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Abstract: Personalized medicines are gaining popularity day by day as they empower patient
genomics and assist in improved drug design with minimum side effects. Various dosages can
be combined into one dose that fits the patient’s requirements. For this purpose, 3D printing is
a new technology to produce medicine based on patient needs. It utilizes controlled devices to
prepare active pharmaceutical ingredients (API) in a layer-wise fashion to develop an appropriate
tailored drug transport structure. It contains numerous methods, including inkjet printing and fused
deposition modeling. For this purpose, scientists have used various materials, including polyvinyl
alcohol, polylactic acid and polycaprolactone. These materials have been applied to design and
develop forms that are suitable for tuning the drug release. Different forms of dosages, including
tablets (immediate and pulsatile release) and transdermic dosages, can be produced using the 3D
printing technique. Furthermore, the 3D printing technique can also be used to prepare customized
medicines to treat life-threatening diseases. In the case of patients needing various medicines, a 3D
printer can be used to design and manufacture only one dosage incorporating different medicines.
This article reviewed 3D printing utilization for customized medicines based on one’s needs. Various
methods and materials used in medicine 3D printing were discussed with their applications.

Keywords: 3D printing; drug delivery; polymers; personalized drug delivery system; biomedical
applications

1. Significance of Personalized Medicines (PM)

The drug market has recently observed a profound revolution and development in
patient therapy that delivers effective and harmless medications. Personalized medicine
(PM) has seen renowned growth. It can offer maximum protection boundaries, which lessen
the after-effects and guarantees improved patient safety [1,2]. PM seeks to provide a unique
opportunity that attempts to change patient biology through medication preferences,
dosages and treatments. Its goals are to provide improved health care facilities, simplify
research, and discover diagnostics and remedies [3,4]. In 1997, to treat breast cancer,
Herceptin was rejected in Phase-III patient trials as the medicine was found futile for all
inhabitants. Still, after careful review, women who tested positive for HER2 exhibited a
significantly improved response. In 1998, the food and drug administration, USA, offered
medical experimental data for HER2-positive patients and permitted the drug [5]. In
Europe, the Vectibix drug was unapproved by controllers because it could not be used for
various patients [6]. This drug was supposed to treat Amgen colon cancer. The corporation
completed an overall data assessment and exposed that Vectibix can perform well in
the victims with tumor-lacked KRAS gene mutation, and the drug was allowed for such
patients only [7].

Therefore, a physician can look into a patient’s gene variation profile, pick a medicine
and suggest a treatment that decreases after-effects, thus yielding positive consequences.
The individual vulnerability to specific diseases could be identified before manifestation.
Hence, PM can be utilized to stop infections in vulnerable persons. With PM assistance,
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doctors can go for a one-size-fits-all model to prescribe medicines for an individual patient.
Due to patient hereditary dissimilarities, gene reactions for specific drugs could differ
from person to person. Hence, PM has propagated a unique discipline named “phar-
macogenomics” that identifies an appropriate gene affecting medicine [1,2,8]. Scientists
are exploring different strategies to develop personalized medicine, one of which is 3D
printing. This article conducts a detailed analysis of 3D printing in drug delivery.

2. Three-Dimensional (3D) Printing

3D printing produces 3D parts in a layer-wise fashion using computer-aided (CAD)
designs [9-15]. In 1996, for the very 1st time, 3D printing was used to prepare tablets [16].
Personalized 3D printed drugs can resolve various issues related to patients, including
pharmacogenetic polymorphism [17]. Patients can also access more effective drugs with
the least exposure to adverse drug reactions, which can elevate patients” survival propor-
tion [18-20]. 3D printers can produce various unique medicines, including transdermic
patches and tablets. They also can produce a single dose containing various drugs to treat
multiple diseases designed at the treatment point. It enhances patient compliance with the
minimum side effects, resulting in a radical change in medicine design [21]. 3D printing
technique has enormous characteristics and versatilities, producing any dose for various
applications [22-26]. This method utilizes numerous health care facilities ranging from
public drugstores to hospitals. Administration in these areas can increase medicine avail-
ability and decrease medicine consumption. Medication can be rapidly manufactured by
using 3D printers in disaster zones, emergency sections, quick response units, and military
missions [27]. 3D printing of reduced reaction vessels to synthesize API, on request, can
deliver additional flexure to researchers and scientists. In comparison with traditional
techniques, 3D printing can synthesize a wide variety of molecules at a mini scale, pre-
dominantly useful for those with elevated cost or deprived steadiness [28]. Clinical trials
demand a vast range of doses [29].

