessels, such as artery,
pulmonary tract, bile duct, etc., to keep the anatomical passage open.
The dimensions of stent can drastically differ in different anatomical
lumen and some disease conditions. The use of permanent stents,
such as metal based stent increases the risk of mechanical damage, inti-
mal hyperplasia and thrombosis [121]. While commercial drug-eluting
stents can reduce the restenosis rates, the stent remains a source of in-
flammation. Furthermore, in cases of diffuse lesions, angiography-based
estimation of plaque-free zones is difficult, resulting in an overestima-
tion of vessel diameter, causing over-stenting. To avoid over-stenting

Table 10
AM bioceramics & bone cage for bone regeneration and related infections.
Delivery device/features Drug Drug loading 3D printer Material Author
Bioceramics/multi-drug, implant RFP & VNC Mixed within material BJ, (Modified ZPrinter® 450) a-TCP & PMMA Inzana et al.,
associated osteomyelitis 2015
[153,154]
Bioceramics & VNC, Immersion & vacuum BJ, (Z-Corporation) Hydroxyapatite, Gbureck et
biocomposite/Multi-drug, SR ofloxacin&  impregnation brushite, monetite & al., 2007
tetracycline PLA/PGA [155]
Bioceramics/controlled release VNC, Mixed within material BJ (Multi Jet, Z-Corporation) Brushite, monetite, Vorndran, E.
rhBMP-2, Unreacted o/p- TCP, etal. (2010)
heparin chitosan, HPMC [152]
Bioceramics/antibacterial & osteogenic Silver Mixed in binder solution for PE (custom made, Fraunhofer Institute for (3- TCP, graphene oxide  Zhang, Y. et
activity, nanocomposites nanoparticle injectable paste Materials Research and Beam Technology, al. (2017)
Germany) [159]
Combination of bone cage & Collagen Collagen loaded in PLGA FDM (U-Maker) for bone cage; PLA cage & PLGA Chouetal,
nanofibrous patch/enhancement of solution for for electrospinning Electrospinning (not stated) nanofibers 2016 [158]
tendon-bone healing into nanofibers
Combination of bone cage & VNC & Drug dissolved in PLGA solution FDM (U-Maker) for bone cage; PLA cage & PLGA Chouetal,
nanofibrous membrane or patch ceftazidime  before electrospinning Electrospinning (not stated) nanofibers 2017
[124]

* BJ: Binder Jetting; PE: Pneumatic Extrusion; FDM: Fused Deposition Modelling; RFP: Rifampicin; VNC: Vancomycin; rhBMP-2: Recombinant Bone Morphogenetic Protein-2; o-TCP:
Alpha Tri Calcium Phosphate; PMMA: Poly Methyl Methacrylate; PLA: Poly Lactic Acid; PLGA: Poly Lactic co-Glycolic Acid; HPMC: Hydroxypropyl Methyl Cellulose; PGA: Poly Glycolic Acid



S.H. Lim et al. / Advanced Drug Delivery Reviews 132 (2018) 139-168 153

A : D

Pressure
~— Metal

syringe

PLGA /PCL paste Heating

containing 5-FU block
B Nozzle

Square

E
—_— 1 50 7 . p1 0
f:g —x— P50
53 —+— P100
< —e— P150
o 1 00 T
£
E
[=)]
—
a = k—k—k-%
O 0 ESESETETIEee
0 10 20 30
Time [days]
PO P100 P150

Fig. 8. A) Schematic of drug loaded polymer paste from 3D extrusion deposition system. B) Three shapes of the patches: square without loops; circle and oval shapes with loops on each
side for suturing. Scale bar: 5 mm. C) Lattice patches layered 2, 4, and 8 times. Scale bar: 2 mm. D) Photographs presenting the flexible and stretchable properties of the patches. E)
Cumulative release profile of patches with increasing drug loading. F) In vivo effect of drug loaded patch on pancreatic tumour. Photographs of the excised tumours and the patches at

four weeks after implantation. Scale bar: 2 mm.
Adapted from [117] with permission.

and provide personalised therapy, an ideal stent should have the follow-
ing properties: personalised, bio-resorable, compressible, flexible and
drug eluting. Computed tomography imaging can provide a suitable
and non-invasive approach to assess lumen anatomy for designing of
the personalised stent (Fig. 9).

Van Lith et al. demonstrated the fabrication of a bio-resorable vascu-
lar stent made from polydiolcitrate which shows intrinsic antioxidants
property using the microCLIP technology (Table 8) [121]. The team
customised AM stents which significantly increased the radial compres-
sion strength of pig artery in vitro. The stents were compressible and
self-expanding in vitro within a clinically relevant time frame. Misra et
al. also fabricated the vascular stents using PCL and graphene
nanoplatelets loaded with niclosamide and inositol phosphate which

.

could inhibit cell growth (Table 8) [122]. The team demonstrated the
feasibility of the customised vascular stent deployment in a porcine
model.

3.4.3. Implants for bone regeneration

Each bone has its unique anatomy within the human body, with
wide varieties of shape, size and mechanical strength. The size, shape
and mechanical strength also differ within age and gender. The associ-
ated functional muscles and tendons are also unique for each bone.
The treatment becomes further challenging due to anatomical compli-
cations in comminute fracture, bone defects and fractures caused by
trauma, revision surgeries, infection and bone tumour, and high func-
tional expectations. Therefore, an optimal treatment of bone fracture
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Fig. 9. Stepwise process for developing a personalised 3DP coronary stent. A) Cross-section of the artery shown at the surface of the heart, plaque build-up is shown inside the lumen due to
various factors, e.g., aging, diet, genetics; B) a clot-binding probe, i.e., a fibrin targeted iodinated CT contrast probe is administered to locate the blood clot. At the same time, volumetric CT
imaging helps to get accurate measurement of the blockage; C) imaging information is transferred to a CAD software to design a personalised stent; D) PCL-GR polymer composite is used
for FDM in a 3DP; E) AM stent is placed inside the artery; F) the incorporation of two drugs for sequential release; G) monitoring of healing process by CT imaging; H and I) biodegrading of

polymer inside a widened artery.
Adapted from [122] with permission.
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and bone defects should provide adequate protection to soft tissue, treat
possible infections, support surface alignment and enhance bone
healing [124].

Currently, bone defects and bone infections are separately treated.
Moreover, the bone implants are not customised for each patient. In re-
cent years, the development in AM technologies has facilitated the fab-
rication of implants with multifunctionalities. In general, recent AM
implants for the bone regeneration are composite scaffolds,
bioceramics, biocomposites, multidrug implants, bone cage, combina-
tion of bone cage and nanofibers membrane. These implants have
been utilised to deliver various protein drugs and small molecules
(Tables 9, 10).

3.4.3.1. Polymeric implants. Biodegradable polymers such as PCL, PLGA
and PLA have been widely used to fabricate polymer implants (Table 9).
These polymers typically provide good mechanical strength and aid in
sustained drug release. The combinations of polymers, mesoporous bioac-
tive glass (MBG), calcium phosphates, etc., have also been utilised to pre-
pare composite scaffold with improved mechanical strength. In recent
years, AM composite scaffolds loaded with antibiotics and proteins have
been studied. The delivery of bioactive proteins through delivery device
has been a key strategy for effective bone regeneration. However, the sta-
bility and integrity of such proteins are often a concern. Delivery of small
molecules with specific reference to antibiotics is also necessary to treat
infections associated with bones and adjacent soft tissues. However, sev-
eral process parameters in AM, such as use of heat, organic solvent, or
crosslinkers cause reduction in efficacy of the antibiotics. Furthermore, a
controlled release of antibiotics is preferred to treat the infections
completely, while avoiding side effects.

