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Abstract: Three dimensional (3D) printing as an advanced manufacturing technology is progressing
to be established in the pharmaceutical industry to overcome the traditional manufacturing regime
of 'one size fits for all'. Using 3D printing, it is possible to design and develop complex dosage forms
that can be suitable for tuning drug release. Polymers are the key materials that are necessary for
3D printing. Among all 3D printing processes, extrusion-based (both fused deposition modeling
(FDM) and pressure-assisted microsyringe (PAM)) 3D printing is well researched for
pharmaceutical manufacturing. It is important to understand which polymers are suitable for
extrusion-based 3D printing of pharmaceuticals and how their properties, as well as the behavior of
polymer—active pharmaceutical ingredient (API) combinations, impact the printing process.
Especially, understanding the rheology of the polymer and API-polymer mixtures is necessary for
successful 3D printing of dosage forms or printed structures. This review has summarized a holistic
materials—process perspective for polymers on extrusion-based 3D printing. The main focus herein
will be both FDM and PAM 3D printing processes. It elaborates the discussion on the comparison
of 3D printing with the traditional direct compression process, the necessity of rheology, and the
characterization techniques required for the printed structure, drug, and excipients. The current
technological challenges, regulatory aspects, and the direction toward which the technology is
moving, especially for personalized pharmaceuticals and multi-drug printing, are also briefly
discussed.

Keywords: polymers; pharmaceuticals; extrusion-based 3D printing; fused deposition modeling
(FDM); pressure-assisted microsyringe (PAM); materials; process

1. Introduction

Additive manufacturing, commonly known as three dimensional printing (3D printing), is
seeing increased use in several different industries such as aerospace, motor vehicles, industrial
machines, consumer products, electronics, military, medical, dental, etc. [1-3]. Prototyping, directly
printed functional parts, patient-specific hearing aids, and dental restoration are a few examples
where 3D printing contributes significantly [1]. 3D printing has also expanded to the pharmaceutical
industry where it is used to manufacture pharmaceuticals (drug products, implants, drug delivery
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systems, etc.). 3D printing is especially advantageous in the manufacturing of personalized drug
products, where current scale-focused industrial pharmaceutical processes fall short [1], which
allows on-demand production of the drug product [4]. A drug product is comprised of an active
pharmaceutical ingredient (API) and inactive functional excipients, which can be in the form of a
solid dosage (pills, film, implantable devices, etc.) or as a liquid [5]. 3D printing has boomed in the
pharmaceutical sector since the Food and Drug Administration’s (FDA) approval of the first 3D
printed medicine, SPRITAM®, a levetiracetam drug manufactured by Aprecia Pharmaceuticals
Company (USA) for the treatment of seizures [6].

Healthcare treatment has recently seen a movement toward personalized medicine. Ginsberg et
al. define personalized medicine as medicine created from the analysis of an individual’s molecular
profile. Progress in human genome research is quickly advancing its growth of personalized
medicine [7]. This can be seen with the 2015 implementation of the Precision Medicine Initiative, an
Obama administration (in the USA) national initiative focused on individualized care [8]. Current
pharmaceutical manufacturing practices are not cost-effective for personalized medicine [2]. 3D
printing pharmaceuticals are more suitable than current manufacturing practices for tailored solid
dosages.

3D printing was established by Sachs et al. in 1992 at Massachusetts Institute of Technology
(MIT) [9,10]. Over the years, many different types of printing technologies have been developed
[1,5,11]. The first wave of 3D printed pharmaceutical was fabricated using continuous inkjet printing.
Wu et al. first used 3D printing in 1996 to make drug delivery devices [12]. Since this work, there
have been significant advancements in 3D printing pharmaceuticals using inkjet printing as well as
other printing technologies. The technologies used for drug product development are powder-based
printing (powder bed and powder jetting) [13-16], extrusion (solid or semi-solid) based printing
(fused deposition modelling (FDM), pressure-assisted microsyringes (PAM)) [17-26],
stereolithographic (SLA) printing [27-29], selective laser sintering (SLS) printing [30-32], inkjet
printing [33-35], digital light processing (DLP) [36,37], etc. Among all these printing processes,
extrusion-based printing (FDM, PAM) has shown a growing interest among researchers due to the
advantage of low cost, ability to fabricate hollow objects, ability to print using a range of polymers
with or without drug, ability to tune drug release by tuning the geometry and polymer, and ability
to print at room temperature (using PAM), etc. [38]. Figure 1a summarizes the published literature
in the last five years on existing 3D printing technologies for pharmaceutical manufacturing and
shows the proportion of research articles published on extrusion-based printing. Figure 1b presents
the number of scientific publications over the last five years on extrusion-based 3D printing and
shows the growing interest.
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Figure 1. (a) The proportion of research articles published on different types of 3D printing processes
in the last five years (2015-2019, total 202 articles); (b) The number of published scientific articles
(research and review) in the period from 2015 to 2019 which reported the use of extrusion-based
(fused deposition modeling (FDM) or pressure-assisted microsyringe (PAM)) 3D printing (source:
Scopus database and PubMed).

Each extrusion-based 3D printing technology requires certain material requirements in order for
the successful printing of pharmaceuticals. The requirements are based on the nature of the printing



Pharmaceutics 2020, 12, 124 3 of 34

process. To guarantee the successful printing of solid dosage pharmaceuticals, it is necessary to
choose the appropriate polymers and other functional excipients besides the drugs [39].
Pharmaceuticals must also have proper criteria in order to meet FDA regulations. The selection of
unsuitable polymers will result in unsatisfactory pharmaceuticals. Jones reviewed the different roles
that polymers play specifically for solid dosage pharmaceuticals, i.e., tablets and caplets [40]. In
tablets and caplets, polymers can be used as binders, disintegrants, compression aids, diluents, or
fillers. Polymers can also be used for controlled drug release applications. Hence, polymers are used
in the 3D printing of pharmaceuticals for different purposes such as to control the dosage shape, size,
drug release, etc. Polymers’ multifaceted utilization in solid dosage drug delivery systems solidifies
its importance in pharmaceutical 3D printing applications.

There are several review articles published on extrusion-based 3D printing [11,41-51]. However,
those published articles focused on different aspects of this technology. For example, Araujo et al.
discussed updates on FDM technology, its challenges, and how it can be integrated with the
pharmaceutical production process [43]. Tan et al. discussed hot-melt extrusion, FDM 3D printing,
and how both can be combined for advanced pharmaceutical applications [44]. Goole and Amighi
discussed different 3D printing (including extrusion-based) processes and process parameters that
can be controlled [11]. Kjar and Huang et al. discussed different 3D printing processes, then
emphasized on micro-sized pharmaceutical applications [45]. Gioumouxouzis et al. discussed
different dosage forms and devices that can be printed using a different 3D printing process [46].
Vithani et al. discussed potential opportunities for the 3D printing of soft materials such as lipids [48].
Joo et al. discussed different FDM process and parameters and discussed how FDM 3D printers can
be used to control the release, make a novel dosage form, and deliver the customized doses [49]. Long
etal. discussed appropriate polymers and key parameters required for FDM 3D printing and its usage
in the printing of personalized tablets and drug delivery devices [50]. He et al. discussed FDM 3D
printing methodology, suitable polymers, and important parameters that are required to print
personalized tablets and drug delivery devices [51]. Konta et al. reviewed several 3D printing
technologies and the polymers that are used successfully in those printing methods [52].
Unfortunately, there is no detailed discussion on how polymers should be selected based on materials
characteristics, how their rheology impact on the printing process, and the required characterization
for the 3D printed pharmaceuticals. The objective of this review is to discuss all these in detail to
guide the researchers in selecting the right polymers and extrusion process to 3D print
pharmaceuticals. In addition, a comparison between FDM and PAM 3D printing, the current
challenges, regulatory aspects, and opportunities for extrusion-based printing are discussed.

2. Extrusion-Based 3D Printing

Extrusion-based 3D printing can be categorized into two main types: Fused deposition modeling
(FDM) and pressure-assisted microsyringe (PAM) [11]. Extrusion-based printing is also known as a
nozzle-based deposition system [11]. It relies on a computer-controlled manufacturing method that
deposit materials layer by layer through a nozzle to create a 3D structure with controlled composition
and architecture. FDM also known as fused filament fabrication (FFF) is one of the most commonly
used low-cost 3D printing techniques [53]. In FDM, the filament of the thermoplastic materials is
melted or softened, then extruded from the printer’s head, and layer by layer deposited to form the
3D object (see Figure 2a). For pharmaceutical printing thermoplastic polymers have been used as a
drug carrier and thermo-resistant drug molecules are used. Polyvinylpyrrolidone (PVP), polyvinyl
alcohol (PVA), and polylactic acid (PLA) are the most commonly used pharmaceutical grade
polymers for FDM [54]. The process parameters that must be controlled for FDM are the infill density,
printer speed, layer height, and the temperature of the nozzle and build platform [19,20,38,55,56].
Prednisone, theophylline, etc. are examples of drug molecules [52]. The drugs can be loaded into the
polymer filament by impregnation (known as FDMi) [11,38,56] or integrated with the polymer and
make the filament by hot-melt extrusion (HME). If necessary additional functional excipients (e.g.,
plasticizer) are added during the filament making by HME [11]. Most recently, Pietrzak et al. showed
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the integration of HME and FDM in an attempt to increase the range of polymers that can be used to
make filament for FDM [20]. Their study also showed that the drug loading can be increased to 50%.

Pressure assisted microsyringe (PAM) was used extensively in tissue engineering to create soft
tissue scaffolds [11]. PAM has recently gained popularity in pharmaceutical applications. Semi-solids
(gels or pastes) are extruded continuously layer-by-layer through a syringe based tool-head (Figure
2b). The extrusion is usually based on a pneumatic (pressured-air), mechanical, and solenoid piston,
[17,57]. Semi solids contain an optimal mixture of polymer, solvent, and other functional excipients
(if needed) having appropriate rheological properties that make it suitable for printing. PAM does
not require high temperature whereas, drying as post-print processing is required. However,
shrinking or deformation of the product may occur following the drying process. The printed object
may also collapse if the deposited layer did not strengthen sufficiently to withstand the weight of the
successive layers [53]. Nifedipine, Glipizide, etc. are drug examples that have been used in PAM [52].
It is also noted that for extrusion-based (FDM, PAM) 3D printing infill type, e.g., rectilinear,
hexagonal, or honeycomb affect the mechanical strength (i.e., flexural strength) of the printed
structure [58,59]. Table 1 provides a comparison between FDM and PAM 3D printing technologies
[38,60-63].
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Figure 2. 2-dimensional (2D) schematic of the extrusion-based 3D printing process: (a) fused
deposition modeling (FDM), (b) pressure-assisted microsyringe (PAM).
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Table 1. Comparison of FDM and PAM 3D printing technologies.

Technology FDM 3D Printing PAM 3D Printing

o Works at room temperature.

o  High drugloading is achieved.
o  Suitable for multi-drug pill
(polypill) printing.

o  Post-processing, drying, is
required.

o  Polymer rheological properties

e Low-cost printing technology.
Advantages e  No post-processing is required.
e Better drug uniformity.

e  High-temperature processing is required which
is not suitable for thermally labile drugs.
e  Pre-processing steps of filament making are
required.

Limitations e  Lack of suitable biocompatible/biodegradable
thermoplastic polymers.
e Active pharmaceutical ingredient (API)
degradation may occur due to the high processing
temperature.

impact on structure formation and
printing process.

o  Printing resolution is
depended on nozzle size.

o  Toxicity and drug instability
may occur due to the usage of
organic solvents.

Figure 3 shows a workflow diagram or decision matrix that is required to consider from the
beginning to the end of the printing process. The overall process starts with the decision making of
dosage, types of application intended, then design using Computer-Aided Design (CAD), translating
the design to machine language, deciding materials and process parameters, and finally printing the
dosage. It is noted that printer resolution can also be a decision parameter when selecting the printer
types. Due to the advances in technology standard 3D printing equipment now enable to achieve a
print resolution of the order of a few hundred micrometers [64]. However, getting print resolution
below a hundred micrometers is yet a major technical challenge [65].
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Figure 3. Workflow diagram or decision matrix for a 3D printing process. (CAD: computer-aided
design, FDM: fused deposition modeling, PAM: pressure-assisted microsyringe, NIH 3D PE: National
Institutes of Health 3D Print Exchange).
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A comparison of processing steps required for traditional pharmaceutical manufacturing direct
compressions (DC) vs. 3D printing (FDM and PAM) is shown in Figure 4. DC is considered the
simplest manufacturing process for pharmaceutical tablets [66,67]. Both FDM and PAM require the
same number of processing steps to manufacture deliverable finished products from raw materials
(API and excipients). However, the added advantage for 3D printing is that it requires a smaller
footprint, can be remotely controlled, and is not only for use with small batches but also for individual
pills to be fabricated within a single batch of materials. These characteristics make 3D printing
manufacturing closer to the patient’s specifications. The important aspects for 3D printing, similar to
DC processing are that stable, reproducible starting materials need to be supplied.

API
Excipients

API-Excipients Dry Mixing

API-Excipients Dry Mixing

API-Excipients Wet Mixing

C_ T

Direct Compression: . -

Tabletin HME: Making Filament
T T

PAM 3D Printing

Tablet Coating

FDM 3D Printing

Post Processing: Drying

Deliverable Finished Product

Figure 4. Comparison of different processing steps required for traditional direct compression (DC)
tablet manufacturing vs. advanced manufacturing, 3D printing (FDM or PAM).

3. Polymers Role on Extrusion-Based 3D Printing of Pharmaceuticals

Table 2 summarizes the materials (drugs, polymers, and other functional excipients)
compositions used in recently published articles that utilized extrusion-based (either FDM or PAM)
3D printing for pharmaceuticals. Typically, in FDM the drug and polymer are mixed and made into
filament by using HME (hot melt extrusion) and then extruded through the nozzle whereas, for PAM
they are mixed in a solvent to make a paste. The semi-solid paste is then extruded through the nozzle.
HME is used primarily for pharmaceutical solid dispersion manufacturing. It is a solvent-free
process, employing heat and mechanical shear, and can be coupled with 3D printing [68,69]. Besides
polymers, there are other functional excipients (plasticizer, insoluble filler, antioxidants, etc.) that are
also used in either FDM or PAM 3D printing [60,69]. However, the polymer contains a large
proportion of all ingredients. Hence, the polymer plays a critical role in forming the drug—-polymer
matrix suitable for dosage, and overall materials processability through process unit. This is
applicable for both FDM and PAM. In this review, polymers are analyzed from both materials and
process perspective. In the materials perspective (Section 3.1), polymers’ physicochemical properties,
their suitability for the FDM or PAM printing process, dosage types, and types of drug release from
the matrix are discussed. From the process perspective (Section 3.2), how these polymers impact the
process operations are discussed.
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Table 2. Examples of material compositions used in extrusion-based 3D printing.