Owing to the flexibility in the 3D printing process, a vast range of medications can
be produced to identify optimal product growth without enhancing the lead time or
production cost. Hence, lives are protected at the lowest cost deprived of treatment delay.
3D printing reduces the medicines’ side effects and allows patients to take more benefits [30].
3D printing can quickly produce several dosages by varying densities, diffusivities, internal
geometries, and drug components. It also resolves the drug transfer issues; however, the
process has a few limitations, including solvent mismatch and heat resistivity of the printed
substantial. To resolve such issues, development in the 3D printing process is mandatory
to effectively combine it with a novel medicine transport structure [31]. For financial and
rational benefits, 3D printers can also be used in hospital drugstores to produce individual
medication. Patients usually spend a huge amount of money on standard medicine that
can or cannot cure patients. On the other hand, 3D printed personalized medicines can
introduce an advanced step treatment by introducing low-price medications that can cure
the illness. For a patient, the health record data can also be provided to any health care
practitioners via digitalized means. However, to guarantee this intervention success, a well-
defined software database is desirable to ensure patient data security and profile [32]. For
this objective, the links among software and high-tech developers, doctors and regulatory
representatives must uphold monotony throughout the world.

3D printers can be handled easily with accurate material printing after changing
the number of active ingredients. An accurate dosage with an anticipated design can be
obtained that is not easy via other processing techniques [33]. The 3D printing technique
can also produce even orphan drugs. These drugs are costly and, within Europe, affect 1 in
2000 people [34]. 3D printing has developed certain advantages, such as low-cost printing,
wide availability, approved pharmaceutical ingredients, a substantial enhancement in
morphology and mechanical confrontation, the appropriateness of various drug molecules,
and the absence of post-printing steps [35].
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2.1. 3D Printing: Steps to Follow

In 3D printing, medicines, parts, medical implants, and devices are produced by
accumulating material in a layer-wise fashion until the desired CAD file is obtained,
physically [36]. Today, several printing processes are available with diverse printing
techniques; however, each technique involves the following steps [13,37,38]:

I.  CAD software is applied to develop a three-dimensional model.

II.  Here, the model developed in step I is transformed into “.STL"” format.
II.  Following on, the file is sliced via slicer (software).

IV. A 3D part is manufactured via Computer Numerical Control codes.

Based on the utilized technique, powder grains, fibers and binding mixtures can
be used to endorse the printing. The desired medicines can be achieved by mixing and
printing the feedstock. Following on, the printed shapes are processed through secondary
manufacturing methods. The unprinted material is harvested and recycled [39]. Quality
by design system is generally utilized in the drugs design and manufacturing industry.
Initially, the medicine and filling agents are used to prepare the feedstock. Subsequently,
sintering, refining and packing are used [37]. In the last 15 years, 3D printing technology
usage has increased in the healthcare sector and pharmaceutical industry. From research
and development to patient treatment, this technique plays a significant part.

2.2. Inkjet Printing (IP)

IP is a low-temperature and pressure method that includes the material printing in
liquid form or dense heterogeneous composition. This process is suitable for a wide range
of materials, including polymers, nanomaterials and dielectrics. In this technique, the
material to be printed is extruded via a mini nozzle in the printing head, which moves over
a given surface, resulting in multi-layers formation [40]. IP technology can be classified
into (a) continuous-jet printing (CP) and (b) drop-on-demand printing (DP). These types
have been attained based on the droplet generation method.

2.2.1. Continuous-Jet Printing (CP)

CP depends on a forced material flow to generate a charged precipitation, thus pro-
ducing a nonstop stream. In the setup, the electro-static side plates gauge the droplets
to the base plate, depositing the material. During the process, the waste material is also
recycled so that it can be further utilized [41]. CP and DP have thermal or piezo-electric
printing heads that can monitor the material viscidness and produced drop properties [42].