Huang et al. fabricated polymeric implants of PLLA loaded with
levofloxacin (LEX) and demonstrated the in vitro bimodal, pulsatile and
steady state release of LFX from the implants [125]. Wu et al. also demon-
strated the fabrication of PLLA and poly D-lactic acid (PDLA) implants to
deliver anti-tubercular and anti-cancer drugs. The team demonstrated
the in vivo release of drug in rabbit model [8] and a programmed release

of LFX followed by RFP after 8 days for a total duration of 6 weeks [126]. In
addition, the team demonstrated the capability of dual therapy, i.e., anti-
cancer chemotherapy and pharmacotherapy for chronic osteomyelitis
[127]. Besides, Wu et al. also demonstrated the fabrication of PLLA im-
plants for drug delivery [128].

Shim et al. demonstrated the fabrication of rhBPM-2 laden scaffolds
utilising a multi-head printer with layer by layer fabrication. This was
done in two sequential steps: first polycaprolactone/polylactic co-
glycolic acid/beta tri-calcium phosphate (PCL/PLGA/B-TCP) construct
was printed at 135 °C using one head while one of other heads was
used to load the rhBMP-2 by filling the gaps on printed layer at 20 °C
(Fig. 10A-B) [129,130]. The team reported the enhanced and guided re-
generation of the bone in rabbits in separate studies. Yu et al. fabricated
arhBMP-2 loaded composite scaffold made of PLGA/TCP using low tem-
perature 3D printer [131]. The team demonstrated that the scaffold be-
came an active artificial bone with combination of rhBMP-2 and
exhibited excellent osteogenesis in goat.

Parry et al. also developed a composite scaffold for enhanced re-
construction of anterior cruciate ligament achieved by delaying the
release of rhBMP-2. The scaffold demonstrated a decreased burst re-
lease and a delayed release of rhBMP-2 over 32 days. This was
achieved through an additive effect of coating on the scaffold with
calcium phosphate and loading of PLGA microspheres with encapsu-
lated rhBMP-2 [132]. The team also demonstrated the suitability of
graft fixation to maintain pull out strength in ex vivo rabbit model.
Another composite scaffold was developed by Ahlfeld et al., using
AM to plot CPC paste mixed with VEGF-loaded hydrogels. The main
component of the scaffold was CPC which provided good mechanical
strength and also mimics bone, while the hydrogel strands was im-
portant for VEGF delivery. [133]. Hung et al. has also demonstrated
the fabrication of composite scaffold based on water-based 3D print-
able material, polyurethane (PU) and hyaluronic acid (HA). The team
demonstrated a sustained and tuneable release of TGFR3 in vitro for
9 days with significant improvement in cartilage repair in rabbit
model [134].
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Fig. 10. A) Schematics of the low-temperature fused deposition manufacturing platform to prepare AM composite scaffold B) Composite scaffold of various shapes prepared with water
based polyurethane materials. C) Schematic of functionalized scaffold showing the effect on osteogenesis. D) - G) Procedure of bone grafting with bone cage in rabbits. D) Preparation of
morselized corticocancellous bone chips. E) Padding bone chips into the cage; F) lllustration of series connection of the composite graft with femoral shaft by the intramedullary K-wire; G)

Photograph of the composite graft after fixation.
Adapted from [134,135,138] with permission.
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Peptide functionalised scaffolds are combination of scaffold materials
and surface immobilized proteins to increase surface biocompatibility of
the scaffolds. In general, surface functionalization of scaffold with bone
morphogenetic protein 2 (BMP-2) could enhance cell adhesion and oste-
ogenesis (Table 9). Lee et al. immobilised recombinant human BMP-2
(rhBMP-2) on dopamine coated PCL porous scaffold, which demonstrated
good osteogenic activity in vitro (Fig. 10C). It also exhibited the sustained
release with different mechanism as compared to other rhBMP-2 delivery
devices [135]. Li et al. demonstrated that scaffolds based on polyester urea
(PEU) with surface immobilized osteogenic growth peptide (OGP) or
BMP-2 enhanced the osteogenic differentiation in vitro [136]. In contrast,
Jensen et al. demonstrated, in porcine cranial bone defect model, that un-
modified PCL scaffold was better in osteoconductivity and
osseointegration as compared to BMP-2 treated PCL scaffolds [137].

Polymeric composite scaffolds based on biodegradable polymers PCL
and PLGA have been reported by Shim et al. [130]. Tobramycin, one of
the thermostable and most widely used antibiotics for bone infections
was loaded into the composite scaffold. The team demonstrated a
sustained release of tobramycin for up to 51 days in vitro from scaffold
and a reduction in swelling in the defected rat femur. Hung et al. also
demonstrated the delivery of small molecule drug loaded in composite
scaffold, made from water-based PU and HA [134]. The team demon-
strated the sustained and tuneable drug release in vitro and its potential
to repair cartilage in a rabbit model.

MBG based scaffolds are silica mesoporous materials with pores of
nanometres. MBG is brittle and fails to provide the mechanical strength
required of clinical bone repair [139]. This urged the development of com-
posite scaffold combining MBG and other materials for enhanced me-
chanical strength. Yang et al. fabricated a MBG scaffold coated with Poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx), in which
PHBHHXx has been shown to improve the mechanical strength of the scaf-
fold without losing the porosity of scaffold. It can be potentially used for
drug delivery as well. The team also demonstrated the improvement of
cell attachment and viability, likely owing to the hydrophilic surface,
nanostructures, release of calcium and silicon ions from the coating.

Zhu et al. fabricated composite scaffold to treat infections [140,141]
and to improve angiogenesis and osteogenesis [142]. The team demon-
strated the co-release of anti-tubercular drugs, namely,
isonicotinylhydrazide (INH) and rifampicin (RFP), in a sustained man-
ner over 84 days to kill bacilli without compromising liver and kidney
functions. In addition, they also showed osteogenic capability of scaf-
fold. In another study, the team demonstrated the sustained delivery
of dimethyloxallyl glycine (DMOG) through the scaffold to induce hyp-
oxic microenvironment which promotes blood vessels growth and sub-
sequently bone healing,. Li et al. also demonstrated the potential of INH
and RFP delivery though MBG scaffold in treating bone defects using a
rabbit model [143].

Another emerging technique is to use trace metals to improve the
mechanical strength and add functionalities of the composite. Zhang
et al. has fabricated composite scaffolds made of magnetic iron oxide,
MBG and PCL loaded with doxorubicin [144]. The scaffold exhibited en-
hanced mechanical property, slow drug release and additional magnetic
heating property, which can kill bone cancer cells. In another study, the
team fabricated strontium based composite scaffold. Strontium is an in-
nate trace metal found in bone and aids in bone formation. The addition
of strontium in scaffold increased the mechanical strength by 170 times,
with also controlled delivery of strontium to bone cells to promote the
bone formation [145]. Qi et al. fabricated calcium sulphate and MBG
based composite scaffolds, which demonstrated stimulated cell adhe-
sion, proliferation, alkaline phosphatase activity and osteogenesis-re-
lated gene expressions in vitro. Similarly, the in vivo study
demonstrated significant enhancement in new bone formation in cal-
varias defects in rats [146].

3.4.3.2. Metallic implants. Traditionally, metal implants are used as bone
implant to provide mechanical support for bone healing and

regeneration. However, this use has been limited to sole mechanical sup-
port. The use of iron and strontium to improve mechanical strength and
added functionality in composite scaffold has been discussed in previous
sections. Recently, AM titanium alloy-based implant has demonstrated
the capability of providing drug delivery, in addition to mechanical sup-
port (Table 9). Gulati et al. has demonstrated the fabrication of titanium
implants using selective laser melting (SLM) machine. In addition, the
printed implants, consisting of surface topography with micro and nano
structure, demonstrated effective osteointegration property [147]. Later,
Maher et al. also demonstrated the capability of similar titanium implants
to deliver anti-cancer drugs and enhanced cell attachment, which sup-
ports its potential as chemotherapy treatment for bone cancer [48]. In an-
other research, Yang et al. fabricated porous titanium dental implant for
drug delivery [151]. Gu et al. also fabricated the micropatterns of calcium
phosphates nanoparticles and PLGA nanocomposite on titanium and glass
surface with the capability to deliver RFP [149].