E;/[t:::;n Materials Composition Drug Release Type  References

95% Polyvinyl alcohol (PVA), 5% drug (Paracetamol) Controlled Release [55]
90-100% Hydroxypropyl cellulose (HPC), 2-10%
Poly (ethylene glycol) (PEG), 2% drug Pulsatile Release [70]
(acetaminophen)
45.5% Hydroxypropyl methylcellulose (HPMC E5)
and 19.5% Ethylcellulose (EC) or HPC, 30% drug Controlled Release [71]
Acetaminophen (APAP), 5% Kollidon

FDM 45% HPC, 50% drug (Theophylline), 5% triaceten Immediate Release [72]
65-90% PVA, 10-35% drug (Ciprofloxacin Controlled Release (73]
hydrochloride), 2% dibutyl sebacate
60.35% PVA, drugs = 5% Lisinopril dihydrate, 2.5% .
Amlodipine besyigate, 1.25% ind};pamidye, 5% Various (Depends [74]
rosuvastatin calcium. 25.9% sorbitol on Drug)
60% HPMC, 15% Eudragit, 20% drug (Carvedilol),
5% D-a-Tocopheryl polyethylene glycol 1000 Extended Release [75]
succinate (TPGS)
2% HPMC, 81% drug (Guaifenesin), 7% Sodium
starch glycolate (SSG), 10% Microcrystalline cellulose ~ Controlled Release [17]
(MCC)
7.1% HPM(?, 3.5% cll)rug (Glipizide), 17.8% PEG, 25% Sustained Release 76]

PAM 2 HydronypropyL-freyodintin FIPRCD)

.1% 2-Hydroxypropyl-B-cyclodextrin 2 .

2.4% HPMyC, 24‘;;pdr§gy (Cargamazepine) Immediate Release (771
2% Carbopol, 35% drug (Diclofenac sodium), 20%
Lactose, 5% Polyplasdone, 21% Avicel PH101, 14% Modified Release [60]

Avicel PH105

3.1. Materials Perspective

3.1.1. Carbopol®

Carbopol® homopolymers are high molecular weight, crosslinked polyacrylic acid polymers
[78]. Crosslinking is done with allyl sucrose or allyl pentaerythritol. Polymers are synthesized in
either ethyl acetate or cosolvent ethyl acetate/cyclohexane mixture. Carbopol® 971P and 974P are
suitable for PAM 3D printing. Carbopol® 971P is a lightly crosslinked polymer having a viscosity of
4000-11,000 cP (0.5 wt% suspension), which will result in flow like honey in a semisolid formulation
[78,79]. 1t is suitable for extended/controlled-release tablets, oral liquids and suspension [79].
Carbopol® 974P is a highly crosslinked polymer and produces highly viscous gels [80]. The viscosity
of 0.5 wt% suspension of Carbopol® 974P is 29,400-39,400 cP [78]. It is suitable for extended-release
tablet formulation.

3.1.2. Ethylcellulose (EC)

Ethylcellulose (EC) is often used as a polymer in pharmaceuticals and has recently found use in
3D printed pharmaceuticals. It is a water-insoluble thermoplastic polymer. These properties
associated with EC are taken advantage of its usage in FDM 3D printing in the pharmaceutical
industry. As a polymer in drug formulations, it is often used for its sustained release capabilities [81].
EC must undergo some form of sample preparation, such as dissolution in acetone or the addition of
a plasticizer before it can be used in FDM printing [82].
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3.1.3. Eudragit®

Eudragit® polymers are a set of synthetic polymethacrylate used in pharmaceutical drug
formulations. They are non-biodegradable, non-absorbable, nontoxic and amorphous polymer [83].
According to Evonik, all Eudragit polymers have thermoplastic properties, low glass transition
temperatures (between 9 °C and > 150 °C), high thermostability, and high miscibility with APIs and
other excipients [83,84]. Hence, they are suitable for hot-melt extrusion. Varying the functional group
on the polymer dictates the type of drug release it is best suited for. For example, the Eudragit E series
is for immediate release drugs. Eudragit® E series is suitable for gastric fluid as it is soluble at lower
pH up to pH-5. Eudragit® L and S series show delayed release in drug formulations. The L and S
series vary in pH. Eudragit® RL and Eudgrait® RS are used for time-controlled release purposes.
These series are insoluble with pH-independent swelling [84]. Eudragit® RL has high permeability
while Eudragit® RS has low permeability. Combining the series together enables pharmaceuticals
with customized time-controlled release profiles. While it has been used successfully with FDM
methods to create immediate-release tablets when used with a plasticizer, the 3D printing process
was unreliable and the nozzle was frequently clogged [85].

3.1.4. Hydroxypropyl Cellulose (HPC)

Hydroxypropyl cellulose (HPC) is a flexible, water-soluble polymer. HPC is made up of a
monomer that is comprised of a glucose molecule with multiple hydroxypropyl substituents. HPC is
available in different viscosity grades, making it suitable for formulating drugs with different release
profiles. Overheating and rapid changes in temperature drastically affect the stability of HPC and its
viscosity. HPC has a low glass transition temperature in the range of —25 °C to 0 °C as moisture varies
from ~10% to 1%approximately [86]. It has high thermostability, making it suitable for processes that
require melting and extrusion. The viscosity of HPC decreases as temperature increases, which in
turn increases the release rate of the selected API. High molecular weight HPC, compared to its low
molecular weight counterparts, exhibits high swellability that is suitable for controlled-release
matrices [87].

3.1.5. Hydroxypropyl Methylcellulose (HPMC)

Hydroxypropyl methylcellulose (HPMC) is a swellable, water-soluble polymer that enhances
the sustained release capabilities of active ingredients in pharmaceuticals [88]. The high swellability
of HPMC has significant effects on the release kinetics of pharmaceuticals [89]. HPMC E5 is used for
immediate-release tablets and suitable for the PAM printing method [11]. Under high UV-light
exposure, HPMC remains stable [90]. The glass transition temperature (Tz) of HPMC is 170-198 °C
[91]. When heated above certain temperatures, an aqueous solution composed of HPMC will gel out
of the solution. The thermal gelation may impact drug stability in regards to 3D printing.

3.1.6. Polycaprolactone (PCL)

Polycaprolactone (PCL) is a semi-crystalline, biocompatible polyester with a melting point of
55-60 °C and Tg of —54°C [92,93]. It has a great organic solvent solubility. It is used for long-term
implant delivery devices due to its very low in vivo degradation [92,94]. PCL is often blended or co-
polymerized with PLLA (poly(L-lactic acid)), PDLLA (a racemic mixture of PLLA and PDLA (poly(D-
lactic acid)), PLGA poly(lactic-co-glycolic acid), etc. to improve polymer erosion [94]. PCL is
considered a good elastic biomaterial due to its low tensile strength (~0.023 GPa) and high elongation
at breakage (4700%) [95].

3.1.7. Polylactic Acid (PLA)

Polylactic acid (PLA) is an insoluble, synthetic biodegradable polymer [96,97]. It is the most
extensively researched and utilized biodegradable aliphatic polyester. PLA is a thermoplastic, high-
strength, and high modulus polymer [93,98]. It is non-toxic because its monomers can be made from
the fermentation of sugar. The drug release of PLA encapsulated medicines can be influenced by the
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manipulation of PLA crystallinity degree and mechanical stability [98]. PLA is a very brittle material
with less than 10% elongation at break, which limits its use in the application where plastic
deformation is required at higher stress levels [98]. PLA has four forms as it possesses chiral
molecules. Among them PLLA and PDLLA are promising for pharmaceutical applications. PLLA has
a melting temperature of around 175 °C, a T; of 60-65 °C, and a mechanical strength of 4.8 GPa;
whereas, PDLLA has a slightly lower T; of 55-60 °C and a mechanical strength of 1.9 GPa [94]. PLA
can last up to three hours in acid, which is more suited to drugs that require a delayed release [99].

3.1.8. Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) is a biocompatible, swellable water-soluble synthetic polymer [100,101].
It is also a thermoplastic polymer [62], exhibiting a Ty of 85 °C, melting point range of 180 (partially
hydrolyzed) to 228 °C (fully hydrolyzed), and a partially hydrolyzed viscosity ranging from 3.4 mPa-s
to 52 mPa-s [11,52]. It is widely used in FDM [102]. PVA is suitable for immediate release tablets as it
dissolves more readily in hydrochloric acid [99]. However, controlled release can be achieved using
PVA if the capsule is designed as a series of concentric circles to delay release [103].

3.1.9. Polyvinylpyrrolidone (PVP)

Polyvinylpyrrolidone (PVP) is a water-soluble polymer [53]. It is also capable of solubilizing in
other organic solvents. PVP’s solubility properties are attributed to its chemical structure, where it
displays hydrophilic and hydrophobic components [104]. The chemical structure also yields
hydrogen bonding of PVP. The hydrogen bonding causes interactions and the formation of
complexes with low molecular weight compounds. The T; of PVP has a direct relationship with its
molecular weight and it reaches a plateau at about 175 °C which corresponds to a molecular weight
of 100,000 [104].

3.1.10. Poly(Ethylene Glycol) (PEG)

PEG is a water-soluble, biocompatible, and amphiphilic polymer whose derivatives are used for
a variety of applications. PEG is also known as polyethylene oxide (PEO) or polyoxyethylene (POE),
depending on its molecular weight [105]. Polymers with Mw <100,000 are usually called PEGs, while
higher molecular weight polymers are classified as PEOs [105]. PEGDA (PEG diacrylate) is a polymer
that is a derivative of polyethylene glycol (PEG). To create PEGDA, an acrylic group is added to the
terminal hydroxyl end group in PEG. The acrylic groups aid in its polymerization process where
photopolymerization and other techniques are used [106]. PEGDA has better mechanical strength
than PEG due to the formation of cross-link [94].

3.1.11. Soluplus®

Soluplus® is a polymeric solubilizer with an amphiphilic chemical structure. It is a graft
copolymer composed of polyethylene glycol, polyvinyl acetate, and polyvinyl caprolactam. BASF
designed this copolymer to solubilize APIs that are typically poorly soluble. It is also very suitable
for HME because of its Ty of about 70 °C and low hygroscopicity [107].

In summary, all the polymers available are classified based on water solubility and the types of
drug release which have been summarized in Figure 5a. Figure 5b shows their suitability to use for
either FDM or PAM 3D printing process.
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FDM:

EC, Eudragit®, PCL, PLA,
PVA, Soluplus®

Immediate Release:

Polymers Based

on Solubility and Polymers for

Release Type FDM, PAM
Controlled, Delayed
or Sustained Release: PAM:
HPC, HPMC, PCL, PLA, o
Eudragit L/S, EC, Carbopol”, HPC, HPMC,
Carbopol® PVP, PEG,
(a) (b)

Figure 5. Summary of polymers based on (a) water solubility and drug release type, (b) their selection
for either FDM or PAM 3D printing method.

3.2. Process Perspective

In the FDM 3D printing process, melted materials are used in the creation of products. This
printing method requires constructing the material into printable filament and passing the filament
through a heated nozzle [52]. In most experiments, filaments are either bought or created using HME.
Printable filaments must have adequate rheological properties and mechanical strength to ensure
proper processability in FDM 3D printing [52,93]. Goyanes et al. used commercially available PVA
filaments impregnated with drugs to 3D printed pharmaceutical tablets. There was no indication that
the rheological properties of the commercial PVA filaments changed. Therefore, there were no issues
with processing the filaments through the printer [19,38]. In other studies, Goyanes et al. used HME
to mix commercial PVA filament with active pharmaceutical ingredients. The mixture of PVA and
APl is extruded through a single screw extruder with a diameter of 1.75 mm at a screw speed of 15
rpm and a temperature of 170 °C. The filaments were able to be processed through the printer
successfully. Goyanes et al. noted that the HME filaments were not significantly different from the
commercial PVA filaments relative to the physical appearance, size, and mechanical behavior. The
study did not include any rheological testing done on the created filaments [100,108].

The thermoplastic properties of a filament produced from HME may be affected if the filament
has a high drug to polymer ratio [11]. If the drug-loading percentages are to be increased, a plasticizer
may need to be added in order to soften the filament to suitable flexibility for printing [55]. Aho et al.
described that soluble APIs can act as plasticizers when mixed with polymers during HME [109].
This leads to the mixture’s melt/glass transition temperature and viscosity decreasing. Yang et al.
found a similar result and showed that when ibuprofen is the active ingredient, it acted as a plasticizer
for the HME filaments, decreasing the stiffness (resistance to deflection or deformation by an applied
force) of the filaments [110]. Yang et al. used a tensile test to determine the stiffness of the Ethyl
Cellulose filaments and found a linear relationship between ibuprofen content and stiffness [110].

Stiffness and brittleness (and viscosity) are important properties to determine whether a filament
will be suitable for FDM processing. Stiffness is typically defined using the ratio of load and
deformation [111].

Load

Stiffness = ———
2 Deformation

@)
Zhang et al. used breaking stress as load and breaking distance as deformation [71]. They used

the 3-point bending flexural test to measure the stiffness and brittleness. In the study, the filaments

were produced solely with EC and the model drug. They have suitable stiffness but are too brittle for
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FDM. The HPMC filaments created high stiffness and toughness but had low processability because
of high melt viscosities and rough surfaces. The HPC LF and the HPC EF filaments are too soft and
flexible to be processed by the FDM 3D printer. Soluplus® and Eudragit® L100 melt are unable to form
HME extruded filaments at high temperatures, such as 140°C [71]. Okwuosa et al. used HME to create
PVA filaments for 3D printing of pharmaceuticals. During the printing process, the PVA filaments
exhibited poor flow from the nozzle in the FDM printer and could not form a stable structure. It was
necessary to add talc to the filament as a thermostable filler [112]. Filaments composed of different
combinations of polymers, created with HME, exhibited better mechanical and rheological properties
suitable for FDM 3D printing compared to the individual polymer formulations [71].