2.2.2. Drop-on-Demand Printing (DP)

DP printing, containing 1000 nozzles, has a particular and shorter extravagant execu-
tion. Thermal and piezoelectric mechanisms primarily trigger these printheads. The electric
current (EC) induction generates heat in the printing head, leading to bubble formation
in the evaporative material. It mobilizes a small volume of liquid from the nozzle due to
drop formation. The thermal IP involves the high vapor pressure solvents and results in
elevated temperature, resulting in deprivation of organic compounds [43]. Furthermore,
piezoelectric printing heads are used for piezoelectric materials that inflate and shrink
when EC is provided [44]. This variation can give sufficient pressure to expel a droplet
owing to the pulse development, thus making a fluid shear rate around 105/s [36,42]. The
two printing systems explained above are illustrated in Figure 1.
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Figure 1. Drop-on-demand inkjet printing process (DP): (a) piezo-electric DP and (b) thermal DP [45]; published under an

open-access license by the Royal Society of Chemistry.

When the formulated layers are deposited in a layer-wise fashion and material solidifi-
cation occurs, identified as drop-on-drop printing, the printer head accumulates the droplet
at the top of the solidified material defined as drop-on-solid printing [46], as shown in
Table 1. Various accumulations are achieved simultaneously using diversified ingredients

and colors [47,48].

Table 1. Difference between drop-on-drop and drop-on-solid printings [47,48].

Drop on Drop Printing

Drop on Solid Printing

e  Solid layer printed by droplets using a
binding material.

e Droplet magnitude, binder type and
solidifying rate influence the
final product.

e No licensed application.
It is possible to conduct a lot of
drug loading.

o The process is challenging to implement.

Binding of material with an elevated melting
point with the low melting point binder,
resulting in droplets generation.

The process is influenced by powder
parameters, including particle dimensions,
density, biner wettability, and reactivity.
“TheriFrom” license is granted.

Controlled medication administration in a
variety of sizes is possible.

Its use may be limited due to low drug loading.

2.3. Fused Deposition Modelling (FDM)

FDM printing process is prevalent and low-cost, and it utilizes a printed head same as
IP. Contrary to IP, heated plastic drops are ejected from the printing head as it translates,
thus accumulating thin layers [49]. In FDM, thermoplastic materials are usually used [50,51].
Figure 2 shows the schematic of the FDM process. To begin, materials in the melted form
are passed using a nozzle and printed in the layer form, thus generating filaments, which
hardened after solidification. The printing characteristics are primarily dependent on
nozzle size, material dropping pressure and feeding rate.



Compounds 2021, 1

98

Filament

Filament Pulling
System

+— Heated Liquifier

Figure 2. Schematic illustration of Fused Deposition Modelling (FDM) [52]; published under open-
access license by Elsevier.

FDM benefits over laser powder bed fusion printing are:
It can accurately manufacture complex supports.
It produces parts with decent mechanical strength, 3D model design, and formulation

f .
(gvsggeal{ec?ne of the biggest disadvantages of FDM is that the thermal subtle ingredi-

ents and restricted material restrain its utilization [52].

2.4. Stereolithography (SLA)

SLA is entirely based on the photopolymerization theory. Following the interaction
of the photo-initiator with UV light, free radicals are produced [35]. Figure 3 exhibits the
SLA schematic.

(a) (b)

computer—controlled\ movable
laser / platform
~ resin

reservoir \if

coated
glass plate

lens
LCD graymask

digital mirror
device (DMD)
_—

Figure 3. SLA setups: (a) by a laser used for scanning, and (b) by analog light prognosis [53];
published under open-access license by Elsevier.

’

By manifesting the photosensitive liquid resin to the ultraviolet (UV) laser, materials
particular areas experience localized polymerization [54]. In SLA, UV light is allowed to
move in a direction perpendicular to the liquified resin surface. After exposure, when
a given deposit is solidified, another liquid resin layer is placed. This process continues
until an end product is achieved in finished form. When a given product is completed,
an extra amount of resin is pumped off and can be reused later. The final product is
cleaned to eliminate an extra amount of resin. Following on, the support assemblies are
detached. Generally, the printed part has a few rough appearances same as the casted parts
that are further refined using coating [55,56]. The laser-based manufacturing is primarily
demanding for numerous reasons: (a) part manufacturing at high resolution, (b) better
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UV light source

surface finish with no need of post-processing, (c) better z-axis growth due to optimum
bonding among the printed layers, and (d) less time requirement compared to traditional
methods [57]. The critical parameter in the SLA printing is the cured layer thickness, which
depends on the provided light energy [53].