3.4.3.3. Ceramic implants. Bioceramics are usually calcium-based mate-
rials for bone repair. These include calcium sulphates and calcium phos-
phates such as brushite, monetite, hydroxyapatite, dicalcium phosphate
(DCP) and TCP. Vorndran et al. demonstrated the fabrication of
bioceramics at low temperature with loading of proteins (rhBMP-2
and Heparin) and vancomycin (VNC) into the bioceramics during the
process of fabrication (Table 10). The team also demonstrated a modi-
fied release of bioactive with the use of different calcium phosphates
and binders [152]. Subsequently, Inzana et al. fabricated the biocermaic
scaffold to simultaneously delivery RFP and VNC for implant associated
bone infections. The team demonstrated that the sustained release of
antibiotics can be achieved by coating the scaffold with PLGA which re-
sulted in a 50% eradication of pathogen in an in vivo mice model
[153,154]. Similarly, Gbureck et al. also demonstrated the fabrication
of bioceramics and biocomposites at low temperature loaded with
VNG, tetracycline and ofloxacin in several calcium phosphates [155].
The team also demonstrated that incorporation of PCL or PLGA matrix
can delay the release of bioactive to provide sustained action. Zhang et
al. proposed a hypothesis based on their preliminary study [156] that,
biphasic articular spacer constituting personalised bioceramic sheath
can reach the dual goal of infection control and bone regeneration in in-
fected arthroplasty cases [157].

3.4.3.4. Bone cage and anchoring. Comminuted fractures are complicated
for orthopaedic surgeon due to the number of bone fragments causing
surgical complications. The personalised bone graft can potentially
help to resolve this issue. Chou et al. demonstrated the fabrication of
customised bone cage made of PLA and drug loaded PLGA nanofibers
using the FDM 3DP. The bone cage can be filled with the fragments of
bones from comminuted fracture (Fig. 10D-G, Table 10). This structured
bone graft strategy could help in faster bone regeneration while avail
both the osteoconductive / mechanical properties and avoiding the
graft resource limitation. In addition, the combination of PLGA
nanofibrous membrane loaded with drugs can provide the sustained
anti-infective therapy [124,138]. In another study, the team demon-
strated the fabrication of bone anchoring bolt combined with
nanofibrous membrane blended with collagen for enhanced tendon
bone healing which is otherwise challenging [158].

3.4.4. Custom brachytherapy applicator

Conventional brachytherapy applicators are not customised to
conform with the unique human anatomy. This results in normal
body parts getting unwanted exposure of radiation causing medical
complications. Custom brachytherapy applicators have been dem-
onstrated to significantly minimise exposure to other non-affected
body parts [160-164]. Sethi et al. has demonstrated the use of cus-
tom applicators for patients with post-surgical anatomy to provide
customised radiation exposure with effective target coverage and
avoidance of unwanted exposure [163]. Ricotti et al. has also
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Table 11
AM in-vitro drug testing systems.
Application of AM model Drugs tested 3D printer Material Author
(Ocular) Drug release from contact lenses Ciprofloxacin, moxifloxacin, Not stated ABS Bajgrowicz et al.,
fluconazole 2015
[182]
(Ocular) Drug release from contact lenses Fluconazole Not stated ABS Phan et al., 2015
[187]
(Nasal) Drug dissolution/permeation through the Budesonide FDM (Dimension Elite) ABS Pozzoli et al.,
mucosa in the nasal cavity 2016
[191]
(Nasal) Visualization of drug deposition patterns Nasal sprays: apotex, astelin, M] (Polyjet, Objet30 Pro) PP Xietal, 2015
miaoling, and nasonex [198]
(Respiratory) Drug deposition into infant upper Budesonide M] (Polyjet, Objet Eden PolyJet FullCure 720 (Objet ~ Minocchieri et
airway 330) Geometries) al., 2008
[202]
(Cardiovascular) Drug effects on cardiomyocyte Verapamil, isoproterenol M] (Polyjet, Aerotech/0 Dextran, PDMS, Lind et al., 2016
contractility Thermoplastic PU, ABS, PLA  [211]
(Chemotherapy) Drug effect on breast cancer bone Fluorouracil SLA (Printrbot) PEG, PEGDA Zhu et al., 2015
metastasis [225]
(Drug transport) Drug transport across polycarbonate Levofloxacin, linezolid M] (Polyjet, Objet Connex  Objet Vero White Plus Anderson et al.,
membrane 350 printer) Proprietary resin 2013
[232]
(Anti-microbial therapy) Antibiotic efficacy against E.  Kanamycin, tetracycline FDM (RepRap) PLA Glatzel et al.,
Coli (Escherichia coli) 2016
[234]

* FDM: Fused Deposition Modelling; MJ: Material Jetting; SLA: Stereolithography Apparatus; ABS: Acrylonitrile Butadiene Styrene; PDMS: Polydimethylsiloxane; PU: Polyurethane; PLA:
Poly Lactic Acid: PEG: Polyethylene Glycol; PEGDA: Polyethylene Glycol Diacrylate. Bolded text refers to the various classes of AM for in vitro drug testing systems.

demonstrated the fabrication of high-dose cylindrical (for vaginal)
and flat (for superficial lesion) applicators [162]. Sim et al. fabri-
cated an insert to treat eye plaque [165]. Similarly, other custom
brachytherapy applicators were also developed for skin [166],
breast [167] and nose [168,169].

4. AM for drug testing systems

Other than drug delivery systems, AM has been used in many areas of
healthcare and scientific research, including clinical training, surgical
planning and medical imaging research [170]. The increase in accessi-
bility to 3D printers, its scalability and affordability have provided an
inexpensive modality for rapid design and prototyping of constructs
for a variety of applications [171,172]. 3D printable models are created
with computer aided design (CAD) package or via 3D scanner of an
object or via medical imaging data - such as Centralised Tomography
(CT) or Magnetic Resonance Imaging (MRI). This data is then con-
verted to a printable file format before reconstruction using a 3D
printer. Increasingly, improvements in AM technology allow anatomi-
cally accurate models to be printed. Scanned medical images of a pa-
tient can now be printed and studied in 3D. Moving a step further,
many AM constructs became the basis for in-vitro drug tests. This sec-
tion explores mainly the use of AM on physical models (without the
incorporation of cells in the ink matrix) for in-vitro drug testing
(Table 11), and only briefly on bio-printed models, which are already
extensively reviewed in other excellent articles.

4.1. Ocular

Contact lenses (CLs) have been used as a promising approach to de-
liver drugs to the cornea [173]. Since 1965, CLs were proposed as potential
drug carriers and considerable research were conducted to develop a
commercial product [174-176]. However, previous in-vitro models to
predict drug release rates have failed to reflect the physical characteristics
of an ocular environment. Drug release experiments were typically per-
formed by immersing lenses into vials containing 2 to 5 mL Phosphate
Buffer Saline (PBS), with no form of fluid exchange [177-179]. However,
the tear volume on the actual corneal surface is significantly smaller in
amount (approximately 7 £ 2 pL) and undergoes a rate of tear exchange
at approximately 0.95 to 1.55 pl/min [180,181]. The large volumes used in

vitro resulted in rapid elution of drugs, which may differ greatly from in
vivo drug release profiles from CLs on the ocular surface.