Viscosity, an important rheological property, is largely dependent on temperature [109]. In FDM
3D printing, the recommended temperatures for printing are typically too high for printing
pharmaceuticals. In a study by Pietrazk et al., a lower printing temperature was used in order to
avoid thermal degradation of the API and the polymer [20]. At lower than optimal temperatures, the
filament can block the nozzle when attempting to print because of increased viscosity. Similarly, in
another study by Yang et al., low printing temperatures had an increase in the viscosity of the EC
tablets which caused nozzle blockage and low bond strength between layers [110].

PAM printing eliminates the need for prior formulations of filament that is necessary for FDM.
The materials extruded during PAM printing should be in a semi-solid form, also referred to as a
paste or gel. These are typically formed by mixing polymer(s), functional excipient(s), and drug with
an appropriate solvent(s) at a ratio that results in a paste suitable for printing [53]. Optimal paste
should have suitable rheological properties to enable it to process through the printing system. These
properties include viscosity, yield stress under shear and compression, and viscoelastic properties
[113]. Rattanakit et al. developed an extrusion printer with the purpose of printing a Dexamethasone-
21-phosphate disodium salt (Dex21P) tablet encapsulated by PLGA and PVA [114]. In this extrusion
system, an air pressure line is connected to dispensing the paste. Paste with varying molecular
weights of PVA is used for printing. The viscosities of the different ink solutions are measured and
deemed suitable viscosities for printing, with values between 16.4 cP and 861.9 cP. As the molecular
weight of PVA in the paste increases, the amount of air pressure for extrusion increases. For the
solution with a viscosity of 16.4cP, an air pressure line was not necessary for extrusion. Rheological
parameters of the paste must be configured to the needle of the print head for successful extrusion.

Khaled et al. produced various pharmaceuticals using PAM printing. In 2015, Khaled et al.
created a three-drug (multi-active) tablet [76]. To ensure that the print head nozzle does not
experience blockage, they made the paste smooth and homogeneous. The proper flowability of the
paste ensures that the printing process is successful. HPMC was used for the sustained-release
compartments of the tablet. To keep the HPMC at an optimal viscosity for printing, hydroalcoholic
gel, instead of water, was used as the binder. In another study Khaled et al. created a polypill with
five different drug doses, using PAM printing [18]. HPMC and cellulose acetate are chosen as the
polymers for the shell and sustained release compartments, respectively. To prevent nozzle blockage,
both polymers were mixed with solvents to be made into a smooth and homogeneous paste. Khaled
et al. state that if a polymer can be processed into a powder form, it can be printed using PAM printing
[17]. A detail on polymer rheology and its impact on structure and process are elaborated in the next
section.

4. Polymers Rheology and Its Impact on Structure and Process

Rheological properties of the polymers and polymer—API mixture play a vital role in predicting
the processability of FDM and PAM 3D printing and the properties of the final pharmaceutical
products (solid dosages) such as drug release. These rheological properties that depend on types of
materials, i.e., polymers, excipients and formulation compositions are influenced by the nozzle
diameter, pressure drop and feed rate, as well as the thermal properties of the feed, such as specific
heat capacity, thermal conductivity, density and glass transition temperature [109,115]. The
knowledge and better understanding of how the flow behavior of the feed materials changes as a
function of time, shear and/or extensional deformation, and deformation rate, is of great help in
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tailoring the process conditions and choosing suitable polymer-carriers for melt processing by FDM
and paste or gel processing by PAM 3D printing. Moreover, the addition of solid matters such as
APIs, plasticizers, non-melting fillers particularly at high content in the polymer melts dramatically
influences the flow properties of the pharmaceutical formulations, and therefore adjustment of the
processing parameters, e.g., the extrusion temperature or nozzle speed is required [96,115,116]. The
rheological properties are also considered as the major parameter that controls the reproducibility of
the printed structure. Of particular concern to PAM 3D printing method is the polymer’s response to
being extruded, how well it is able to adhere to previously printed layers, and its ability to hold the
weight of subsequent layers [60]. Hence, the polymer—drug paste should be characterized by suitable
apparent viscosity, viscoelastic properties, and yield stress under shearing and compression to be
smooth and homogeneous to avoid nozzle blockage [113]. Figure 6 shows important rheological tests
are required for the polymer—drug melts or paste to use it for FDM or PAM 3D printing. Aho et al.
summarize the various rheological tools and measurement techniques that can be used to evaluate
the flow behavior and processability of polymers and APIs with HME or FDM processing [109].
Hence, for extrusion based- 3D printing, rheological measurements should be considered as a key
part of the basic physicochemical characterization toolbox when selecting suitable polymer
candidates, yet it remains underutilized [109].

Rheology
Analysis for
Extrusion-Based
(FDM, PAM) 3D
Printing

Amplitude
sweep
test

Thixotropic
recovery
test

Figure 6. Important rheological tests are required for polymer—drug paste or molten dispersions to
ensure their suitability and processability for extrusion-based (FDM, PAM) 3D printing.

The viscosity is the most important rheological parameter that plays a major role in determining
optimal processing conditions for FDM and PAM 3D printing. It describes the resistance to flow and
is given as a relationship of stress to the deformation rate. In the FDM process, a different force would
be applied to the filament as it is pushed down by the drive gear and directs the heated filament
toward the nozzle, where they are subjected to different shear rates. The shear rate at the printer
liquefier depends on its dimensions and the printing speed, and because of the narrow nozzle
diameter, it is typically very high [96]. Both temperature and shear rate affect melt viscosity, flow,
and deformation behavior of materials during melt extrusion. The flow behavior index measures the
degree of non-Newtonian characteristics for a material. The more the index deviates from 1, the more
non-Newtonian its character becomes and the more viscosity is affected by strain. If a fluid has a flow
behavior exponent less than 1, it is shear-thinning and exhibits more non-Newtonian characteristics
[117]. The changes in viscosity of polymers can be associated with a shear-thinning behavior; whereas
the viscosity of polymer can significantly be reduced when a higher shear rate is exerted during the
printing process. A fluid that is shear-thinning is favored in PAM or FDM applications as the ‘shear-
thinning’ property influences not only the capability to be pushed through a narrow nozzle at a given
temperature but also the ability to regain structure and shape after deposition. Knowing the ideal
viscosity range can help in predicting whether the new melt or paste formulation is extrudable. The
viscosity has to be much lower than that for melt or paste extrusion for efficient printing and, at the



Pharmaceutics 2020, 12, 124 13 of 34

same time, it should not be so low that it flows as liquids or very soft filaments from the printing
nozzle. Viscosity data at high shear rates are more representative of the materials’ rheological
properties during extrusion [118]. However, very few published works are available on the
evaluation of the flow behavior by considering the process shear rates and access to the printability
window of the FDM or PAM process. Nevertheless, the actual viscosity of the polymers during FDM
is unable to be measured; and therefore, to date, no indicator or acceptable viscosity range can be
provided to predict the success of the FDM process [119]. A straightforward approach is to compare
the viscosity of the new formulation to that of a successfully extruded formulation (e.g., a commercial
filament) using a rheometer. A dissimilar viscosity profile may not necessarily equate to an
unextrudable melt, provided that they possess comparable viscosity at the operating shear rate; hence
the shear rate of interest will need to be identified.

In order to estimate the feed filament viscosity in the 3D printing process, the volume flow rate
through the printer nozzle was calculated from the pre-set nozzle speed, i.e., the speed at which
molten material is deposited/extruded from the nozzle. The volume flow rate, Q can be calculated
using the radius of the nozzle exit, r and the speed of extrusion v (i.e., printing speed):

Q =nriv 2)

The corresponding apparent shear rate at the nozzle wall can be semi-empirically determined
using the following equation:

4Q

mr3

)./app = (3)

For example, a printing speed (v) of 50 mm/s and a printer nozzle radius (r) of 0.1 mm equates
to a flow rate of 6.3 mm?/s and consequently an apparent shear rate (Vgp,) of ~1000 s71. Due to the
flow instabilities and sample rupture for high-viscosity fluids like polymer melts, measuring steady-
state shear viscosity at the range of high shear rate is not possible by rotational rheometers [120], thus
capillary rheometers should be used to access a high shear rate regime. Using the small amplitude
oscillatory shear (SAOS) measurements and applying the Cox-Merz rule [121] which links together
the dynamic and steady-state rheological properties, one can make estimations of the higher shear
rate range too, albeit this is also limited to shear rates below 700 s [109]. If the Cox—Merz rule is
applicable, the complex viscosity from SAQOS test and steady shear viscosity can be correlated to each
other:

n(@) = In"(w)|, wheny = w 4)

In other words, if the Cox-Merz rule is valid, one can directly compare the complex viscosity vs.
angular frequency results to shear viscosity vs. shear rate. A good overlapping between the results
measured in SAOS and steady-state rotation shear (SSRS) was noticed for the green PLA, whilst the
Cox-Merz rule failed for the white PLA [122]. The viscoelastic data shows that the typical Maxwellian

2 and loss modulus, G ~ w?

behavior that is expected for pure polymers (storage modulus, G’ ~ w
at low frequency) was observed for the green PLA, which behaved similarly to a viscous liquid with
negligible elasticity. Storage modulus (G") and loss modulus (G'") are measure of elastic response
and viscous response of a polymer, respectively. The white samples, on the other hand, exhibited a
marked elasticity and a much weaker w -dependence of the moduli. The printing quality of these
samples with the FDM technique could be correlated to the viscoelastic properties outside the
printing apparatus [122]. Usually, amplitude sweep test or dynamic frequency sweeps or dynamic
mechanical analysis is commonly used to measure the viscoelastic properties of polymer melts or
paste such as storage modulus (G’), loss modulus (G"’), and yield stress (o).The crossover point (G’
= G"’) provides information on the solid- or viscous-like behavior of the materials at various
temperatures [118,123]. Its measurement essentially indicates how well the material withstands
oscillation stress and how quickly it will break down. The higher the storage modulus, the more rigid
the sample, and the more difficult it is to begin flow from the nozzle of a PAM printer [117]. This can
lead to the nozzle becoming clogged before printing even begins, though after printing it will be the
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most rigid structure. Conversely, if this indicator is too low, the polymer will fall apart and not
withstand oscillation. If G”" is greater than G’ at all frequency investigated, the polymer solution
behaves and flows like a viscous material, and the printed material will generally retain its shape
[124]. Yield stress is the point at which storage and loss modulus meet and is indicative of the amount
of force required to make a material flowable, or transition from a solid to a liquid-like character. In
PAM printing, this corresponds to the moment that the polymer is extruded through the nozzle.
Therefore, the polymer should not have so great a storage modulus that it cannot be extruded and
becomes clogged, but the loss modulus must not be so low as to allow the material to drain freely
from the nozzle or fail to hold its shape. The yield stress of the polymer should be adequate for use
on a standard PAM printer at a reasonable printing pressure [60]. A yield stress fluid is also desirable
for its structural characteristics [124]. Thixotropic properties of the polymers which relate to the
ability of a material to recover after the application of shear, are also important during PAM or FDM
extrusion. Ideally, the polymer should be able to recover completely to its original state after a shear
force is applied during extrusion, and as quickly as possible [125]. Recovery time is also important so
that when the polymer is deposited on the printing platform, it can be given the time it needs to
recover before any subsequent layers are added [77].

Controlling the dose of 3D printed tablets is also a challenge in single head FDM 3D printing.
Previously commercially available filaments composed of widely used polymers such as polyvinyl
alcohol (PVA) [19,56,126,127] in addition to newer ones such as Eudragit® RL, Kollicoat®, IR and
Soluplus®[54] have been explored to make drug-loaded tablets by FDM 3D printing. All those studies
highlighted several challenges involved in employing the printing techniques for pharmaceutical
applications. The use of elevated temperatures (185-220 °C) and limited drug loading (0.063-9.5%
w/w) renders it less suitable for many drugs particularly thermo-labile ones. HME has been used to
compound high drug-loaded filaments as a feed for FDM 3D printing [61,62,71,128-132]. Tuning
drug loading in such filaments, however, would significantly impact the plasticity as well as drug
release profiles [82,128]. Although FDM is an extension of HME, the mode of shearing differs between
the two technologies, and thus viscoelastic properties suitable for HME may not be suitable for FDM.
As the FDM 3D printing process is particularly sensitive to changes in plasticity and rheological
properties of the filament, it is therefore of paramount importance to craft compatible filaments so
the printer can fabricate structures of a similar release profile from a wide range of doses. Recent
studies have linked a filament’s 3D printing compatibility with the rheological properties of the
backbone polymers used in FDM 3D printing process: polymethacrylate [62,132], PLA [96],
polyvinylpyrrolidone-vinyl acetate (PVP-VA) [133], PCL [134], and polyethylene oxide (PEO)-PEG
[135]. Pharmaceutical literature presents some examples of how rheology can be used in the FDM 3D
printing process to rationalize the effect of melt behavior on printing quality, and Table 3 summarizes
the polymers (excipients) and APIs, and the rheological analysis tools reported in the literature for
extrusion-based (FDM, PAM) 3D printing.

Table 3. Application of rheological techniques for extrusion-based (FDM, PAM) 3D printing and the
used API-excipient combinations; literature examples.