2.5. Extrusion Based Bioprinting

This method uses a machine- or pneumatically-driven pressure to distribute bio-ink
via an outlet and obeys a computer-designed model [58]. This process also involves printing
in a layer-wise fashion same as other printing methods. Bio-inks are usually organic
materials. This technique permits precise cells printing with minimal cells impairment.
The printing technique is shown in Figure 4.

air

|

syringe

piston (optional) =

(optional for photo crosslinking)

bio-ink ==

!

= needle

extruded str w petri dish containing crosslinking medium (optional)
— — printing surface,
temperature can be controlled
(optional for thermal crosslinking)

Figure 4. Schematic of extrusion-based bioprinting [59]; under an open-access license by MDPL.

Pneumatically controlled set-ups are linked with distribution delays as they need
air in a compressed state. On the other side, they are highly effective for materials with
high viscosity. However, the piston-controlled printing usually offers a straightforward
command on the nozzle’s hydrogel stream. Contrariwise, set-ups involving screws deliver
an elevated three-dimensional dominance and are recommended for hydrogels with high
viscosity [60,61]. By using this method, the cells can be printed and distributed accurately,
thus increasing the printing process. This is why organic scaffolds are made by this method.
On the other hand, the printing speed is comparatively high and desirable models can be
reached [62]. So far, this process has been applied in bone repairing [63], heart valves [64],
tissues [65], muscles [66], and neurology [67]. In this process, substantial choice and
toughness remain a significant problem. The researchers are resolving these issues by
adding sacrificial constituents in the bioprinting process [68]. Table 2 collects the pros and
cons of various 3D printing technologies.
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Table 2. Pros and cons of printing technologies mentioned above.

3D Printing Technology Pros Cons References
e By accumulating a small . . .
Inkjet printing. volume, high three-dimensional ° A dryn.ng p hase s requn:ed. [69,70]
resolution can be achieved. The printing period is high.
Easily accessible.
Products are inexpensive. Needs advance filaments
Maintain a high level The process at high
of consistency. temperatures damages the
Fused Deposition Modelling. e  No post-printing solidification active chemical. [31,71-73]
is required. e  Depending on nozzle
e  The product is mechanically magnitude, a low-resolution
robust and has a low degree control is needed.
of friability.
° Curing is required after
deposition.
High resolution and accuracy. © An inadequzzlte resins’ numbers
. . are presented.
Stereolithography. Capable of producing Ob} ects e  Aresidual investigation is [74,75]
and layers that are submicron . .
in sizo required for pharmaceutical
’ usage.
° High resolution takes a
prolonged printing time.
e  Depending on nozzle
magnitude, a low-resolution
° A high amount of drug loading cont.rol 1.s needed.
can be carried out e  Drying is needed after
Extrusion-based bioprinting. ) solidification. [18,76,77]

Multiple releases modes can be

produced in a sole tablet ° Medicine characteristics include

high flimsiness.
e  Regulate the material’s flow via
nozzle is difficult to achieve.

3. 3D Printing for Drugs Development: Early Phase Drugs, Complex Drugs, Unique
Drugs, Solid Oral Drugs, and Polymeric Drugs

Various tailored dose forms can be achieved using 3D printing, taking into account
unique release ratios and contraptions. Capsules named “Chronocaps,” a modern de-
sign has been produced using a 3D printing process based on pulsatile drug transport
structure [78].

Melochhi et al. [79] examined the performance difference between injection molded
and 3D printed capsule designs. According to the study, the drug showed a lag period
before it passed on to the market. This brought relief for a long time; however, compared
with the injection molding process, similarities were found in terms of morphological
properties. The conclusion is that 3D printing can be used as an alternative to injection
molding technology. The immediate release dosage form dissolves and releases the drug
quickly. Formulations with hydrophilic polymers, povidone, hydroxypropyl cellulose,
hydroxypropyl methylcellulose and graft polymers were used as polymers. Okwuosa
et al. [80] used various ratios of PVP as the polymer, triethyl citrate as the plasticizer and
talc as the filler, and prepared instant release medicines. It was analyzed that more than
90% of the drug dissolves rapidly under a 10% applied load, thus highlighting the 3D
printing benefits.