To overcome these problems, Bajgrowicz et al. demonstrated the use
of AM to fabricate a mould for an in vitro eye model to study the release
kinetics of ciprofloxacin and moxifloxacin from commercially available
daily disposables CLs [182]. The 3D printed polycarbonate-acrylonitrile-
butadiene-styrene mould comprised of a “corneal/scleral” section and
an “eye lid” piece and these eye models were connected to a microfluidic
syringe pump to simulate tear flow and volume adjustment (Fig. 11A and
B). CLs were soaked in ciprofloxacin and moxifloxacin solutions, respec-
tively, before being placed into the eye model. Flow-through fluid was
collected at specific time intervals to determine the concentrations of
drug using UV-Vis Spectrophotometer. Drug release was sustained
throughout the 24-h observation period for the eye model (P < 0.05)
while the drugs were released rapidly within the first hour for the con-
ventional method, which was consistent with previous reports. Compara-
ble results have been observed from other studies that have examined
drug release from CLs in microfluidic systems [183-186]. In addition, a
study conducted by Phan et al. [187] using the same parameters for study-
ing the release kinetics of fluconazole as a potential ocular antifungal
agent for fungal Keratitis also yielded similar findings. Using an eye
mould, therefore, allows better simulation of the in vivo conditions.

4.2. Nasal

Nasal drug delivery has been known to be safer than most traditional
routes of drug administration [188]. The expanding role of aerosols in
nasal drug delivery exploits the large surface area of the nasal mucosa,
therefore allowing many drugs such as peptides, vitamins, macromole-
cules, opioids and also antimigraine drugs to be delivered directly into
the systemic circulation [189]. It was reported that the efficacy of a
nasal drug would rely on its site of deposition in the nasal cavity
[190]. Systemic delivery is also improved with increased drug exposure
to the respiratory zone of the nasal cavity, the septum and nasal floor
around the turbinates, owing to their high degree of vascularization
[189]. Currently, intranasal drug deposition in vivo can be measured
using gamma camera imaging. However, the increased risk of exposure
to radiation and ethical considerations have discouraged the use of this
modality for studying nasal drug deposition. Existing in vitro models to
investigate nasal drug deposition have met with many limitations.
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Fig. 11. AM ocular and nasal in-vitro drug testing models. A) Schematic of the final set up with a microfluidic pump and a collecting well plate. B) A front-view photograph of the eye model.
C) 3D drawing of the modified expansion chamber. D) British Pharmacopoeia Apparatus E equipped with modified expansion chamber. E) The schematic of the cast cut open to visualize
and measure the location depositions inside the nose. F) Schematic diagram of intranasal deposition test. There are three steps: drug delivery testing, deposition rate and deposition
pattern analysis, and cast cleaning dehumidification. G) Deposition pattern and quantification in the nose with four nasal spray products: Miaoling, Astelin, Apotex, and Nasonex.

Adapted from [182,191] with permission.

Cascade impactors (CI) alone are unable to provide information on drug
dissolution or permeation through the mucosa in the nasal cavity.

To overcome these limitations, Pozzoli et al. [191] developed a cus-
tom-made expansion chamber (MEC) using FDM printing (Dimension
Elite) and the ABS material. RPMI 2650 nasal cell epithelia on Snapwell
cell inserts were incorporated into the MEC, which was attached to a
cascade impactor for the testing of drug deposition and permeation by
using a commercially available budesonide nasal spray, Rhinocort®.

The inclusion of RPMI 2650 nasal cell epithelia allows better representa-
tion of the mucosal surface present in the nose. Fig. 11Cand D illustrates
the 3D drawing of the MEC and the cascade impactor fitted with the
MEC respectively. A total dose of 96 ng of budesonide was delivered
into the chamber using a Rhinocort®. The cell inserts were then re-
moved from the modified chamber and transferred into a 6-well plate
containing Hank's Buffered Salt Solution (HBSS). At the end of 4 h, it
was discovered that only about 17% of Budesonide remained on the
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surface and inside the cells, suggesting the relatively low binding affin-
ity of budesonide for human nasal tissue, a trend in congruence with
data previously published by Baumann et al. [192].

Alternatively, anatomical models such as cadaver heads [193,194],
nasal cavity replicas [195,196] or nasal casts using FDM or
stereolithography (e.g., the SLA, Viper or SAINT models) [197] have been
developed to study nasal drug deposition. However, validated modalities
to visualize and quantify regional or local deposition of drug fractions are
rare. Xi et al. [198] developed a nasal cast model using MRI scans for
assessing the deposition patterns of four commercially available nasal
spray pumps (Apotex, Astelin, Miaoling, and Nasonex). The models
were printed with M] printing (Polyjet, Objet30 Pro) and PP was used
as the base material. Fig. 11E depicts the schematic of the nasal cast and
Fig. 11F shows the schematic diagram of the intranasal deposition test
which comprised of three steps: (1) drug delivery testing, (2) deposition
rate and deposition pattern analysis, and (3) cast cleaning dehumidifica-
tion. Sar-Gel, a water-indicating paste which changes colour from white
to purple upon contact with water was used to visualize the drug droplet
deposition patterns. Fig. 11G shows the nasal deposition pattern for
Miaoling, Astelin, Apotex, and Nasonex nasal sprays.

4.3. Respiratory
Differences in infant airway anatomy and physiology from older chil-

dren and adults have reduced the effectiveness of existing models for
studying drug deposition among infants. This is due to the changes in

the airway morphometrics, breathing patterns, airway resistance, and
lung volume, which happens during the first months of life. [199] There-
fore, these factors would affect the drug deposition inside the lungs. [200]
It was reported that only <1% of the nominal dose was delivered to the
lungs of ventilated infants as compared to 8-22% in adults [201].

To overcome this limitation, Minocchieri et al. [202] used AM to con-
struct a premature infant nose throat-model (PrINT-Model), which corre-
sponds to a premature infant of 32-wk gestational age (Fig. 12A). This
work was based on the predecessor model, known as the Sophia Anatom-
ical Infant Nose-Throat (SAINT) model, which is an upper airway model of
a 9-mo-old infant, derived from a CT scan and reconstructed using
stereolithography as described by Janssens et al. [197]. Fig. 12B shows
the classical experimental set-up used to measure the distribution of liq-
uid aerosol generated by the IPI nebulizer within the upper and lower air-
ways of the SAINT model. The PrINT-Model was constructed from slices
obtained from three-planar magnetic resonance imaging scan. Two sepa-
rate models were constructed using photopolymer resin with one show-
ing the entire head's surface (Fig. 12Ai) and the other, a reduced
laboratory model (Fig. 12Aii-iv) which comprised of the face and air
conducting parts for subsequent tests. The model was printed using M]
printing technique (Polyjet, Objet Eden 330) and proprietary PolyJet
FullCure 720 material. The model was connected to a cascade impactor
to assess the lung dose, at an airflow of 1, 5 and 10 L/min to simulate con-
stant inspiration. It was reported that increasing the constant inspiratory
flow led to a reduction in lung dose. The trend of reciprocal dependency
between inspiratory flow and lung dose was likely due to higher inertial
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Fig. 12. AM respiratory and cardiovascular in vitro drug testing models. Ai) Side view of the complete upper airway model; Aii - iv) show a lateral, up-front and side view of the reduced
laboratory model (face and air conducting parts), all built in FullCure 720. B) Experimental set-up used to measure the distribution of liquid aerosol generated by the IPI nebulizer within
the upper and lower airways of the SAINT model. Ci - vii) Automated printing of the device on a 2 x 3 in. glass slide substrate in seven sequential steps. For each step, a corresponding still

image from the printing procedure is displayed. D) A section of the fully printed final device.