Rheologlca.l te?hmques; Exc1ple.en.ts (polymers, APIs Reference
application plasticizers, other)
FDM 3D Printing

Enalapril mal
Eudragit EPO, Tri-calcium nalapril maleate

Oscillatory shear; controlling the phosphate (TCP), triethyl (EM) ancl. . [132]
dosage forms citrate (TEC) hydrochlorothiazide
(HCT)
Oscillatory shear; effect of
excipient content on the flow PLA, Hydroxypropyl Nitrofurantoin [96]

properties and API release methylcellulose (Metolose®)
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Hydroxypropyl
methylcellulose (HPMC) Affinisol
Oscillatory shear; evaluation of HME 15LV, Kollidon SR [a mixture of
materials for FDM printability and insoluble poly(vinyl acetate) Carvedilol [136]
process modulation (PVAc) and soluble povidone (PVP)],
Eudragit EPO, hydroxypropyl
cellulose (HPC) SSL, Kolliphor TPGS
Oscillatory shear; effect of polymer
molecular weights on the flow PEO, PEG Theophylline [135]
properties and FDM printability
Steady-state (zero-shear) viscosity
and Oscllll.at?n.*y shear; APT- Poly(e-caprolactone) Indomethacin [134]
polymer miscibility, assessment of
FDM 3D printability
Polyvinylpyrrolidone-vinyl acetate
1 ®
Oscillatory shear; drug-polymer, cc.)polymer (Kollidon® VA64),
polyvinyl alcohol-polyethylene glycol
polymer—polymer, and drug- .
R graft copolymer (Kollicoat® IR),
polymer—polymer miscibility, and .
. Hydroxypropyl Haloperidol [137]
evaluation of polymers or polymer
. e Methylcellulose (HPMC),
blends for FDM 3D printability hvd | methvlcellul
and drug release yaroxypropy me. y cetluiose
acetate succinate
(HPMCAS)
Steady-state (zero-shear) viscosity
and Oscillatory shear; drug- Polyethylene oxide (PEO),
polymer miscibility, effects of . Paracetamol and
. . . methacrylate copolymer (Eudragit® E . [138]
particle morphological changes in PO) ibuprofen
the drug-polymer mixture on the
flow behaviours
Oscillatory shear; effect of non- 5-aminosalicylic acid
melting filler on FDM 3D printing MethaFryllc. polymer (Eudragit EPO), (5-ASA), c‘:aptopnl, [62]
. tri-calcium phosphate (TCP) theophylline, and
quality and drug release .
prednisolone
Oscillatory shear; effects of Polycaprolactone, poly-
plasticizer on processing (ethylene glycol) (PEG, Mw =200, 4000 Ciprofloxacin [116]
parameters of FDM 3D printing and 8000 g/mol)
PAM 3D Printing
Creep recovery, cross-over
. moduh%s; . Carbopol (CP-794), Avicel PH101 and Diclofenac Sodium  [139]
probe the viscoelastic properties of PH105, Polyplasdone, and glycerol
paste
Rheogram (plot of shear stress vs. Hydroxypropyl methylcelh'ﬂose
. . (HPMC 2208 type), Crospovidone e
shear rate); appropriate extrusion Naftopidil [63]

of paste and 3D printability

(Kollidon CL-F), D-Mannitol, and
Polyethylene glycol (PEG) 4000

The miscibility between polymers and other materials in the blends can significantly affect the
rheological properties of the systems which in turn impacts the processability and the qualities of 3D
printed pharmaceuticals and also their performance. Recent studies by Sadia et al. showed that the
complex viscosity of Eudragit EPO was ~8750 Pa-s at the FDM 3D printing temperature [132]. Upon
compounding into filament via HME, the complex viscosity was dropped to approximately 4000 Pa-s
at 1 rad/s angular frequency (with the 0% hydrochlorothiazide (HCT) drug). This drop-in viscosity
could be linked to the reduced T; in these filaments (with the addition of plasticizer) and the
decreased polymeric chain interaction. In a previous study, they reported that the introduction of a
non-melting filler (tribasic calcium phosphate, TCP) can enhance the viscoelastic behavior in the
system [62]. Replacing a non-melting filler (TCP) with an equivalent amount of low miscibility drug,
HCT at a wide range of percentages (2.5-50%) resulted in comparable rheological behaviors with a
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predominantly viscous character with G’ < G". However, when a drug with high miscibility with the
polymer is incorporated in the filament, the complex viscosity dropped significantly (~743 Pa-s at 1
rad/s angular frequency). This illustrates the importance of drug miscibility with the polymer on the
rheological performance of the filament in FDM 3D printing. Alhijjaj et al. explored the use of
polymer blends as a formulation strategy to overcome the processability issues associated with
commercially available FDM printers and to provide adjustable drug release rates from the printed
dispersions [22]. The solid dispersions of felodipine with Eudragit® and Soluplus® were prepared
using FDM printing after blending with plasticizers—PEG, PEO and Tween 80. The results
demonstrated that the interplay between the miscibility of the excipients in the blends and the
solubility of the polymer in the media can be used to manipulate the drug release rates of the
dispersions. Many miscible/ soluble small-molecule APIs act also as plasticizers when mixed with
polymers, lowering the molecular friction between the long, entangled polymer chains, which leads
to decreasing of the melting/glass transition temperature and viscosity of the drug-polymer systems
[109,118,137,138]. The solubility of a drug substance in the polymer matrix can be measured by a
rheological method suggested by Suwardie and Yang [118,123]. The curves of the viscosity of a drug-
polymer mixture vs. the drug loading generally have a ‘“V’ shape, and the minimal point gives the
drug’s solubility in the polymeric excipient as shown in Figure 7. If the API does not dissolve into the
polymer matrix, it will form a solid dispersion, and the drug particles can be considered to behave
the same way as inorganic filler particles in polymers. At high filler content, some particles are
believed to form networks whose breaking down requires a certain amount of stress, yield stress,
which causes a significant increase in viscosity at low deformation rates [62]. Both the plasticization
by the dissolved drug and the presence of solid drug particles have implications on the melt processes
such as hot melt extrusion or FDM 3D printing of concentrated mixtures [140]. The plasticization
potentially enables the production of dosage forms with a high drug load using a low processing
temperature and therefore avoiding thermal degradation of the drug [61,138].

experiment 8&
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Figure 7. Viscosity ratio (7/70) of acetaminophen (APAP) in poly (ethylene oxide) (PEO) at different
temperatures to determine the solubility of the drug. Reprinted with permission from M Yang,
International Journal of Pharmaceutics, Published by Elsevier, 2011 [123].

The selection of the FDM 3D printing process parameters such as extrusion temperature, shear
rate requires the knowledge of the rheological properties of feedstock materials. The extrusion
temperature should be set such that the complex viscosity falls within this range. It was reported that
certain polymers, such as Affinisol™ 15 LV, can undergo shear-thinning during the extrusion
process, which further reduces melt viscosity and facilitates melt extrusion at a lower temperature
[141]. Recently Solanki et al. attempted to identify pharmaceutically acceptable polymers for the
formulation of 3D printed tablets by FDM that would provide relatively rapid drug release [137].
They studied the rheological properties, i.e., complex viscosity of individual polymers, polymer—
polymer binary mixture, drug—polymer binary mixtures, and drug-polymer—polymer ternary
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mixtures to rationalize their viscosities on FDM 3D printability. K. Ilyés et al. also reported the
assessment of the printability window of different filaments based on pharmaceutically relevant
polymer blends from the rheo-mechanical properties standpoint [136]. Each component in the blends
modifies the rheology of the polymer matrix as shown in Figure 8, improving the shear thinning
behavior and positively influencing the FDM processability window. Measuring G’, G""and the
crossover point (G’ = G"’) for polymer-drug mixtures at different concentration and temperature also
provides an idea to select the processing temperature during FDM 3D printing. In a study by
Suwardie et al., the extrusion temperatures for acetaminophen-PEO system were selected between
120 °C and 140 °C as the mixture samples do not show crossover points at 120 °C and 140 °C within
the tested frequency, and G”’ is always higher than G’ in the temperature range, suggesting the
viscous behavior of the mixture [118,123]. The molecular weight (MW) and molecular weight
distribution (MWD) of the polymers can affect their printability because of their variable flow
behaviour [116]. Increasing polydispersity (broader MWD) broadens the glass transition area and
melting endotherm peak (for semi-crystalline polymers) observed in the DSC, as well as the transition
area from the Newtonian plateau to the shear-thinning area in the viscosity curve profile [109]. Isreb
et al. recently studied the effect of PEO of different molecular weight on the compatibility of HME
compounded filaments for FDM 3D printing and their rheological properties to rationalize the effect
of melt behaviors on their printability [135]. A lower molecular weight of PEO (100-200 K) yielded
mechanically incompatible HME compounded filaments and a larger molecular weight of PEO (900
K) contributed to significantly high complex viscosity and inhibited material flow at a printing
temperature of 110 °C and 145 °C. The molecular weight of PEO between 300 K and 600 K was shown
to have optimal mechanical and rheological properties for the FDM 3D printing process.

100000
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placebo

<
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Aff15.5%

Aff15.10%
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KolISR.10%

complex viscosity (Pa*s)
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Figure 8. The rheological characterization of the blends of different polymers [Affinisol 15LV (Aff15),
Kollidon SR (KollSR), Eudragit EPO (EPO), hydroxypropyl cellulose (HPC)]. Constituent effect
visualized with frequency sweep at the maximum processing temperature (200 °C). Reprinted with
permission from K Ilyés, European Journal of Pharmaceutical Sciences, Published by Elsevier, 2019
[136].
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5. Characterization of the 3D Printed Pharmaceuticals

Table 4 shows different dosage shapes that have been reported in the literature. 3D printing has
the advantage of the ability to design and print dosages of different shapes and sizes to control the
release profile. However, in the 3D printing of pharmaceuticals, one of the important parameters is
the degree of accuracy between the CAD model and the printed structure.

Table 4. Pharmaceutical dosages of different shapes or forms, sizes and complexities that had been
3D printed and reported in the literature.

Dosage shape, size, complexity References
FDM 3D Printing

5

[55,72]

[143,144]

[75,145]
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FDM and PAM 3D printing technologies rely on the extrusion of polymer melts and semi-solids
through the nozzle. The major challenge here is to maintain a reproducible and consistent flow of
materials throughout the printing process to make the printed dosage form flawless [53]. Typically,
surface imperfections are observed in the printed object. Post-treatment method such as the drying
method and duration can also affect the structure and properties of the finished products. Several
drying conditions (process types, temperature, and duration) are reported for PAM 3D printing. El
Aita et al. investigated the drying process and found only 3 h of drying at 200 mbar in a vacuum
dryer was sufficient for the complete drying (loss on drying, LOD, <1%) of their printed structure
[148]. Other drying conditions reported as using a vacuum dryer at 40 °C for 24 h [18,76,139], on the
heated printing platform at 80 °C for 3 h [149], in an oven at 40 °C for 12 h [150,151], left at 20 °C for
12 h [152], in an incubator containing a silica gel bead cartridge at 40 °C for 24 h [63] etc.. Drying effect
on structure and properties of the finished products are reported as during the drying process shell
formation may occur on the outer surface of the tablet which might cause inefficient drying and result
in the mechanical properties (friability, hardness) of the tablet [148], deformation of the structure
[63,76,150], formation of pores on the surface [152], paste shrinkage [139], etc. The mechanical
strength of 3D printed tablets is also important. Materials choices also impact the tensile strength of
the tablets. A thorough characterization is required to ensure that the 3D printed structure or dosage
form can reliably deliver the right amount of drug in a consistent manner. Figure 9 shows the
characterization methods/techniques required for the 3D printed structure, drug, and excipients to
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ensure the right surface and mechanical strength of the structure as well as drug and excipients’
physical properties and stability maintained.

Characterization
of 3D Printed
Pharmaceuticals

Characterization of
Drug, Polymer
(or Excipients)

Characterization
of Structure

Surface and Mechanical Physical Drug Content:

Drug Release:

Internal Structure: Strength: A Properties: UV, HPLC, N X -
OM, SEM, AFM, X- Friability, Adhesion DSC, TGA, XRD, NIRS Dreolion Stability
Ray micro-CT Hardness FTIR, Raman

Figure 9. Characterizations required for 3D printed structure, drug, and polymer (or other functional
excipients, if necessary).

The surface or cross-section images of the structure can be depicted using optical microscopy
(OM), scanning electron microscopy (SEM), and atomic force microscopy (AFM). Images can provide
more detailed information about the nature of the surface of the material, such as the presence of
pores, cracks, or other inconsistencies [100]. To visualize the internal structure, density, and porosity
of the 3D printed structure X-Ray Micro Computed Tomography (Micro-CT) can be used [131].
Mechanical tests such as friability and hardness test the strength of a tablet. Ideally, a tablet should
be able to remain intact through transportation and storage without breaking or losing material [150].
Adhesion is the interatomic and intermolecular interaction at the interface of two surfaces. Whether
the two surfaces adhere well to each other depends on the characteristics of both surfaces at the
interface. Interfacial adhesion refers to adhesion between two layers of different compositions. If
adhesion is poor between two different polymers, it can lead to brittleness in the final product [153].
Interfacial adhesion is improved when the two different layers have similar properties, such as
hydrophilicity [154]. Adhesion can also be achieved by polar functional groups [155]. Adhesion is
important when different types of polymers are used in the same structure. Adhesion can be
measured by shear tension and torsion tests [156]. Some other tests include a delamination resistance
test which measures the force required to separate two layers. A qualitative tape test can be
performed, in which an adhesive is attached to one layer and then removed so that the percentage of
the layer that becomes detached can be measured [153]. Fourier-transform infrared spectroscopy
(FTIR) can be used to examine whether two polymers have chemically bonded to each other, by
observing whether certain bonds are present or not. Adhesion can be also be analyzed visually at the
interface surface, with a microscope [157].

Tests such as X-ray diffraction (XRD), differential scanning calorimetry (DSC), and FTIR, etc. are
used to determine a variety of physical properties. XRD for crystalline, semi-crystalline, and
amorphous materials show sharp peaks, a combination of sharp peaks and amorphous halo, and only
amorphous halo, respectively. The thermal analysis of the drug or excipient can be done using DSC.
Thermogravimetric analysis (TGA) data helps to detect drug degradation [158]. Goyanes et al.
determined the degradation of salicylic acid by comparing the weight of the sample with the starting
weight at different temperatures [93]. Salicylic acid weight percentage is greatly reduced at
temperatures above 140 °C, whereas it completely degrades at about 200 °C [93]. Typically drug
content is measured by UV spectrophotometer or high-performance liquid chromatography (HPLC)
[60,93]. However, in both methods, the structure needs to be dissolved in a suitable solvent. Vakili et
al. have used near infra-red (NIR) hyperspectral imaging technique as a tool to quantify the drug
content in 3D printed dosage forms of each printed layer [159]. The tool is currently heavily used in
the agricultural and food industries for quality and safety assessments. With future research, NIR
hyperspectral imaging can be used as a reliable, rapid and non-destructive method to validate the
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dosage of printed pharmaceuticals and ensure that the pharmaceuticals are meeting quality
standards [159]. Kyobula et al. used Raman spectroscopy to understand the drug distribution on the
printed structure [33]. Boetker et al. reported Raman spectroscopy can be considered as a potential
PAT (process analytical tool) for the robust production of different 3D printed structures [96].
Dissolution and diffusion tests simulate how the drug would break down in the human body. They
are used to determine release profiles and time the drug spends in the body. A drug diffusion test is
conducted in vertical glass Franz cells [93] whereas, the dissolution test is done in dissolution tester
[18]. The long-term stability can be eliminated by on-demand printing of dosage using 3D printing.
However, the dosage should have some short period of stability at least for one or two weeks. Tablet
properties such as assay, tensile strength, and dissolution after a short period of stability need to be
checked to ensure that the drug does not degrade [67].