The FDM instant release medicines were produced by mixing 5-Aminosalicylic and
4- Aminosalicylic acids. Polyvinyl alcohol, which is readily available, was used to load
the drugs. For 5aminosalicylate and 4-aminosalicylate, the filament drug loading was
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0.06 w/w (%) and 0.25 w/w (%), respectively. The tablets printed with 90% infill showed
100% release after 4 h, demonstrating that the process is a successful and cost-effective
production technique. 4-Aminosalicylic acid, on the other hand, showed slight heat
deprivation, representing that it is insufficient for thermolabile medicines [72].

Khaled et al. [18] linked a self-made bi-layer guaifenesin medicine produced by
3D printing to a commercialized Mucinex medicine. The instant release and sustained
release layers were utilized to generate the bi-layer. Guifenasin powder, HPMC 2910 as a
binder, microcrystalline cellulose, and sodium starch glycolate made up the instant release
layer. Hepta-propyl methylcellulose and polyacrylic acid were found in the sustained
release layer. The medicine containing 14 w/w (%) Hepta-propyl methylcellulose and 2%
binding material liquified quicker than Mucinex. The disintegration rate also reduced as
Hepta-propyl methylcellulose was applied. Yu et al. [81] used 3D printing to generate a
fast-decaying medicine, containing loose powder. The internal powder section was drawn
inevitably and accumulated the binding material at the designated regime, layer-wise. The
fragmentation and wetting periods were 22 s and 52 s, respectively. There are numerous
ways to transport medicines via skin capillary, including transdermic patches and infusion
accompaniments [82]. The 3D Printing process has been utilized to manufacture blotches
and micro-needles. In 1970, transdermic medicine transport gained universal consideration
when a “scopolamine” blotch was developed [83]. The blotch was modelled to have
various films providing constant comfort for a longer time. Two various approaches were
implemented for blotch modelling. A reservoir blotch with a section, where the medicine
can be kept, can control the drug transport. It was achieved to gain steady release kinetics;
though, overdose was also informed due to the faulty membranes [84]. Furthermore, the
matrix form blotch was also manufactured to resolve the problem of reservoir type blotch.
They usually have matrixes responsible for drug release into the skin [85]. Difference
types of blotches, including Emsam [86], EvraTM [87] and Exelon [88], are available in
the market.

Besides avoiding the hepatic first-pass metabolism, micro-needles also avoid the
stratum corneum. The micro-sized perforated devices disrupt the outmost coat, thus
attaining the microcirculation [80]. In 2012, Innoture Ltd. published a patent. In this patent,
micro-needles were formed by multi-layers printing, one after another, thus giving solid
micro-needles. Innoture Ltd. used drop-on-solid and drop-on-deposition techniques to
achieve mini-implants. A micro-needle blotch named “Radara” was developed that can be
utilized for dermatological causes to transport hyaluronic antitoxin to surge epidemical
hydration quantity [89].

Boehm et al. [90-92] used stereolithography to prepare micro-molds, capable of
producing micro-needles for various analyses and disease cures. Micro-needle can be
straight-forwardly printed via stereolithography, and, then, a coating can be applied.
Gittard et al. [93] manufactured micro-needles using acrylate polymers. These needles
were primarily intended for wound curing. The silver + zinc oxide layer was deposited via
the laser-deposition technique. Furthermore, a micro-needle with a cross-shape assembly
was prepared to grip the epidemical layer firmly throughout the wound curing procedure.

3.1. Early Phase Drugs

3D printing is gaining traction in the manufacturing industry, with the benefits of im-
proving productivity and lowering both the cost and number of human-based faults [94,95].
Given its enormous flexibility and capacity to modify and construct a range of simple to
complicated geometries, 3D printing has altered production rates with process automation.
3D printing is swiftly transforming pharmaceutical production to achieve elevated quality
therapeutic products with improved process sturdiness in bio-pharmaceutical product
evolution, where there is a dependence on medicines manufacturing via conventional
manufacturing procedures [96,97]. Furthermore, 3D printing has proved its efficiency in
biomedical engineering for diagnostics and treatments.



Compounds 2021, 1

102

In this section, we present an updated outline of the above-mentioned 3D printing tech-
niques, in terms of product development and their usage for medical applications [98-100].
Drug development initial step involves the APIs designing as a feasible preparation for
medical well-being and effectiveness studies. To produce a medical dose that can be used
to assess the new medicine effects, a thorough inspection of the API physico-chemical
features is mandatory. With minor time, effort and resources investments, 3D printing can
be applied to model drug doses in the medicine initial stage of development [101,102]. It
allows the dosage quick printing with high dose flexibility and bio-availability properties
that are essential for various groups in diverse topographical areas. It complies with the
needs of many clinical sites to expedite the development of clinical investigations in a short
time. Such benefits are not linked to the traditional production, which is costly owing to the
larger lot size and labor requirements, and necessitates comprehensive pre-manufacturing
studies to optimize the dosage formula [103,104].