Adapted from [202,211,220] with permission.
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impaction of aerosol particles in the upper airways, thus, the lesser aero-
sol penetration to the lower airways and other studies using upper airway
cast models have yielded similar results [197,203,204]. The infant nose
throat-model presents a more realistic and accurate prediction of aerosol
deposition in premature infants, which would be difficult or impossible to
obtain in vivo.

4.4. Cardiovascular

Microphysiological systems (MPS), also known as organs-on-chips,
capable of replicating both structure and function of native tissues in
vitro, have served as attractive alternatives to conventional cell cultures
and animal studies for drug testing [205]. These systems, however, fall
short in their capacity to be integrated with sensors and their produc-
tion often entails soft material lithographic processes, which requires
multiple steps, masks and dedicated tools - all of these may diminish
its qualities of rapid prototyping and customization [206-210].

Lind et al. [211] fabricated a cardiac MPS, allowing for the integration
of soft strain gauge sensors within micro-architectures that promoted
self-assembly of cardiomyocytes to form laminar cardiac tissues. The ca-
pability of multi-material AM allowed a variety of viscoelastic inks to be
printed, thereby enabling a wide range of functional, structural, and bi-
ological materials to be patterned and integrated in a single program-
mable manufacturing step [212-215]. Some of the materials used in
the printing include Dextran, PDMS, Thermoplastic PU, ABS and PLA.
Fig. 12Ci-vii documents the various stages of automated microscale
3D-printing procedure of constructing the cardiac MPS. Highly diluted
polymer-based inks with low solid content were used to ensure pat-
terning of thin individual layers to match the stress generated by lami-
nar cardiac tissues [208,209,216,217]. Fig. 12D shows a series of grooved
microstructures of varying spacing between curved filaments printed
onto soft PDMS substrate to recapitulate the highly organised, structur-
ally and electrically anisotropic layers of the heart musculature [218].
The device works via the contraction of an anisotropic engineered car-
diac tissue which deflects a cantilever substrate thereby stretching a
soft strain gauge embedded in the cantilever. This generates a resistance
change proportional to the contractile stress of the tissue. A dilution se-
ries of 2 different drugs - L-type calcium channel blocker verapamil and
the b-adrenergic agonist isoproterenol - in media were added to the
cardiac tissues (cardiomyocytes were seeded and self-assembled on
the device) and incubated for 10 mins for each dose prior to recording.
For every dose, at least 30 s were recorded in each channel. The cardiac
MPS showed negative inotropic response to verapamil, while negative
chronotropic effect was observed for spontaneously beating tissues
which was supported by prior studies on isolated postnatal whole rat
hearts [219]. An expected effect was also observed for isoproterenol,
with a positive chronotropic response to spontaneously beating laminar
tissues, similar to previous studies of engineered Neonatal rat ventricu-
lar myocytes (NRVM) micro-tissues [207].

4.5. Chemotherapy

Cancer chemosensitivity is most commonly studied in 2D cell cul-
ture and in vivo animal models. Despite the convenience and the afford-
ability of 2D cell cultures, they are generally known for their poor
resemblance to the tumour microenvironment alluding to the loss of bi-
ological, chemical and mechanical cues [221]. Cells cultured in 2D pre-
sents different morphologies and levels of gene expression, compared
to 3D tissue cultures [222].

Several AM matrices have been reported [223,224] to simulate can-
cer microenvironments. Zhu et al. developed a stereolithography-based
technique to create a biomimetic and tuneable 3D bone matrix to study
breast cancer bone invasion and chemosensitivity in-vitro [225]. The 3D
bone matrix contained hydroxyapatite nanoparticles (an essential min-
eral component in the human bone) mixed with printable poly(ethyl-
ene) glycol diacrylate resin. MDA-MB-231, a type of breast cancer cells

with a high metastatic potential, were seeded on top of the bone matrix.
After incubation for 24 h, an anti-cancer drug 5-Fluorouracil was added
and incubated for another 72 h. While apoptosis was observed in both
the 3D matrix and 2D culture, less cytotoxicity was observed in the 3D
matrix as compared to 2D culture. The 2D cell monolayer cultures are
prone to undergo enhanced drug penetration, and therefore showed
less drug resistance than tumour-drug interactions in vivo. Cells
grown on the 3D matrix preserved the characteristics essential for tu-
mour growth, hence exhibited greater chemo-resistance [226,227].
This phenomenon may be explained by improved cell-matrix interac-
tions which altered the transporter expression and reduced drug diffu-
sion [228,229]. This bone scaffold serves as a promising model for the
study the of breast cancer bone invasion and the evaluation of future
chemotherapies.

4.6. Drug transport

Microfluidic devices utilised for assays in most laboratories are gen-
erally prepared using conventional and soft lithography [230,231].
However, there is currently no device made using one-step rapid pro-
duction possible of incorporating the flow of samples for subsequent de-
tection of analytes of interest.

Anderson et al. [232] reported the use of a reusable, high throughput,
fluidic device incorporating a membrane above the channels for studying
drug transport. M]J (Polyjet, Objet Connex 350 printer) printing technique
and the Objet Vero White Plus Proprietary resin were used in the produc-
tion of the fluidic device. The device of 8 parallel channels was each incor-
porated with a porous polycarbonate membrane to study drug transport
across the membrane (Fig. 13A-C). Bovine pulmonary artery endothelial
cells were seeded on the cell culture inserts containing a polycarbonate
membrane above the channels and allowed to grow until confluency for
24 h. Two antibiotics, levofloxacin and linezolid, with concentrations be-
tween 100 and 2000 nM were administered through these channels
and the samples were analysed with LC/MS/MS. It was observed that
the drug transport across the membrane increased with drug concentra-
tion. These findings suggest the usefulness of this fluidic device for study-
ing the effects of molecular transport of drugs on cells.

4.7. Antimicrobial

The increasing resistance among bacteria towards broad-spectrum
antibiotics in recent years has led to the need for selective use of antibi-
otics [233]. However, this method entails a series of efficient, affordable,
and fast diagnostic tests to recognize the most effective drug, or a com-
bination, to ensure optimal therapy.

Glatzel et al. [234] developed a portable device for antimicrobial
testing, using FDM technology. The device provided an improved ease
of use and reusability. In addition, the device was intrinsically sterile
due to the high operating temperature of 180-350 °C [235]. Polylactic
acid (PLA) was used because of its affordability, printability by FDM
and high fidelity. The device comprised of four chambers, with each
connected to the same inlet. The deposition of the bacteria growth me-
dium and antibiotics into the chambers were realized with automation.
Fig. 13D details the sequence of testing. The four chambers allow for
three varying concentrations of the same antibiotic or three different
antibiotics with a blank for testing. A strain of bioluminescent E. coli
was injected through the inlet port Fig. 13E to demonstrate the inhibi-
tion effect of tetracycline and kanamycin, as determined by the distance
which was cleared of bioluminescence upon incubation with E. coli. The
test results exhibited conformity within the margin of error of commer-
cially available antibiotic test discs.

4.8. Bioprinting for in vitro drug testing

The abovementioned have demonstrated the capacity and compe-
tency of AM to create physical (non-cellular) models, which are
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Adapted from [232,234] with permission.

anatomically accurate and functional - for predicting effects of drug ac-
tion and delivery. In terms of cellular models, there has been a move-
ment towards a reduction in animal testing to determine the efficacy
and toxicity of a drug candidate on the human body, partially due to er-
roneous pharmacokinetic predictions arising from species differences
[236,237]. This resulted in an increase in pressure to improve current
in vitro human-derived cellular models as suitable alternatives to animal

testing. Advances in the field of bioprinting can be leveraged to create
physiologically relevant tissue constructs, tissue models, tissues, organs
and organ-on-a-chip (OoC) models for modern medicine and
pharmaceutics [238]. Bioprinting is defined as the simultaneous writing
of living cells and biomaterials with a prescribed layer-by-layer stacking
organization using a computer-aided transfer process for fabrication of
bioengineered constructs [239].