6. Challenges and Opportunities

6.1. Quality and Sterility Aspects

3D printing is well taken in many applications of pharmaceuticals but there still needs
improvement of quality and safety aspects of the 3D printed drug products. Several issues such as
variation in product qualities (shrinkage, warping, residuals, etc.), mechanical instability, high
friability, low drug loading, high post-processing cycles, and an unidentified suitable combination of
API and excipient materials need improvement to obtain a quality product in a reproducible manner
[5].

Pharmaceutical manufacturing is a regulated and complex process. To meet the requirements of
current good manufacturing practice (cGMP), sterilization of manufacturing equipments is essential.
Sterility is needed to ensure that the product is contamination free. It should be noted that there is
not much mention of sterility in regards to 3D printing of pharmaceuticals. Alomari et al. summarized
different methods of the printer cartridge and printer nozzle in inkjet printing of pharmaceuticals
[160]. Cheah et al. reported that the parts in SLS printing to be sterile by nature because of the high
processing temperature and inert nitrogen-filled fabrication environment [161]. The print head for
PAM printing is designed to use disposable tubes that hold the feed material, paste [162]. Several
other techniques can be adopted to consider sterility of printings such as the use of removable head,
print on surfaces treated with ethanol, print under UV light, etc. [160,163]. More research must be
done to get a complete idea of sterilization aspects in FDM and PAM printing of pharmaceuticals.

6.2. Regulatory Aspects

The future of 3D printed pharmaceuticals appears to be geared towards the ability of patients to
3D print their necessary pharmaceuticals at home. Printing at home creates a new issue of how to
regulate that process. Regulatory issues arise when considering how to ensure that what a patient is
printing at home is safe and of adequate quality. In the future, the FDA will have to tackle the problem
of how to regulate drug algorithms or drug recipes that individuals could have easy access to at home
[164].

The FDA has already approved the 3D printed drug, Spritam® (levetiracetam), in August 2015
for commercial use. There are still numerous issues such as variation in product qualities, mechanical
instability, etc. [5] mentioned above that must be improved to completely regulate the 3D printed
pharmaceuticals. Alhnan et al. noted that it is likely that the FDA will have to overhaul its traditional
regulations in order to adapt to the regulatory needs of 3D printing [53]. The FDA is currently doing
its own research on 3D printing and the development of a clear and complete regulatory pathway
may take some time [53].

6.3. Commercial Manufacturing

Mass manufacturing commercially is always a factor considered when a new technology is
developed. However, it is noted that traditional mass manufacturing cannot be replaced by 3D
printing, at least in the short term, and it is unlikely to be used for mass production [160]. The use of
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3D printing in the fabrication of pharmaceuticals offers major advantages in commercial
manufacturing. Combining HME with 3D printing eliminates the need for downstream processing
that is present in current pharmaceutical manufacturing practices [165]. FDM printing is known for
its use of relatively cheap printers and having minimal to no post-operating processing [62]. The
current manufacturing process has limitations related to drug release rates. Drug release rates
produced by current manufacturing techniques decrease as a function of time. Ideally, constant
release rates are desired, especially for personalized pharmaceuticals. 3D printing enables us to create
different polymer matrices that determine tunable release profiles [12]. Using conventional
production techniques, such as powder compaction, it is difficult to manufacture the dosage of
complex shapes. With 3D printing methods, like FDM or PAM, complex shapes like the torus shape
can be created. The torus shape provides increased surface area as well as offers a relatively constant
surface area during dissolution [166].

There are some significant challenges in replacing the current commercial manufacturing with
3D printing technology. Compared to current manufacturing processes for drug delivery systems,
3D printing has a low throughput as a result of low processing speeds [167]. Another problem for
commercial 3D printing is that all pharmaceuticals manufactured in the United States have to follow
the cGMP regulations enforced by the FDA [168]. Melocchi et al. set up a pilot plant that
industrialized the FDM 3D printing process. To create the necessary filaments, hot-melt extrusion
was carried out using a micro-extrusion manufacturing system. The team paid close attention to the
operating temperature and pressure in order to ensure the maintenance of the chemical properties of
the starting materials. The group considered non-traditional cooling options because of the water
solubility of the polymer. They also designed a prototype FDM 3D printing to follow the cGMP [169].

A few companies are dipping their toes into the 3D printing pharmaceutical industry. Aprecia
Pharmaceuticals have already filed a patent application and commercialized Zipdose®, a 3D printing
system that produces Spritam, a printed medicine. FabRx, a small startup company, is developing
and commercializing technology that uses 3D printing to produce personalized pharmaceuticals on-
site in pharmacies or clinical trial units. GlaxoSmithKline (GSK) is also looking into the 3D printing
of drugs, dedicating a research and development project towards the technology [170].

6.4. Personalized Pharmaceuticals

Typically, oral solid dosages are manufactured in pre-defined strength which is determined
during early clinical trials based on therapeutic effects observed in the greatest portion of the
population [160]. Current approaches to personalized pharmaceuticals involve manually splitting
tablets or measuring out specific amounts of liquid dosages. Both of these methods can lead to errors
and lack the necessary precision needed for exact personalization [160]. Having the ability to control
the dose via 3D printing is a vital tool in the goal to create personalized medicines. Pharmaceuticals
can be individualized for each patient by controlling the dose.

Skowyra et al. investigated how the FDM 3D printing process can be used to control the dose of
the active ingredient by changing the printed volume using computer software [56]. Skowyra et al.
compared the theoretical doses determined by tablet mass with HPLC measured doses of
prednisolone, a model pharmaceutical drug, to establish a linear correlation between the parameters.
This linear relationship is used to determine an equation that calculates the required dimension
needed to achieve the target dosage. Results show (Figure 10) a strong correlation between the target
dose and the measured dose proving the possibility of controlling the dose using FDM 3D printing
via volume manipulation and make it suitable for personalized pharmaceuticals development [56].

Target or theoretical dose D (mg) = M.5/100

The mass of the printed tablet M (mg) = 1.0322 V +24.898

The volume of the design V (mm?) =L x W x H=0.04 x zx L3 (Consider ellipse shape and W =H
=0.4L)

The filament loading percentage S = 100x (Mass of drug/Total mass of filament)

The required dimension (L) to achieve a target dose (D) from the filament with loading
percentage (S) can be calculated as
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Figure 10. (a) Design of tablets, (b) the relationship between the target and achieved prednisolone
dose, and (c) PVA based FDM 3D printed tablets having different dose strengths [56].

6.5. Medication Adherence and Multi-Drug Printing

Medication adherence, or taking drugs correctly, is usually defined as the extent to which
patients take drugs as prescribed by the doctor [171]. A drug that is not taken or taken at the wrong
intervals, in under-dose or over-dose defeats its intended efficacy to patient’s disease treatment [172].
The difficulty of tracking with multiple drugs, complex dosing regimen, and swallowing difficulties
commonly causes poor adherence [173]. Poor adherence can interfere with the proper treatment of
diseases and aggravate the complications. One of the approaches to improve poor adherence is by
incorporating multiple drugs in the same matrix and tuning their release profile in a controlled
manner. This is also known as poly-pharmacy or polypill [174].

To the extent of the authors” knowledge, there is only one commercially available multidrug pill
named Polycap™, manufactured by Cadila Pharmaceuticals Ltd. India [175,176]. It is a five-drug
capsule that is used to treat cardiovascular disease and stroke. Current manufacturing practices
provide limitations to the successful creation of multi-drug pills [18]. Traditional direct compression
manufacturing processes is unable to make multi-drug pills due to challenges of drug processing
without functional excipients, limited capacity to compress multiple bulk materials having different
drugs, and eventually control the pill size to make it swallowable. In current practices, manufacturers
are only able to control release profiles by using a different material or polymer during fabrication
[165]. With the advent of 3D printing, drug makers have the ability to formulate pharmaceuticals that
have a complex design and fabricate multi-drug pills. 3D printing has made it possible by the creation
of different infill densities and patterns that would be an advantage in multi-drug printing. Varying
the infills provides a method to control the release profiles [146].

Recently, there have been several publications that reported multi-drug printing using 3D
printing [18,74,76,177-181]. In 2015, Khaled et al. used PAM printing to create a multi-drug pill with
five drugs and two different release profiles [18]. Melocchi et al. designed a hollow multidrug capsule
that is made up of two separate compartments connected by a joint [169]. Goyanes et al. used FDM
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3D printing to construct a multilayer pill with alternating layers of two different drugs [108]. With
these attempts, researchers are seeking solutions to different problems related to the fabrication of
multi-drug pills. Goyanes et al. observed that the layers of the fabricated multi-drug pill are difficult
to separate because they adhere independently of the type of layers during the printing process. This
addresses a current problem in current bilayer technology where insufficient layer bonding and
bilayer hardness damage the products of the technology [182]. One problem that still needs to be
addressed is the size of the multi-drug pills. Incidentally, a multi-drug pill with multiple release
capabilities often requires large amounts of excipients which can make the pill too large for
swallowing [11]. There is still room for improvement to decrease the size of the multi-drug pill for
easy swallowing, control drug release, tune the dose strength, etc.

7. Conclusions and Outlook

3D printing of pharmaceuticals is an emerging technique that is especially advantageous for
personalized medicine, offers design flexibility, high complexity, on-demand, and cost-effective
production. With an exceptionally high degree of control and flexibility, 3D printing technology
opens up the possibility of producing any types of pharmaceutical formulations, dosages and tailor-
made drug delivery systems. Despite the last decade has seen massive achievements in other
manufacturing industries, such as aerospace and automobile, 3D printing of pharmaceuticals is still
at its infancy and its potential yet to be fully explored. Various technical and regulatory challenges
need to be overcome to fulfill its real potential in the pharmaceutical industry. Though a large scale
production of pharmaceuticals using 3D printing might be a long way from now, personalized
medicine is possible in-house for immediate use. Future work to enable drug product manufacture
using FDM and PAM 3D printing technologies should include the suitability and characterization of
polymers and other excipients amenable to processing. Polymer materials and their properties,
specifically their rheology should be investigated to allow a wider formulation and 3D printing
design space. A better understanding of the rheological properties of API-polymer mixtures and their
measurement is necessary for the successful 3D printing of pharmaceuticals. This review provides a
holistic materials—processing perspective for the extrusion-based 3D printing technologies which
provides a guideline in selecting suitable polymers for FDM and PAM 3D printing processes, and
also the proper characterization techniques for printed structures, drugs, and excipients. The authors
hope that the insights of this review will provide a useful stimulus to encourage future research into
the optimization of the pharmaceutical extrusion-based 3D printing process.

Author Contributions: M.A.A. conceived the concept of the review article and prepared the content outline.
M.A.A,D.O, GK, AZMB., MSH., and T.S. contributed to the review writing for different sections. M.A.A.
supervised the writing of this review paper and guided the major review and editing of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the startup fund provided by North Carolina A&T State University (NCAT)
College of Engineering.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ligon, S.C,; Liska, R.; Stampfl, J.; Gurr, M.; Miilhaupt, R. Polymers for 3D printing and customized additive
manufacturing. Chem. Rev. 2017, 117, 10212-10290.

2. Hofmann, M., 3D printing gets a boost and opportunities with polymer materials. ACS Macro Lett., 2014,
3,382-386.

3. Vikram Singh, A., Hasan Dad Ansari, M., Wang, S., Laux, P., Luch, A., Kumar, A,, Patil, R., Nussberger, S.
The Adoption of Three-Dimensional Additive Manufacturing from Biomedical Material Design to 3D
Organ Printing. Appl. Sci., 2019, 9, p. 811.

4. Norman, J.; Madurawe, RD.; Moore, CM.; Khan, M.A,; Khairuzzaman, A. A new chapter in
pharmaceutical manufacturing: 3D-printed drug products. Adv. Drug Deliv. Rev. 2017, 108, 39-50.



Pharmaceutics 2020, 12, 124 26 of 34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Liaw, C.-Y.; Guvendiren, M. Current and emerging applications of 3D printing in medicine. Biofabrication
2017, 9, 024102.

Yoo, J.; Bradbury, T.J.; Bebb, T.J.; Iskra, J.; Surprenant, H.L.; West, T.G. Three-dimensional printing system
and equipment assembly. U.S. Patent US8888480B2, 18 November 2014.

Ginsburg, G.S.; McCarthy, J.J. Personalized medicine: Revolutionizing drug discovery and patient care.
Trends Biotechnol. 2001, 19, 491-496.

Schork, N.J. Personalized medicine: Time for one-person trials. Nature 2015, 520, 609-611.

Yu, D.G.; Zhu, L.-M.; Branford-White, CJ.; Yang, X.L. Three-Dimensional Printing in Pharmaceutics:
Promises and Problems. J. Pharm. Sci. 2008, 97, 3666—3690.

Sachs, E.; Cima, M.; Williams, P.; Brancazio, D.; Cornie, J. Three dimensional printing: Rapid tooling and
prototypes directly from a CAD model. J. Manuf. Sci. Eng. 1992, 114, 481-488.

Goole, J.; Amighi, K. 3D printing in pharmaceutics: A new tool for designing customized drug delivery
systems. Int. |. Pharm. 2016, 499, 376-394.

Wu, B.M.; Borland, S.W.; Giordano, R.A.; Cima, L.G.; Sachs, E.M.; Cima, M.]. Solid free-form fabrication of
drug delivery devices. |. Control. Release 1996, 40, 77-87.

Rowe, C.; Katstra, W.; Palazzolo, R.; Giritlioglu, B.; Teung, P.; Cima, M. Multimechanism oral dosage forms
fabricated by three dimensional printing™. J. Control. Release 2000, 66, 11-17.

Wang, C.-C.; Tejwani, M.R.; Roach, W.].; Kay, ].L.; Yoo, ].; Surprenant, H.L.; Monkhouse, D.C.; Pryor, T.J.
Development of near zero-order release dosage forms using three-dimensional printing (3-DP™)
technology. Drug Develop. Industrial Pharm. 2006, 32, 367-376.

Yu, D.G;; Yang, X.L.; Huang, W.D.; Liu, J.; Wang, Y.G.; Xu, H. Tablets with material gradients fabricated
by three-dimensional printing. J. Pharma. Sci. 2007, 96, 2446-2456.