3.2. Complex Drugs

3D printing can be beneficial to design complex drugs, containing numerous amounts
of therapeutic medicines. In traditional medicine doses, patients are required to consume
several tablets of a single disorder to sustain drug quantities in the body [105]. Decreased
patient acquiescence, missed dosage causing blood level oscillation, and high expenditures
are all pros of this old technique. Instead, 3D printing allows for the manufacturing of
personalized doses in the shape of poly-pills containing numerous drugs [106]. Patients
are advised to take polypills, which can provide benefits from the 3D printing process to
medical transport. The formation of self-sufficient medication practices is gaining traction
at the community level. This concept is also known as “community medicine”. It is
especially important in the areas where healthcare personnel are insufficient to fulfill the
community demand.

In this regard, 3D printing can aid in the benchmark establishment for community
medicine success. Patients can determine their dosage demands based on their disease
requirements rather than depending solely on the doctors [97,101,107]. The devoted
software uses the provided information, which is utilized for medicine printing using an
individual 3D printer. This process can easily be carried out at the community drugstore
or household. Remote towns, military stations, and catastrophe administration zones
can take advantage of this technique. The benefits of this strategy include reduction in
medicines deficiencies and wastage, easier medicines access, and less dependency on
paramedical staff. At the clinical drugstore, 3D printing can be utilized in the same way as
“community medicine”. Patients typically take their doctor prescriptions to the pharmacist,
and receive their medication [108]. In today’s world, the pharmacist may employ a 3D
printer to give the medicine in a customized format utilizing the physician’s information.
It can eliminate any medicine shortages and make individualized medicine treatment more
widely available in clinical practices [99].

3.3. Unique Drugs

The development of dense medical doses has been affected by 3D printing. When
compared to traditional procedures, it gives dosage with high flexibility and efficacy [109].
Mixing, crushing, densification and condensation are the steps involved in the traditional
manufacturing of solid doses, and they are all performed batch-by-batch. As a result,
traditional multi-step manufacturing is related to substantial batch-wise changeability
and inferior process sturdiness. For diverse solid doses in case of various human body
sections, including implants, stents, transdermic, rectum and internal vaginal instruments,
3D printing permits simple product development with quick conceptualization, modelling
and optimization [105,110,111]. Following the foremost medicinal 3D printed product
endorsement in the case of “epilepsy” treatment, 3D printing gained interest for various
other medical items. The medical sector is repeatedly facing supervisory provocations
concerning quality for inadequate dependency on the sturdiness of the medical product
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manufactured via traditional manufacturing methods. To this issue, 3D printing is a
new method with the potential to manufacture new products with high flexibility with
customized doses according to the patient’s requirements [101,112]. It also minimizes the
processing stages, expenses and catastrophe risks, thus improving the product quality and
customer happiness. Table 3 contains examples of using 3D printing in the development of
various medications.

Table 3. Different medical doses manufactured by 3D printing process.

Dosage Design Printing Method Applications References
Panadol. Instant release pill. Selective laser sintering. The actlor} takes [48]
place quickly.
Pentoxifylline, . Fused depositing The action takes
Theophylline. Instant release pill. modelling. place quickly. [113]
Mesalamine, Losartan, . .
Theobromine, Instant release pill. Fus;c(l)j:ﬁi(;isltmg Th{z :tl(ﬁéﬁkes [114]
Prednisone. & p d Y
Albuterol. Administered release pill. Fused dep.o siting S’Fart acfrmg in the [115]
modelling. intestinal tract.
Panadol. Pill for Enteric. Fused dep'osmng To focus on the‘partlcular [116]
modelling. body regime.
Theobromine, Fused depositin
Albuterol, Pill for shell core. P & Start acting in the intestines. [117]
modelling.
Paracetamol.
Atorvastatin. Floating pill. Inkjet printing. For oral active treatments. [118]
Phenytoin. Administered release pill. Fused depp siting To focus on the‘partlcular [69]
modelling. body regime.
. . . . Tablet releasing time can
Mesalamine, Panadol. Tablet with torus profile. Stereolithography. be controlled. [119]
Metamizole. Pill for oral use. Fused deppsﬁmg To focus on the.partlcular [52]
modelling. body regime.
. . i To focus on the particular
Ibuprofen. Pill for oral use. Inkjet printing. body regime. [120]
Panadol. Round tablet. Inkjet printing. To focus on the.partlcular [121]
body regime.
Dexamethasone. Pill with modified dose. Fused depp siting The release jclme can [122]
modelling. be redefined.
Mesalamine, a1 i Fused depositing The release time can
Azathioprine. Pill with modified dose. modelling. be redefined. [72,123]