Table 12
Bioprinted OoC models for in-vitro drug testing
Application of bioprinted OoC Drugs tested 3D printer 3DP material Author
(Liver) Drug metabolism in HepG2 human hepatocarcinoma cells 7-ethoxy-4-trifluoromethyl PE Alginate solution Chang et
coumarin al.,, 2010
[251]
(Liver) Prodrug metabolism and radioprotective effects on human hepatic ~ Amifostine PE Matrigel Snyder et
carcinoma cells of the cell line HepG2 and human mammary epithelial of al, 2011
the cell line M10 [252]
(Liver) Drug toxicity on HepG2/C3A human hepatocarcinoma cells Acetaminophen PE (Organovo NovoGen GelMA with 0.5% Knowlton
MMX bioprinter™) photoinitiator etal, 2016
[249]
(Cardiovascular) Drug toxicity on neonatal rat cardiomyocytes and human  Doxorubicin PE (Organovo, Alginate, GelMA, and Zhang et
umbilical vein endothelial cells (HUVECs) NovoGen MMX photoinitiator al., 2016
bioprinter™) Irgacure 2959 [253]
(Kidney) Drug toxicity on human immortalized renal proximal tubule Cyclosporine A PE (Custom-designed,  Fibrinogen-gelatin-CaCl2- Homan et
epithelial cell (RPTEC/TERT1) multimaterial 3D transglutaminase solution al., 2016
bioprinter) [254]

* PE: Paste Extrusion; GelMA: Gelatin Methacryloyl. Bolded text refers to the various classes of bioprinted OoC models for in vitro drug testing.
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In this section, we will provide brief summaries of two emerging
technologies within the field of bioprinting for in-vitro drug testing,
namely, OoC and cell-laden models.

4.8.1. Bioprinted organ-on-a-chip models for in vitro drug testing

An OoC model is a multi-channel microfluidic cell culture device that
allows continuous perfusion of chambers containing live cells organised
in a fashion to simulate tissue and/or organ physiology [240]. As such,
these models provide more physiologically relevant in vivo conditions
through the inclusion of multicellular features, tightly regulated micro-
environments and vascular perfusion, which are unattainable in con-
ventional cell cultures. To date, there have been several OoC models
developed, ranging from individual OoC such as gut-on-a-chip, lung-
on-a-chip, blood vessel-on-a-chip, cancer-on-a-chip, bone marrow-
on-a-chip, and kidney-on-a-chip, to multiple OoC models such as
liver-tumour-bone marrow-on-a-chip or liver-skin-intestine-kidney-
on-a-chip [237,241-247].

The complexity in design of the OoC can be overcome with
bioprinting, which offers great advantages over traditional scaffolding
methods in patterning and precisely positioning multiple cell types to
fabricate intricate hetero-cellular microenvironments mimicking native
tissues [238]. In addition, bioprinting for fabricating OoC offers flexibil-
ity over size and architecture of device, co-culture ability and low-risk of
cross-contamination [238]. As such, these models have become increas-
ingly essential in pharmaceutics, especially in drug toxicology and high-
throughput screening [248]. Among the various bioprinted OoC models,
the liver models have been the primary focus in pharmaceutics. Drug-
induced liver injury is a major concern in pharmaceutical development
and is by far the most common cause for discontinuing clinical trials and
withdrawal of approved drugs during the post-market surveillance
stage [249]. The liver also plays a vital role in the metabolism of xenobi-
otics, of which the effects of their related metabolites on other organs
may be significant [250]. As such, evaluating drug metabolism and tox-
icities on liver OoC models were implemented [249,251,252]. Other
bioprinted OoC models requiring prominent levels of perfusion such
as cardiovascular and renal models were also developed to render sim-
ilarities in their functional in vivo characteristics and were evaluated on
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possible drug toxicities [253,254]. In the light of progressive under-
standing on these MPS, their biology and tissue characterization, the
transition into bioprinted OoC models remains a few but growing
trend. Table 12 below summarizes some developments in bioprinted
0oC models for in-vitro drug testing.

4.8.2. Bioprinted cell-laden models for in vitro drug testing

Cells are encapsulated in suitable matrices to mimic its native 3D mi-
croenvironments. It has been shown that cells respond to these matrices
and exhibit more in vivo like characteristics, in terms of cell morphology
and expression of key in-vivo protein markers [255]. Within the human
body, extracellular matrix (ECM) comprising of proteins, proteoglycans
and glycosaminoglycans are dispersed among cells arranged in complex
3D spaces. The ECM plays several functions, such as providing an adhesive
substrate, conferring macroscopic shape and microscope architecture, se-
questering and presenting growth factors, and sensing and transducing
mechanical signals to cells [256]. Therefore, the highly dynamic nature
of ECM directs tissue morphogenesis and development. Beyond just serv-
ing as an inert supporting structure, matrices have been designed to make
it biologically active to direct the development of bioengineered tissues,
to produce a functionally regenerated tissue equivalent [257].

Hydrogels has been a popular choice for ECM in tissue engineering.
Its hydrophilicity allows the encapsulation of cells and bioactive mole-
cules in aqueous media and then manipulated using physical or chemi-
cal bonding through environmental changes (such as pH, temperature,
and ionic concentration), enzymatic initiation, or photopolymerization
to form insoluble, cross-linked meshwork, resulting in a cell-laden hy-
drogel [258]. In addition, hydrogels are biocompatible, with good poros-
ity for diffusion of oxygen, nutrients, and metabolites, can be processed
under mild cell-friendly conditions and produce little to no irritation
[257]. The polymers that constitute the backbone of a hydrogel can be
divided into naturally derived proteins such as collagen, gelatin, fibrin,
hyaluronic acid, alginate and agarose or synthetic polymers such as
poly(ethylene glycol) (PEG) and poloxamers (Pluronic® and Lutrol®).

In the light of these feasible characteristics of hydrogels as ECM alter-
natives, “bioinks” were developed through the deposition of cells and
other biomaterials for the fabrication of volumetric tissue constructs in

Table 13
Bioprinted cell laden models for in-vitro drug testing
Application of bioprinted cell laden model Drugs tested 3D printer Material Author
(Brain) Drug effect on calcium response, and gamma-aminobutyric acid (GABA) Bicuculline PE (3D-Bioplotter Alginate,agarose, CMC Guetal,
expression on human neural stem cells (hNSCs) System, 2016
EnvisionTEC,GmbH) [262]
(Liver) Cell toxicity of drug on human Troglitazone BJ/ Fibronectin, gelatin Matsusaki et
liver cancer cell line (Hep G2) and HUVECs (Rezulin) DeskViewer TM (Cluster al.,2013
technology, Osaka, [260]
Japan)
(Liver) Drug effect on LDH, albumin, and ATP levels on bioprinted liver tissue (Human Trovafloxacin, PE (NovoGen NovoGel 2.0 hydrogel Nguyen et
hepatocytes, hepatic stellate cells, HUVECs) levofloxacin Bioprinter) al.,, 2016
[259]
(Liver) Cell toxicity of drug on biomimetic human iPSC-derived hepatic model Rifampicin DLP (Custom built DMD  GelMA, glycidal Maetal.,,
[human-induced pluripotent stem cell-derived hepatic progenitor cells system) methacrylate-hyaluronic 2016
(hiPSC-HPCs), HUVECs and adipose-derived acid [250]
stem cell (ADSC)]
(Uterus) Evaluation of tocolytic agents on uterine contractions using AM hollow rings Ibuprofen, Magnetic 3D bioprinting Not stated Souzaetal.,
of magnetized human uterine smooth muscle cells (HUtSMCs) indomethacin, 2017
nifedipine [263]
(Cancer) Chemotherapeutic response between 2D versus 3D bioprinted breast cancer Tamoxifen PE (NovoGen Not stated King et al.,
model (Human breast cancer cell and Breast stroma cells: adipocyte, mammary Bioprinter) 2013
fibroblast, and [261]
endothelial cell)
(Cancer) Chemotherapeutic response on human cervical cancer cell (Hela) Paclitaxel PE (Custom-designed, Gelatin-alginate-fibrinogen Zhao et al.,
3D bioprinter) Solution 2014
[223]
(Cancer) Chemotherapeutic response on human glioma cells Temozolomide PE (3D multi-nozzle Gelatin-alginate-fibrinogen Dai et al.,
(TMZ) bioprinter, Tissform IlI)  solution 2016
[255]