Infanger, S.; Haemmerli, A ; Iliev, S.; Baier, A.; Stoyanov, E.; Quodbach, J. Powder bed 3D-printing of highly
loaded drug delivery devices with hydroxypropyl cellulose as solid binder. Int. J. Pharm. 2019, 555, 198—
206.

Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Roberts, C.J. Desktop 3D printing of controlled release
pharmaceutical bilayer tablets. Int. |. Pharm. 2014, 461, 105-111.

Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Yang, J.; Roberts, C.J. 3D printing of five-in-one dose
combination polypill with defined immediate and sustained release profiles. |. Control. Release 2015, 217,
308-314.

Goyanes, A.; Buanz, A.B.,, Hatton, G.B.; Gaisford, S.; Basit, AW. 3D printing of modified-release
aminosalicylate (4-ASA and 5-ASA) tablets. Eur. |. Pharm. Biopharm.2015, 89, 157-162.

Pietrzak, K.; Isreb, A.; Alhnan, M.A. A flexible-dose dispenser for immediate and extended release 3D
printed tablets. Eur. |. Pharma. Biopharm. 2015, 96, 380-387.

Chen, D; Xu, X.-Y,; Li, R;; Zang, G.-A.; Zhang, Y.; Wang, M.-R.; Xiong, M.-F.; Xu, ].-R.; Wang, T.; Fu, H., et
al. Preparation and In vitro Evaluation of FDM 3D-Printed Ellipsoid-Shaped Gastric Floating Tablets with
Low Infill Percentages. AAPS PharmSciTech 2020, 21, s12249-s019.

Alhijjaj, M.; Nasereddin, J.; Belton, P.; Qi, S. Impact of Processing Parameters on the Quality of
Pharmaceutical Solid Dosage Forms Produced by Fused Deposition Modeling (FDM). Pharmaceutics 2019,
11, 633.

Eleftheriadis, G.K.; Ritzoulis, C.; Bouropoulos, N.; Tzetzis, D.; Andreadis, D.A.; Boetker, J.; Rantanen, J.;
Fatouros, D.G. Unidirectional drug release from 3D printed mucoadhesive buccal films using FDM
technology: In vitro and ex vivo evaluation. Eur. |. Pharm. Biopharm. 2019, 144, 180-192.

Viidik, L.; Seera, D.; Antikainen, O.; Kogermann, K.; Heina"ma~ki, J.; Laidma~e, I. 3D-printability of
aqueous poly(ethylene oxide) gels. Eur. Polym. ]. 2019, 120, 109206.

Feuerbach, T.; Callau-Mendoza, S.; Thommes, M. Development of filaments for fused deposition modeling
3D printing with medical grade poly(lactic-co-glycolic acid) copolymers. Pharm. Develop. Technol. 2018, 24,
487-493.

Nukala, P.K.; Palekar, S.; Patki, M.; Patel, K. Abuse Deterrent Immediate Release Egg-Shaped Tablet
(Egglets) Using 3D Printing Technology: Quality by Design to Optimize Drug Release and Extraction.
AAPS PharmSciTech 2019, 20, 1-12.

Healy, A.V.; Fuenmayor, E.; Doran, P.; Geever, LM, Higginbotham, C.L.; Lyons, ].G. Additive
Manufacturing of Personalized Pharmaceutical Dosage Forms via Stereolithography. Pharmaceutics 2019,
11, 645.



Pharmaceutics 2020, 12, 124 27 of 34

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Martinez, P.R.; Goyanes, A.; Basit, A.W.; Gaisford, S. Influence of Geometry on the Drug Release Profiles
of Stereolithographic (SLA) 3D-Printed Tablets. AAPS PharmSciTech 2018, 19, 3355-3361.

Wang, J.; Goyanes, A.; Gaisford, S.; Basit, A.W. Stereolithographic (SLA) 3D printing of oral modified-
release dosage forms. Int. J. Pharm. 2016, 503, 207-212.

Awad, A.; Fina, F.; Trenfield, S.J.; Patel, P.; Goyanes, A.; Gaisford, S.; Basit, A.W. 3D Printed Pellets
(Miniprintlets): A Novel, Multi-Drug, Controlled Release Platform Technology. Pharmaceutics 2019, 11, 148.
Fina, F.; Madla, C.M.; Goyanes, A.; Zhang, J.; Gaisford, S.; Basit, A.W. Fabricating 3D printed orally
disintegrating printlets using selective laser sintering. Int. ]. Pharm. 2018, 541, 101-107.

Fina, F.; Goyanes, A.; Gaisford, S.; Basit, A.W. Selective laser sintering (SLS) 3D printing of medicines. Int.
J. Pharm. 2017, 529, 285-293.

Kyobula, M.; Adedeji, A.; Alexander, M.R.; Saleh, E.; Wildman, R.; Ashcroft, I.; Gellert, P.R.; Roberts, C.J.
3D inkjet printing of tablets exploiting bespoke complex geometries for controlled and tuneable drug
release. |. Control. Release 2017, 261, 207-215.

Clark, E.A.; Alexander, M.R; Irvine, D.J.; Roberts, C.J.; Wallace, M.].; Sharpe, S.; Yoo, J.; Hague, R.J.M.;
Tuck, CJ.; Wildman, R.D. 3D printing of tablets using inkjet with UV photoinitiation. Int. J. Pharm. 2017,
529, 523-530.

Cader, H.K,; Rance, G.A.; Alexander, M.R.; Goncalves, A.D.; Roberts, C.].; Tuck, C.J.; Wildman, R.D. Water-
based 3D inkjet printing of an oral pharmaceutical dosage form. Int. J. Pharm. 2019, 564, 359-368.

Kadry, H.; Wadnap, S.; Xu, C,; Ahsan, F. Digital light processing (DLP) 3D-printing technology and
photoreactive polymers in fabrication of modified-release tablets. Eur. J. Pharm. Sci. 2019, 135, 60-67.
Krkobabi¢, M.; Medarevi¢, D.; Cviji¢, S.; Gruji¢, B.; Ibri¢, S. Hydrophilic excipients in digital light processing
(DLP) printing of sustained release tablets: Impact on internal structure and drug dissolution rate. Int. J.
Pharm. 2019, 572, 118790.

Goyanes, A.; Buanz, A.B.; Basit, A.W.; Gaisford, S. Fused-filament 3D printing (3DP) for fabrication of
tablets. Int. |. Pharm. 2014, 476, 88-92.

Godwin, A.; Bolina, K.; Clochard, M.; Dinand, E.; Rankin, S.; Simic, S.; Brocchini, S. New strategies for
polymer development in pharmaceutical science--a short review. J. Pharm. Pharmacol. 2001, 53, 1175-1184.
Jones, D.S. Pharmaceutical applications of polymers for drug delivery. Rapra Technology Ltd.: Shawbury,
UK, 2004.

Park, B.J.; Choi, H.].; Moon, S.].; Kim, S.J.; Bajracharya, R.; Min, ].Y.; Han, H.-K. Pharmaceutical applications
of 3D printing technology: Current understanding and future perspectives. J. Pharm. Invest. 2019, 49, 575—
585.

Souto, E.B.; Campos, J.C.; Filho, S.C.; Teixeira, M.C.; Martins-Gomes, C.; Zielinska, A.; Carbone, C.; Silva,
A.M. 3D printing in the design of pharmaceutical dosage forms. Pharm. Develop. Technol. 2019, 24, 1044—
1053.

Aratijo, M.R.P; Sa-Barreto, L.L.; Gratieri, T.; Gelfuso, G.M.; Cunha-Filho, M. The Digital Pharmacies Era:
How 3D Printing Technology Using Fused Deposition Modeling Can Become a Reality. Pharmaceutics 2019,
11, 128.

Deck Khong, T.; Mohammed, M.; Ali, N. Advanced Pharmaceutical Applications of Hot-Melt Extrusion
Coupled with Fused Deposition Modelling (FDM) 3D Printing for Personalised Drug Delivery.
Pharmaceutics, 2018, 10, 203.

Kjar, A.; Huang, Y. Application of Micro-Scale 3D Printing in Pharmaceutics. Pharmaceutics 2019, 11, 390.
Gioumouxouzis, C.I.; Karavasili, C.; Fatouros, D.G. Recent advances in pharmaceutical dosage forms and
devices using additive manufacturing technologies. Drug Discov. Today 2019, 24, 636-643.

Aimar, A.; Palermo, A.; Innocenti, B. The Role of 3D Printing in Medical Applications: A State of the Art. J.
Heal. Eng. 2019, 2019, 5340616.

Vithani, K.; Goyanes, A.; Jannin, V.; Basit, AW.; Gaisford, S.; Boyd, B.J. An Overview of 3D Printing
Technologies for Soft Materials and Potential Opportunities for Lipid-based Drug Delivery Systems. Pharm.
Res. 2019, 36.

Joo, Y.; Shin, I; Ham, G.; Abuzar, S.M.; Hyun, S.-M.; Hwang, S.-J. The advent of a novel manufacturing
technology in pharmaceutics: Superiority of fused deposition modeling 3D printer. ]. Pharm. Invest. 2019,
1-15, d0i:10.1007/s40005-019-00451-1.

Long, J.; Gholizadeh, H.; Lu, J.; Bunt, C.; Seyfoddin, A. Application of fused deposition modelling (FDM)
method of 3D printing in drug delivery. Cur. Pharm. Design 2017, 23, 433—-439.



Pharmaceutics 2020, 12, 124 28 of 34

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

He, D.; Han, F.; Wang, Z.; Liu, Q. A review of 3D printing via fused deposition modeling in pharmaceutics.
Acta Pharm. Sinica 2016, 51, 1659-1665.

Konta, A.A.; Garcia-Pifia, M.; Serrano, D.R. Personalised 3D printed medicines: Which techniques and
polymers are more successful? Bioengineering 2017, 4, 79.

Alhnan, M.A.; Okwuosa, T.C.; Sadia, M.; Wan, K.-W.; Ahmed, W.; Arafat, B. Emergence of 3D printed
dosage forms: Opportunities and challenges. Pharm. Res. 2016, 33, 1817-1832.

Melocchi, A.; Parietti, F.; Maroni, A.; Foppoli, A.; Gazzaniga, A.; Zema, L. Hot-melt extruded filaments
based on pharmaceutical grade polymers for 3D printing by fused deposition modeling. Int. J. Pharm. 2016,
509, 255-263.

Goyanes, A.; Martinez, P.R.; Buanz, A.; Basit, A.W.; Gaisford, S. Effect of geometry on drug release from
3D printed tablets. Int. |. Pharm. 2015, 494, 657—-663.

Skowyra, J.; Pietrzak, K.; Alhnan, M.A. Fabrication of extended-release patient-tailored prednisolone
tablets via fused deposition modelling (FDM) 3D printing. Eur. J. Pharm. Sci. 2015, 68, 11-17.

Firth, J.; Basit, A.W.; Gaisford, S. The role of semi-solid extrusion printing in clinical practice. In 3D Printing
of Pharmaceuticals, Springer: Cham, Switzerland, 2018; pp. 133-151.

Jamréz, W.; Szafraniec, J.; Kurek, M.; Jachowicz, R. 3D Printing in Pharmaceutical and Medical
Applications — Recent Achievements and Challenges. Pharm. Res. 2018, 35, 1-22.

Ehtezazi, T.; Algellay, M.; Islam, Y.; Roberts, M.; Dempster, N.M.; Sarker, S.D. The Application of 3D
Printing in the Formulation of Multilayered Fast Dissolving Oral Films. ]. Pharm. Sci. 2018, 107, 1076-1085.
Zidan, A.; Alayoubi, A.; Coburn, J.; Asfari, S.; Ghammraoui, B.; Cruz, C.N.; Ashraf, M. Extrudability
analysis of drug loaded pastes for 3D printing of modified release tablets. Int. J. Pharm. 2019, 554, 292-301.
Kollamaram, G.; Croker, D.M.; Walker, G.M.; Goyanes, A.; Basit, A.W.; Gaisford, S. Low temperature fused
deposition modeling (FDM) 3D printing of thermolabile drugs. Int. ]. Pharm. 2018, 545, 144-152.

Sadia, M.; Sosnicka, A.; Arafat, B.; Isreb, A.; Ahmed, W.; Kelarakis, A.; Alhnan, M.A. Adaptation of
pharmaceutical excipients to FDM 3D printing for the fabrication of patient-tailored immediate release
tablets. Int. |. Pharm. 2016, 513, 659-668.

Tagami, T.; Ando, M.; Nagata, N.; Goto, E.; Yoshimura, N.; Takeuchi, T.; Noda, T.; Ozeki, T.J.J.o.p.s.
Fabrication of Naftopidil-Loaded Tablets Using a Semisolid Extrusion-Type 3D Printer and the
Characteristics of the Printed Hydrogel and Resulting Tablets. |. Pharm. Sci. 2019, 108, 907-913.

Capel, A.J.; Rimington, R.P.; Lewis, M.P.; Christie, S.D. 3D printing for chemical, pharmaceutical and
biological applications. Nat. Rev. Chem. 2018, 2, 422-436.

Okwuosa, T.C.; Pereira, B.C.; Arafat, B.; Cieszynska, M.; Isreb, A.; Alhnan, M. A. Fabricating a Shell-Core
Delayed Release Tablet Using Dual FDM 3D Printing for Patient-Centred Therapy. Pharm. Res. 2017, 34,
427-437.

Azad, M.A ; Osorio, ].G.; Brancazio, D.; Hammersmith, G.; Klee, D.M.; Rapp, K.; Myerson, A. A compact,
portable, re-configurable, and automated system for on-demand pharmaceutical tablet manufacturing. Int.
J. Pharm. 2018, 539, 157-164.

Azad, M.A,; Osorio, ].G.; Wang, A.; Klee, D.M.; Eccles, M.E.; Grela, E.; Sloan, R.; Hammersmith, G.; Rapp,
K.; Brancazio, D., et al. On-Demand Manufacturing of Direct Compressible Tablets: Can Formulation Be
Simplified? Pharm. Res. 2019, 36, 167.

Maniruzzaman, M. Pharmaceutical Applications of Hot-Melt Extrusion: Continuous Manufacturing, Twin-
Screw Granulations, and 3D Printing. Pharmaceutics 2019, 11, 218.