*PE: Paste Extrusion; BJ: Binder Jetting; DLP: Digital Light Processing; DMD: Digital Micromirror Device; CMC: CarboxyMethyl Chitosan; GelMA: Gelatin methacryloyl. Bolded text refers to

the various classes of bioprinted cell laden models for in vitro drug testing.
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3D bioprinting, recapitulating tightly regulated microenvironments.
Only with the restoration of cells to its native in vivo conditions will
the results of in vitro drug testing be reliable and translatable to actual
clinical outcomes. It was also reported that 3D bioprinted models
were considered superior to simpler 3D in vitro models such as spheroid
cultures [24]. As a result, multiple bioprinted liver and cancer cell-laden
models were developed for predicting hepatotoxicity and chemothera-
peutic responses [223,250,255,259-261]. Other bioprinted cell-laden
models used for in vitro drug testing included the neural and uterine
cell-laden models [262,263]. Table 13 below summarises the develop-
ments in bioprinted cell-laden models used for in vitro drug testing.

5. Future directions and challenges

Excitement about AM has accelerated steadily over the past decade.
One of the contributing factors to this excitement is the highly promis-
ing note for manufacturing personalised drug dosage forms; special
characteristics dosage forms, e.g., zero order drug release; or improved
drug testing devices. However, there are several technical and regula-
tory challenges that need to be overcome before it can move on to wide-
spread pharmaceutical applications and public acceptance. Here, the
authors provide some of our opinions on the challenges and future di-
rections for AM, especially on pharmaceutical applications.

5.1. Material/safety

As with all medical devices such as implants or pharmaceutical dos-
age forms, such as tablets or skin patch, the goal of AM drug delivery or
testing system is for effective and safe human usage or consumption.
Therefore, the materials used, or at least the final form of the materials,
must be biocompatible. While aseptic manufacturing can be practised
throughout the manufacturing process, terminal sterilisation often
gives an additional assurance to the final product, hence often the prac-
tice in the pharmaceutical industries.

Based on CDC guidelines for disinfection and sterilisation in
healthcare facilities, 4 of the most common means of sterilisation in-
clude high temperature wet sterilisation using steam (autoclave); low
temperature sterilisation techniques such as ethylene oxide gas, hydro-
gen peroxide gas plasma and gamma radiation [264]. Traditional metal
surgical tools or implants had been sterilised via autoclave. However,
many 3D printable materials, such as plastics or polymers, may not be
suitable for this method as the material may melt or warp under high
heat. The choice of sterilisation is further complicated by the presence
of drug moiety which may be heat or moisture sensitive. As such, phar-
maceutical companies often employ low temperature sterilisation tech-
niques for this purpose. To ensure successful sterilisation, the sterilant
such as ethylene oxide gas, hydrogen peroxide gas or gamma rays
must be able to penetrate the interior of the AM product and can pene-
trate common packaging materials. It should also have no significant ef-
fect in the appearance or function of the AM products. Other
characteristics of an ideal low temperature sterilisation techniques in-
clude high efficacy, rapid activity, non-toxicity, adaptability, monitoring
capability and cost effectiveness. Till this date, the various sterilant have
only been tested for materials used in current medical devices or phar-
maceutical dosage forms. As more materials become 3D printable, it is
important that corresponding research be conducted to test for compat-
ibility of new material with current sterilisation techniques.

Biocompatibility of 3D printable material is another aspect critical
for safe human usage or consumption. Yet, biocompatibility may not
be inherent for all printable materials [265]. The starting liquid resins
for vat polymerisation are often extremely toxic acrylates. While the
final printed parts are biocompatible, large molecular weight polymers,
there is a risk of residual monomers leaching from the AM products
[202]. In addition, harsh post-print processing is often applied to render
these printed products safe and biocompatible. These harsh processing
may cause damage or degradation to the drug moiety encapsulated

within the printed product. Furthermore, the process of AM often in-
volves free radical polymerisation, strong heat, high laser sintering or
other conditions. These process parameters may have effects on the na-
ture of the drug, especially for biomolecules such as peptides or pro-
teins. More research will need to be conducted to assess the effects of
process parameters on drug moiety. These concerns over safety of AM
products may have contributed to the low rate of clinical trials for AM
implants, especially AM dosage forms for drug delivery. A quick search
on clinicaltrials.gov reveals a low rate of 37 ongoing and completed clin-
ical trials involving the use of AM products for education, implants or
surgical aids. None of these trials involve the use of drug moiety.

Other than safety concerns for the material usage in AM, in general,
as compared to traditional powder compaction for manufacturing phar-
maceutical tablets, AM offers relatively limited choice for material, col-
ours and surface finishes [21]. For vat polymerisation-based AM, the
materials are confined to those with a photocurable functional group.
For heat-based extrusions like FDM, it is important to include thermo-
plastic polymers to fabricate the 3D object. Each of the different AM
technologies have different advantages and limitations to the choice of
material. It is therefore, important to understand the fundamentals for
each technology, for proper application of these AM technologies in
pharmaceutical applications.

5.2. Scalability of AM technology

The ability for upscaling into industrial scale is often critical for any
manufacturing technology, in its path for adoption into mainstream.
AM was initially developed for rapid prototyping. While there has
been tremendous improvement in its speed, precision and accuracy
since its inception in the 80's, AM is mainly used in production of
small quantities such as in personalised dosage forms or other
specialised products.

AM companies are spending much of their efforts to manufacture
production grade printers for large scale manufacturing. Other than in-
creasing the size of printers to accommodate more volume for each
print job, companies are also actively improving on the speed of produc-
tion. One good example is that of Carbon3D, with their innovative CLIP
technology that eliminates that need for repeated up's and down's of
the build platform, thus improving on the speed of production [266].
3D Systems' fab-grade 3D printer also showed promises in high speed
manufacturing by surpassing the injection molding [267].

Compared to AM, traditional manufacturers of pharmaceutical dos-
age forms like tablets, can produce up to 1.6 million tablets per hour, a
number that far exceeds what a 3D printer can currently do. The true
purpose of AM of pharmaceutical dosage forms is to create products
with unique functionalities that cannot be achieved by high-speed pow-
der compaction tableting or other traditional manufacturing technolo-
gies. Therefore, the focus of AM pharmaceutical dosage forms should
be on the unique functionalities of the product, rather than a way to re-
place traditional manufacturing of standard tablets.

5.3. AM ecosystem

AM has been showing great promise for many years. This is demon-
strated through its use in prototyping, design iteration and small-scale
production. These benefits are already significant, bringing us to the
cusp of changing discrete manufacturing forever. As these fundamentals
of AM (speed, quality and material) improve rapidly, new opportunities
will arise that take AM ever closer to mass production. To do so, the role
of public / governmental support, educated workforce and consumer
acceptance may be the 3 main pillars not to be neglected.