Tan, D.K.; Maniruzzaman, M.; Nokhodchi, A.J.P. Advanced pharmaceutical applications of hot-melt
extrusion coupled with fused deposition modelling (FDM) 3D printing for personalised drug delivery.
Pharmaceutics 2018, 10, 203.

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

Zhang, ].; Feng, X,; Patil, H.; Tiwari, R.V.; Repka, M.A. Coupling 3D printing with hot-melt extrusion to
produce controlled-release tablets. Int. J. Pharm. 2017, 519, 186-197.

Arafat, B.; Wojsz, M.; Isreb, A.; Forbes, R.T.; Isreb, M.; Ahmed, W.; Arafat, T.; Alhnan, M.A. Tablet
fragmentation without a disintegrant: A novel design approach for accelerating disintegration and drug
release from 3D printed cellulosic tablets. Eur. |. Pharm. Sci. 2018, 118, 191-199.



Pharmaceutics 2020, 12, 124 29 of 34

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

Saviano, M.; Aquino, R.P.; Del Gaudio, P.; Sansone, F.; Russo, P. Poly (vinyl alcohol) 3D printed tablets:
The effect of polymer particle size on drug loading and process efficiency. Int. ]. Pharm. 2019, 561, 1-8.
Pereira, B.C.; Isreb, A.; Forbes, R.T.; Dores, F.; Habashy, R.; Petit, ].-B.; Alhnan, M.A.; Oga, E.F. “Temporary
Plasticiser”: A novel solution to fabricate 3D printed patient-centred cardiovascular ‘Polypill’architectures.
Eur. ]. Pharm. Biopharm. 2019, 135, 94-103.

Ilyés, K.; Balogh, A.; Casian, T.; Igricz, T.; Borbas, E.; Démuth, B.; Vass, P.; Menyhart, L.; Kovacs, N.K.;
Marosi, G. 3D Floating tablets: Appropriate 3d design from the perspective of different in vitro dissolution
testing methodologies. Int. | .Pharm. 2019, 567, 118433.

Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Yang, J.; Roberts, C.J. 3D printing of tablets containing multiple
drugs with defined release profiles. In. J. Pharm. 2015, 494, 643-650.

Conceicao, J.; Farto-Vaamonde, X.; Goyanes, A.; Adeoye, O.; Concheiro, A.; Cabral-Marques, H.; Sousa
Lobo, J.M.; Alvarez-Lorenzo, C. Hydroxypropyl-f-cyclodextrin-based fast dissolving carbamazepine
printlets prepared by semisolid extrusion 3D printing. Carbohydr. Polym. 2019, 221, 55-62.

Corporation, T.L. Carbopol® Polymer Products. Availabe online: https://www.lubrizol.com/Life-
Sciences/Products/Carbopol-Polymer-Products (accessed on 29 Decemeber 2019).

Corporation, T.L. Carbopol® 971P NF Polymer. Availabe online: https://www.lubrizol.com/en/Life-
Sciences/Products/Carbopol-Polymer-Products/Carbopol-971P-NF-Polymer (accessed on 29 Decemeber
2019).

Corporation, T.L. Carbopol® 974P NF Polymer. Availabe online: https://www.lubrizol.com/Life-
Sciences/Products/Carbopol-Polymer-Products/Carbopol-974P-NF-Polymer (accessed on 29 Decemeber
2019).

Cellulosics, D. ETHOCEL™: Ethylcellulose polymers technical handbook. TDC Company: Fairfield, NJ,
USA, 2005, p. 28.

Kempin, W.; Franz, C.; Koster, L.-C.; Schneider, F.; Bogdahn, M.; Weitschies, W.; Seidlitz, A. Assessment of
different polymers and drug loads for fused deposition modeling of drug loaded implants. Eur. |. Pharm.
Biopharm. 2017, 115, 84-93.

Thakral, S.; Thakral, N.K.; Majumdar, D.K. Eudragit®: A technology evaluation. Exp. Opinion Drug Deliv.
2013, 10, 131-149.

Evonik. Eudragit® Setting benchmarks in oral solid dosage forms since 1954. Availabe online:
https://healthcare.evonik.com/sites/lists/NC/DocumentsHC/Evonik-Eudragit_brochure.pdf (accessed on
22 December 2019).

Prasad, L.K., Smyth, H. 3D Printing technologies for drug delivery: A review. Drug Dev. Ind. Pharm., 2016,
42,1019-1031.

Picker-Freyer, KM., Diirig, T. Physical mechanical and tablet formation properties of
hydroxypropylcellulose: In pure form and in mixtures. AAPS PharmSciTech 2007, 8, 82.

Inc., A. Klucel™ Hydroxypropylcellulose — Physical and Chemical Properties. Availabe online: (accessed
on 22 December 2019).

Li, C.L.; Martini, L.G.; Ford, J.L.; Roberts, M. The use of hypromellose in oral drug delivery. J. Pharm.
Pharmacol. 2005, 57, 533-546.

Siepmann, J.; Peppas, N. Modeling of drug release from delivery systems based on hydroxypropyl
methylcellulose (HPMC). Adv. Drug Deliv. Rev. 2012, 64, 163-174.

Ethers, M.C. Technical handbook. Dow Chemical Company: Midland, MI, USA, 1997.

Goémez-Carracedo, A.; Alvarez-Lorenzo, C.; Gdmez-Amoza, J.; Concheiro, A. Chemical structure and glass
transition temperature of non-ionic cellulose ethers. J. Therm. Anal. Calorim. 2003, 73, 587-596.

Patlolla, A.; Collins, G.; Arinzeh, T.L. Solvent-dependent properties of electrospun fibrous composites for
bone tissue regeneration. Acta Biomater. 2010, 6, 90-101.

Goyanes, A.; Det-Amornrat, U.; Wang, J.; Basit, AW.; Gaisford, S. 3D scanning and 3D printing as
innovative technologies for fabricating personalized topical drug delivery systems. J. Control. Release 2016,
234, 41-48.

Ulery, B.D.; Nair, L.S.; Laurencin, C.T. Biomedical applications of biodegradable polymers. . Polym. Sci.
Part B 2011, 49, 832-864.

Gunatillake, P.; Mayadunne, R.; Adhikari, R. Recent developments in biodegradable synthetic polymers.
Biotechnol. Annual Rev. 2006, 12, 301-347.



Pharmaceutics 2020, 12, 124 30 of 34

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

Boetker, J.; Water, J.J.; Aho, J.; Arnfast, L.; Bohr, A.; Rantanen, J. Modifying release characteristics from 3D
printed drug-eluting products. Eur. |. Pharm. Sci. 2016, 90, 47-52.

Dwivedi, C.; Pandey, H.; Pandey, A.C,; Patil, S.; Ramteke, P.W.; Laux, P.; Luch, A Singh, A.V. In vivo
biocompatibility of electrospun biodegradable dual carrier (antibiotic+ growth factor) in a mouse model —
Implications for rapid wound healing. Pharmaceutics 2019, 11, 180.

Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in
widespread applications— A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392.

Fu, J; Yin, H.; Yu, X,; Xie, C,; Jiang, H.; Jin, Y.; Sheng, F. Combination of 3D printing technologies and
compressed tablets for preparation of riboflavin floating tablet-in-device (TiD) systems. Int. ]. Pharm. 2018,
549, 370-379.

Goyanes, A.; Kobayashi, M.; Martinez-Pacheco, R.; Gaisford, S.; Basit, A.W. Fused-filament 3D printing of
drug products: Microstructure analysis and drug release characteristics of PVA-based caplets. Int. J. Pharm.
2016, 514, 290-295.

Morita, R.; Honda, R.; Takahashi, Y. Development of oral controlled release preparations, a PVA swelling
controlled release system (SCRS): I. Design of SCRS and its release controlling factor. J. Control. Release 2000,
63, 297-304.

Gupta, S.; Webster, T.J.; Sinha, A. Evolution of PVA gels prepared without crosslinking agents as a cell
adhesive surface. . Mater. Sci. Mater. Med. 2011, 22, 1763-1772.

Matijasi¢, G.; Greti¢, M.; Vinci¢, J.; Poropat, A.; Cuculi¢, L.; Raheli¢, T. Design and 3D printing of multi-
compartmental PVA capsules for drug delivery. |. Drug Deliv. Sci. 2019, 52, 677-686.

Haaf, F.; Sanner, A.; Straub, F. Polymers of N-vinylpyrrolidone: Synthesis, characterization and uses.
Polym. Jo. 1985, 17, 143.

Sigma, M. Poly(ethylene  glycol) and  Poly(ethylene  oxide).  Availabe  online:
https://www.sigmaaldrich.com/materials-science/material-science-products.html?TablePage=20204110
(accessed on 20 December 2019).

Pelras, T.; Glass, S.; Scherzer, T.; Elsner, C.; Schulze, A.; Abel, B. Transparent low molecular weight poly
(ethylene glycol) diacrylate-based hydrogels as film media for photoswitchable drugs. Polymers 2017, 9,
639.

Hardung, H.; Djuric, D.; Ali, S. Combining HME & solubilization: Soluplus®—The solid solution. Drug
Deliv. Technol. 2010, 10, 20-27.

Goyanes, A.; Chang, H.; Sedough, D.; Hatton, G.B.; Wang, ].; Buanz, A.; Gaisford, S.; Basit, A.W. Fabrication
of controlled-release budesonide tablets via desktop (FDM) 3D printing. Int. ]. Pharm. 2015, 496, 414-420.
Aho, ].; Boetker, J.P.; Baldursdottir, S.; Rantanen, J. Rheology as a tool for evaluation of melt processability
of innovative dosage forms. Int. |. Pharm. 2015, 494, 623-642.

Yang, Y.; Wang, H; Li, H.; Ou, Z; Yang, G. 3D printed tablets with internal scaffold structure using ethyl
cellulose to achieve sustained ibuprofen release. Eur. ]. Pharm. Sci. 2018, 115, 11-18.

Baumgart, F. Stiffness-an unknown world of mechanical science? Injury 2000, 31, 14-23.

Okwuosa, T.C.; Stefaniak, D.; Arafat, B.; Isreb, A.; Wan, K.-W.; Alhnan, M.A. A lower temperature FDM
3D printing for the manufacture of patient-specific immediate release tablets. Pharm. Res. 2016, 33, 2704~
2712.

Lewis, J.A.; Gratson, G.M. Direct writing in three dimensions. Mater. Today 2004, 7, 32-39.

Rattanakit, P.; Moulton, S.E.; Santiago, K.S.; Liawruangrath, S.; Wallace, G.G. Extrusion printed polymer
structures: A facile and versatile approach to tailored drug delivery platforms. Int. J. Pharm. 2012, 422, 254~
263.

Solanki, N.G.; Gumaste, S.G.; Shah, A.V.; Serajuddin, A.T. Effects of Surfactants on Itraconazole-
Hydroxypropyl Methylcellulose Acetate Succinate Solid Dispersion Prepared by Hot Melt Extrusion. II:
Rheological Analysis and Extrudability Testing. J. Pharm. Sci. 2019, 108, 3063-3073.

Elbadawi, M. Rheological and Mechanical Investigation into the Effect of Different Molecular Weight Poly
(ethylene glycol) s on Polycaprolactone-Ciprofloxacin Filaments. ACS Omega 2019, 4, 5412-5423.
Polamaplly, P.; Cheng, Y.; Shi, X.; Manikandan, K.; Zhang, X.; Kremer, G.E.; Qin, H. 3D printing and
characterization of hydroxypropyl methylcellulose and methylcellulose for biodegradable support
structures. Polymer 2019, 173, 119-126.



Pharmaceutics 2020, 12, 124 31 of 34

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Suwardie, H.; Wang, P.; Todd, D.B.; Panchal, V.; Yang, M.; Gogos, C.G. Rheological study of the mixture
of acetaminophen and polyethylene oxide for hot-melt extrusion application. Eur. ]. Pharm. 2011, 78, 506—
512.

Rahim, T.N.A.T.; Abdullah, A.M.; Md Akil, H. Recent Developments in Fused Deposition Modeling-Based
3D Printing of Polymers and Their Composites. Polym. Rev. 2019, 59, 589-624.

Tanner, R.; Keentok, M. Shear fracture in cone-plate rheometry. J. Rheol. 1983, 27, 47-57.

Cox, W.; Merz, E. Correlation of dynamic and steady flow viscosities. ]. Polym. Sci. 1958, 28, 619-622.
Cicala, G.; Giordano, D.; Tosto, C.; Filippone, G.; Recca, A.; Blanco, I. Polylactide (PLA) filaments a biobased
solution for additive manufacturing: Correlating rheology and thermomechanical properties with printing
quality. Materials 2018, 11, 1191.

Yang, M.; Wang, P.; Suwardie, H.; Gogos, C. Determination of acetaminophen's solubility in poly (ethylene
oxide) by rheological, thermal and microscopic methods. Int. J. Pharm. 2011, 403, 83-89.

Hu, Y.; Wang, J.; Li, X.; Hu, X.; Zhou, W.; Dong, X.; Wang, C.; Yang, Z.; Binks, B.P. Facile preparation of
bioactive nanoparticle/poly(e-caprolactone) hierarchical porous scaffolds via 3D printing of high internal
phase Pickering emulsions. ]. Colloid Interface Sci. 2019, 545, 104-115.

Kim, M.H,; Lee, Y.W.; Jung, W.-K_; Oh, J.; Nam, S.Y. Enhanced rheological behaviors of alginate hydrogels
with carrageenan for extrusion-based bioprinting. J. Mech. Behav. Biomed. Mater. 2019, 98, 187-194.
Ibrahim, M.; Barnes, M.; McMillin, R.; Cook, D.W.; Smith, S.; Halquist, M.; Wijesinghe, D.; Roper, T.D. 3D
Printing of Metformin HCl PV A Tablets by Fused Deposition Modeling: Drug Loading, Tablet Design, and
Dissolution Studies. AAPS PharmSciTech 2019, 20, 195.

Tagami, T.; Fukushige, K.; Ogawa, E.; Hayashi, N.; Ozeki, T. 3D printing factors important for the
fabrication of polyvinylalcohol filament-based tablets. Biol. Pharm. Bull. 2017, 40, 357-364.

Prasad, E.; Islam, M.T.; Goodwin, D.J.; Megarry, A.J.; Halbert, GW.; Florence, A.].; Robertson, ].
Development of a hot-melt extrusion (HME) process to produce drug loaded Affinisol™ 15LV filaments
for fused filament fabrication (FFF) 3D printing. Additive Manufacturing 2019, 29, 100776.