To increase the adoption of AM by manufacturing industries, several
countries have either established a national body for the coordinating
efforts or developed a master plan for the adoption and promotion of
AM. For example, a National AM Innovation Cluster (NAMIC) was set
up in Singapore, October 2015, to nurture promising AM technologies
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and start-ups, and to accelerate translational R&D from public sector
funded institutions with a focus on commercial applications. NAMIC
seeds and enables public-private cross-collaboration, acting as a con-
nector between industry, research performers and public agencies. It
also assists companies seeking capital injection either through project
joint-funding or leveraging on its investor networks [268]. Other na-
tional level AM body or associations include AM Association of Taiwan
[269] and Australian Research Council Research Hub for Transforming
Australia's Manufacturing Industry through High Value AM [270]. AM
has also been highlighted in the recent policies of several countries
such as China, Germany, Japan, South Korea and United States [264].

Other than public support, it is also important to have a steady sup-
ply of suitably skilled workforce to support AM industries and its adop-
tion to pharmaceutical or other manufacturing industries. Academic
institutes such as the National University of Singapore has recently in-
troduced a Masters' Degree Programme in Mechanical Engineering
with a specialisation in AM. Similarly, there are programs offered by
others including the Penn State University, University of Maryland and
University of Texas at El Paso [271-273].

Finally, for AM to become widely adopted, there must be a demand
for it. In terms of pharmaceutical industries, it means that patients or
consumers must first be receptive to the idea of AM medicine. In a
study by Goyanes et al. [274], it showed that while AM is able to fabri-
cate differing shapes of tablets such as torus, sphere, disc, capsule and
tilted diamond shapes, not all the shapes are acceptable by patient's
standard. Out of which, the torus shape has a highest patient acceptabil-
ity score which indicate that FDM AM technology may be a promising
fabrication method towards increasing patient's acceptability of solid
oral medicines. Therefore, it is important to promote the public aware-
ness and acceptability of AM drug delivery systems, as part of the effort
to improve adoption of AM.

5.4. Regulatory challenges

In 2015, the world's first AM oral dispersible medication SPRITAM®
was approved by FDA. It was thought of as a major milestone for AM and
the current regulatory bodies with its accompanying legal framework.
However, upon closer examination, it is apparent that the approval
was more for a new mass production of equivalent product, rather
than that of a personalised pharmaceutical dosage form [275]. Further-
more, the ZipDose® technology used is most similar to traditional pow-
der compaction for mass manufacturing of pharmaceutical tablets, as
compared to other AM methods. Since then, no other AM pharmaceuti-
cal dosage form has been approved by FDA.

The path to meeting current regulatory requirements of FDA is an
uphill task that can impede the introduction of AM pharmaceutical dos-
age forms to the market. As of current, there are no fixed guidelines for
the regulation of AM pharmaceutical dosage forms. Several key ques-
tions need to be clarified when setting out the regulatory requirement
for AM pharmaceutical dosage forms. 1) Will the regulation include
the initial “pharmaceutical ink”, 3D printer and final product? If so,
some of the initial inks may be toxic to humans, but the product is
not, as in the case of vat polymerisation AM pharmaceutical dosage
forms. 2) Will all the different AM technologies be regulated by FDA?
This may be tedious to include all various technologies as materials
used by each technology can be quite distinct from the other. 3) Will
the regulatory approval require human results from clinical trials such
as the typical Phase I to Phase 3 clinical trials for current pharmaceutical
products? Typical clinical trials require 20 to 100 healthy volunteers, up
to several hundred people with diseases/conditions and 300 to 3000
volunteers with disease/condition for the phase 1, 2 and 3 respectively
[276]. However, in many cases of personalised pharmaceutical dosage
forms, each product has only 1 single subject. It will be important to de-
termine a fundamentally new method of fulfilling this requirement.

Beyond these fundamental questions for setting up a traditional reg-
ulatory framework, it may be possible to also draw experiences from the

FDA approval of AM medical devices, for the purpose in AM pharmaceu-
tical dosage forms. Approximately eighty-five AM medical devices such
as prosthetics and implants have gained FDA approval [277]. Most of the
devices have received FDA approval through either the 510(k) or emer-
gency use pathways. In the 510(k) pathway, AM product is demon-
strated to be substantially equivalent to a legally marketed device.
Such a regulatory approach can also be implemented for pharmaceuti-
cal products by approving an AM dosage form as a bioequivalent prod-
uct to approved ones. It is unlikely that AM pharmaceutical dosage
forms can be approved through the emergency use pathway, since dur-
ing emergencies, the drug moiety would have been administered intra-
venously, instead of using a dosage form such as tablet. However, this
emergency use pathway may be a viable route for AM drug eluting im-
plants that are personalised to the human anatomy. Unfortunately,
based on the above 2 mentioned pathways, it also means that AM phar-
maceutical dosage forms can only at best, be complementary to tradi-
tional manufacturing, as every approval of AM pharmaceutical dosage
forms is tagged on to a legally marketed dosage forms made from tradi-
tional manufacturing. Any new entity or drug moiety will then face ad-
ditional regulatory requirement should it be AM as compared to
traditional manufacturing. Therefore, it is vital that traditional FDA ap-
proval routes be clearly thought through for the approval of AM phar-
maceutical dosage forms.

5.5. Cost effectiveness

The use of AM has increased significantly in recent years, with its ap-
plications in various industry sectors such as automotive, consumer
electronics and healthcare (or medical) industries [2]. In many in-
stances, the cost of fabricating a product using AM exceeds that of tradi-
tional manufacturing.

Current research, based on a compilation from the US Department of
Commerce, reveals that AM in general, is cost effective for manufactur-
ing small batches with continued centralised manufacturing [278]. The
bulk of the cost for AM comes from the material used, but with the in-
creasing adoption of AM, it may lead to a further reduction in raw mate-
rial cost through economies of scale. This reduction in cost may further
promote the usage of AM. The hardware for AM, also a key component
of the cost, has been on a decline with a reduction in cost of 51% from
year 2001 to 2011, after adjusting for inflation [278].

In terms of the utilisation of final product, AM allows the fabrication
of products that were previously impossible using traditional
manufacturing, such as a multi drug personalised tablet. Yet, these po-
tential advantages may not always be obvious in different situations.
Ill-structured cost, or hidden cost [279] such as the time cost spent on
designing and fabricating the drug delivery system may erode away
the much expected advantage of AM of drug delivery systems. In emer-
gency situations, the advantage of AM may be negligible due to the time
constraint imposed by the patient's or user's condition. In these cases, a
traditionally manufactured tablet may be more advantageous as com-
pared to AM. However, it is often difficult to measure the ill-structured
cost and this difficulty may also be a culprit to the slow adoption of AM
for pharmaceutical applications.

6. Conclusion

The rapidly expanding and evolving AM technologies, together with
emergence of 3D printable materials embedded with drug moieties
have huge potential in dosage form personalisation required by pa-
tients. Unique functionalities, such as sustained zero order drug kinetics
tablet or personalised microneedle patch and drug eluting implants,
never achievable by mass manufacturing, are now possible with the
use of AM. This can revolutionize the manufacture of dosage forms
and providing more relevant, effective and safe dose to the patient.

Several AM technologies have been employed to fabricate drug
delivery and testing systems. Out of which, FDM and BJ have emerged
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in recent years to be spearheading the fabrication of AM oral solid
dosage forms. Other photo-polymerisation based 3D printers with
high resolution have also been pivotal in developing drug testing
systems.

Despite making massive achievements in other manufacturing in-
dustries, such as aerospace and automobile, AM of drug delivery and
testing systems is still at its infancy. Several technical and regulatory
challenges need to be overcome before mainstream adoption in the
pharmaceutical industry. However, with the speed of development
and the unique functionalities that AM brings to personalised dosage
forms, it is without doubt in our opinion that AM will become a
mainstream manufacturing tool in the future for pharmaceutical
applications.
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