Oblom, H,; Zhang, ]J.; Pimparade, M.; Speer, I; Preis, M.; Repka, M.; Sandler, N. 3D-Printed Isoniazid
Tablets for the Treatment and Prevention of Tuberculosis—Personalized Dosing and Drug Release. AAPS
PharmSciTech 2019, 20, 52.

Verstraete, G.; Samaro, A.; Grymonpré, W.; Vanhoorne, V.; Van Snick, B.; Boone, M.; Hellemans, T.; Van
Hoorebeke, L.; Remon, J.P.; Vervaet, C. 3D printing of high drug loaded dosage forms using thermoplastic
polyurethanes. Int. ]. Pharm. 2018, 536, 318-325.

Goyanes, A.; Fina, F.; Martorana, A.; Sedough, D.; Gaisford, S.; Basit, A.W. Development of modified
release 3D printed tablets (printlets) with pharmaceutical excipients using additive manufacturing. Int. J.
Pharm. 2017, 527, 21-30.

Sadia, M.; Isreb, A.; Abbadi, I.; Isreb, M.; Aziz, D.; Selo, A.; Timmins, P.; Alhnan, M.A. From ‘fixed dose
combinations’ to ‘a dynamic dose combiner’: 3D printed bi-layer antihypertensive tablets. Eur. ]. Pharm.
Sci. 2018, 123, 484-494.

Fuenmayor, E.; Forde, M.; Healy, A.; Devine, D.; Lyons, J.; McConville, C.; Major, I. Material considerations
for fused-filament fabrication of solid dosage forms. Pharmaceutics 2018, 10, 44.

Aho, J.; Genina, N.; Edinger, M.; Botker, J.P.; Baldursdottir, S.; Rantanen, ]J. Drug-loaded poly (e-
caprolactone) for 3D printing of personalized medicine: A rheological study. In Proceedings of the 25th
Nordic Rheology Conference; Helsinki, Finland, May 30-June 1, 2016, pp. 97-100.

Isreb, A.; Baj, K.; Wojsz, M.; Isreb, M.; Peak, M.; Alhnan, M.A. 3D printed oral theophylline doses with
innovative ‘radiator-like’design: Impact of polyethylene oxide (PEO) molecular weight. Int. . Pharm. 2019,
564, 98-105.

Ilyés, K.; Kovacs, N.K.; Balogh, A.; Borbas, E.; Farkas, B.; Casian, T.; Marosi, G.; Tomutd, I.; Nagy, Z.K. The
applicability of pharmaceutical polymeric blends for the fused deposition modelling (FDM) 3D technique:
Material considerations-printability—process modulation, with consecutive effects on in vitro release,
stability and degradation. Eur. |. Pharm. Sci. 2019, 129, 110-123.

Solanki, N.G.; Tahsin, M.; Shah, A.V.; Serajuddin, A.T. Formulation of 3D printed tablet for rapid drug
release by fused deposition modeling: Screening polymers for drug release, drug-polymer miscibility and
printability. J. Pharm. Sci. 2018, 107, 390—-401.



Pharmaceutics 2020, 12, 124 32 of 34

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Aho, J.; Van Renterghem, J.; Arnfast, L.; De Beer, T.; Rantanen, ]J. The flow properties and presence of
crystals in drug-polymer mixtures: Rheological investigation combined with light microscopy. Int. ]. Pharm.
2017, 528, 383-394.

Zidan, A.; Alayoubi, A.; Asfari, S.; Coburn, J.; Ghammraoui, B.; Aqueel, S.; Cruz, C.N.; Ashraf, M.
Development of mechanistic models to identify critical formulation and process variables of pastes for 3D
printing of modified release tablets. Int. ]. Pharm. 2019, 555, 109-123.

Van Renterghem, J.; Vervaet, C.; De Beer, T. Rheological characterization of molten polymer-drug
dispersions as a predictive tool for pharmaceutical hot-melt extrusion processability. Pharm. Res. 2017, 34,
2312-2321.

Gupta, S.S.; Solanki, N.; Serajuddin, A.T. Investigation of thermal and viscoelastic properties of polymers
relevant to hot melt extrusion, IV: Affinisol™ HPMC HME polymers. AAPS Pharmscitech 2016, 17, 148-157.
Goyanes, A.; Allahham, N.; Trenfield, S.J.; Stoyanov, E.; Gaisford, S.; Basit, A.W. Direct powder extrusion
3D printing: Fabrication of drug products using a novel single-step process. Int. ]. Pharm. 2019, 567, 118471.
Genina, N.; Boetker, J.P.; Colombo, S.; Harmankaya, N.; Rantanen, ]J.; Bohr, A. Anti-tuberculosis drug
combination for controlled oral delivery using 3D printed compartmental dosage forms: From drug
product design to in vivo testing. ]. Control. Release 2017, 268, 40-48.

Smith, D.; Kapoor, Y.; Hermans, A.; Nofsinger, R.; Kesisoglou, F.; Gustafson, T.P.; Procopio, A. 3D printed
capsules for quantitative regional absorption studies in the GI tract. Int. ]. Pharm. 2018, 550, 418-428.
Huanbutta, K.; Sangnim, T. Design and development of zero-order drug release gastroretentive floating
tablets fabricated by 3D printing technology. J. Drug Deliv. Sci. Technol. 2019, 52, 831-837.

Kadry, H.; Al-Hilal, T.A.; Keshavarz, A.; Alam, F.; Xu, C.; Joy, A.; Ahsan, F. Multi-purposable filaments of
HPMC for 3D printing of medications with tailored drug release and timed-absorption. Int. ]. Pharm. 2018,
544, 285-296.

Tagami, T.; Hayashi, N.; Sakai, N.; Ozeki, T. 3D printing of unique water-soluble polymer-based
suppository shell for controlled drug release. Int. ]. Pharm. 2019, 568, 118494.

El Aita, I; Breitkreutz, J.; Quodbach, J. On-demand manufacturing of immediate release levetiracetam
tablets using pressure-assisted microsyringe printing. Eur. J. Pharm. Biopharm. 2019, 134, 29-36.

Khaled, S.A.; Alexander, M.R.; Wildman, R.D.; Wallace, M.].; Sharpe, S.; Yoo, J.; Roberts, C.J. 3D extrusion
printing of high drug loading immediate release paracetamol tablets. Int. ]. Pharm. 2018, 538, 223-230.

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

Li, P.; Zhang, S.; Sun, W.; Cui, M.; Wen, H.; Li, Q.; Pan, W.; Yang, X. Flexibility of 3D Extruded Printing for
a Novel Controlled-Release Puerarin Gastric Floating Tablet: Design of Internal Structure. AAPS
PharmSciTech 2019, 20, 1-13.

Siyawamwaya, M.; du Toit, L.C.; Kumar, P.; Choonara, Y.E.; Kondiah, P.; Pillay, V. 3D printed, controlled
release, tritherapeutic tablet matrix for advanced anti-HIV-1 drug delivery. Eur. J. Pharm. Biopharm. 2019,
138, 99-110.

Heidemann, H.M.; Laurindo, ].B.; Carciofi, B.A.M.; Costa, C.; Dotto, M.E.R. Cold plasma treatment to
improve the adhesion of cassava starch films onto PCL and PLA surface. Colloids Surfaces A 2019, 580,
123739.

Azman Mohammad Taib, M.N.; Julkapli, N.M. 4 - Dimensional stability of natural fiber-based and hybrid
composites. In Mechanical and Physical Testing of Biocomposites, Fibre-Reinforced Composites and Hybrid
Composites, Jawaid, M., Thariq, M., Saba, N., Eds. Woodhead Publishing: Cambridge, UK, 2019, pp. 61-79.
Awaja, F.; Gilbert, M.; Kelly, G.; Fox, B.; Pigram, P.J. Adhesion of polymers. Prog. Polym. Sci. 2009, 34, 948—
968.

Messimer, S.L.; Patterson, A.E.; Muna, N.; Deshpande, A.P.; Rocha Pereira, T. Characterization and
Processing Behavior of Heated Aluminum-Polycarbonate Composite Build Plates for the FDM Additive
Manufacturing Process. J. Manuf. Mater. Process. 2018, 2, 12.

Ortega-Toro, R,; Santagata, G.; Gomez d’Ayala, G.; Cerruti, P.; Talens Oliag, P.; Chiralt Boix, M.A,;
Malinconico, M. Enhancement of interfacial adhesion between starch and grafted poly(e-caprolactone).
Carbohydr. Polym. 2016, 147, 16-27.



Pharmaceutics 2020, 12, 124 33 of 34

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.
177.

178.

179.

180.

Gioumouxouzis, C.I.; Baklavaridis, A.; Katsamenis, O.L.; Markopoulou, C.K.; Bouropoulos, N.; Tzetzis, D.;
Fatouros, D.G. A 3D printed bilayer oral solid dosage form combining metformin for prolonged and
glimepiride for immediate drug delivery. Eur. J. Pharm. Sci. 2018, 120, 40-52.

Vakili, H.; Kolakovic, R.; Genina, N.; Marmion, M.; Salo, H.; Ihalainen, P.; Peltonen, J.; Sandler, N.
Hyperspectral imaging in quality control of inkjet printed personalised dosage forms. Int. J. Pharm. 2015,
483, 244-249.

Alomari, M.; Mohamed, F.H.; Basit, A.W.; Gaisford, S. Personalised dosing: Printing a dose of one’s own
medicine. Int. . Pharm. 2015, 494, 568-577.

Cheah, C,; Leong, K.; Chua, C; Low, K;; Quek, H. Characterization of microfeatures in selective laser
sintered drug delivery devices. Proc. Inst. Mech. Eng. Part H: ]. Eng. Med. 2002, 216, 369-383.

Amza, C,; Zapciu, A, Popescu, D. Paste Extruder—Hardware Add-On for Desktop 3D Printers.
Technologies 2017, 5, 50.

Neches, R.Y; Flynn, K.J.; Zaman, L.; Tung, E.; Pudlo, N. On the intrinsic sterility of 3D printing. Peer]. 2016,
4, e2661.

Campbell, R. Pharma to table: 3-D printing and the regulatory future of home remedies. Conn. L. Rev.
CONNtemplations 2017, 49, 1.

Zhang, J.; Yang, W.; Vo, A.Q.; Feng, X,; Ye, X,; Kim, D.W_; Repka, M.A. Hydroxypropyl methylcellulose-
based controlled release dosage by melt extrusion and 3D printing: Structure and drug release correlation.
Carbohydr. Polym. 2017, 177, 49-57.

Cheng, K.; Zhu, J.; Song, X.; Sun, L.; Zhang, J. Studies of Hydroxypropyl Methylcellulose Donut-Shaped
Tablets. Drug Develop. Indust. Pharm. 1999, 25, 1067.

Lim, S.H., Kathuria, H., Tan, J.J.Y., Kang, L. (2018). 3D printed drug delivery and testing systems—A
passing fad or the future. Adv. Drug Delivery Rev., 2018, 132, 139-168.

Food, U.; Administration, D. Facts about the current good manufacturing practices (CGMPs). Available
Online: https://www.fda.gov/drugs/pharmaceutical-quality-resources/facts-about-current-good-
manufacturing-practices-cgmps (accessed on 15 December 2019).

Melocchi, A.; Parietti, F.; Maccagnan, S.; Ortenzi, M.A.; Antenucci, S.; Briatico-Vangosa, F.; Maroni, A.;
Gazzaniga, A.; Zema, L. Industrial Development of a 3D-Printed Nutraceutical Delivery Platform in the
Form of a Multicompartment HPC Capsule. AAPS PharmSciTech 2018, 19, 3343-3354.

Sanderson, K. 3D printing: The future of manufacturing medicine. Pharm, ]. 2015, 294, 598-600.

FDA. Are You Taking Medication as Prescribed? Availabe online:
https://www.fda.gov/consumers/consumer-updates/are-you-taking-medication-prescribed (accessed on
16 December 2019).

Florence, A.T.; Lee, V.H. Personalised medicines: More tailored drugs, more tailored delivery. Int. J. Pharm.
2011, 415, 29-33.

Schiele, J.T.; Quinzler, R.; Klimm, H.-D.; Pruszydlo, M.G.; Haefeli, W.E. Difficulties swallowing solid oral
dosage forms in a general practice population: Prevalence, causes, and relationship to dosage forms. Eur.
J. Clinical Pharmacol. 2013, 69, 937-948.

Spence, ].D. Polypill: For Pollyanna. Int. J. Stroke 2008, 3, 92-97.

Pharmaceuticals, C. About PolycapTM. Availabe online: http://www.polycap.org/ (accessed on 16
December 2019).

Urqubhart, J. The indian polycap study (TIPS). Lancet 2009, 374, 781-782.

Wu, W.; Zheng, Q.; Guo, X.; Sun, J.; Liu, Y. A programmed release multi-drug implant fabricated by three-
dimensional printing technology for bone tuberculosis therapy. Biomed. Mater. 2009, 4, 065005.
Acosta-Vélez, G.; Linsley, C.; Zhu, T.; Wu, W.; Wu, B. Photocurable Bioinks for the 3D Pharming of
Combination Therapies. Polymers 2018, 10, 1372.

Haring, A.P.; Tong, Y.; Halper, J.; Johnson, B.N. Programming of multicomponent temporal release profiles
in 3D printed polypills via core-shell, multilayer, and gradient concentration profiles. Adv. Heal. Mater.
2018, 7, 1800213.

Fasto, M.M.; Genina, N.; Kaae, S.; Sporrong, S.K. Perceptions, preferences and acceptability of patient
designed 3D printed medicine by polypharmacy patients: A pilot study. Int. J. clinical Pharm. 2019, 41, 1290—
1298.



Pharmaceutics 2020, 12, 124 34 of 34

181. Robles-Martinez, P.; Xu, X.; Trenfield, S.J.; Awad, A.; Goyanes, A.; Telford, R.; Basit, A.W.; Gaisford, S. 3D
Printing of a Multi-Layered Polypill Containing Six Drugs Using a Novel Stereolithographic Method.
Pharmaceutics 2019, 11, 274.

182. Goyanes, A.; Wang, J.; Buanz, A.; Martinez-Pacheco, R.; Telford, R.; Gaisford, S.; Basit, A.W. 3D Printing of

Medicines: Engineering Novel Oral Devices with Unique Design and Drug Release Characteristics. Mol.
Pharm. 2015, 12, 4077-4084.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
@ ® \ access article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).