3.4. Solid Oral Drugs

Solid oral drugs mainly comprise tablets with various geometrical and functional
characteristics. 3D printing can manufacture different dosages with numerous medications
to attain instant or prolonged release. Such medicines include rectum-, oral- and aspirin-
based pills. Further, 3D printing increases the dissolution medicines which are poorly
soluble [105,110,124,125]. To ensure quality, medicine transport structure by 3D printing
must be exposed to regular pharmacopeial testing, comprised of rigidity, crumbliness,
fragmentation and diffusing period assessment. Instant release pills are needed for the
diseases that need quick medication. Medications can be divided into (a) fast resolving,
(b) dispersible, (c) oral pills [97]. Traditional manufacturing of these medicines involves
various steps, including proper quantity selection of ingredients to acquire required per-
formance and machining. Using 3D printing, these formulations can be manufactured
effectively. Generally, the medicine is distributed in a binding liquid, which is utilized for
printing. FDM has also been applied to manufacture pills using polymeric filaments stuffed
with drugs. Polymers, including polyvidone, Hypromellose, 2-hydroxypropyl ether and
Polycaprolactone have been applied to filaments” formulation, stuffed with drugs, and
printed by extrusion (hot) process [126-128]. By changing the concentration of polymers
within the filament, the medicine loading and releasing efficacies can be modified. Fur-
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thermore, 3D printing also delivers opportunities to change the pill/tablet’s geometrical
features in correspondence to the medicine filling densities. These features are attained by
varying the CAD model.

Furthermore, film characteristics optimization can be reached by altering the binding
material ratio, inclusion of plasticizers and operating conditions [96]. These parameters
also control the medication release performance. In contrary to instant release medicines,
improved release medicines yield a characteristic medication spread outline that can be
modified according to the patient’s disease. Different improved release medication systems
have been manufactured, including complete-, prolonged-, administered-, and substituted-
release [37,99,108]. Additional cases of improved release medication systems contain
chronotherapeutic-, histopathological-, and multiple-APIs-release systems. Consequently,
3D printing is a valuable method to attain the intricate geometries of medicines. Rectum-
release medicines were manufactured to regulate the medicine release and ingredient
expansion within the intestines after providing safety to the medicine against the gastric
acidic (stomach). These medicines need pre-coating with acid-resistant polymers to avoid
the deprivation of drugs within the stomach. The pre-coating needs very good control of
operating conditions to evade variations that occurred during the release of the medicine.
For this purpose, 3D printing can be utilized to model the whole release structures by
defining the particular area for medication release [102]. Different filling agents and poly-
meric materials are combined into the pill’s precise areas to attain personalized medication
release outlines. Fused deposition modelling and binder jet printing can specifically be
applied to design and print enteric-based releasing setups. Several enteric-based coating
polymeric materials, including Hypromellose acetate succinate and 2-Methylpropenoic
acid, were adopted for the prolonged spread of medication in the bowel section [129].

A medication in tablet or pill form, with various APIs, is very tough due to the larger
dosage quantity and can cause unsuitability among medication ingredients, leading to
swallowing problems, thus causing deprived patient agreement. To solve this specific
problem, 3D printing can produce a pill/tablet with various medicines, which can be
swallowed easily [95,130]. It decreases the doses in huge amounts. Multiple-API doses are
beneficial in poly-pharmacy and for the group of patients consuming numerous medicines
for different treatments. These tablets are also improving patient’s acquiescence by elimi-
nating medicine blunders. Moreover, the multi-layered dose with various medicines in
each layer can deliver the anticipated therapy to cure the given disease. For instance,
glyceryl guaiacolate medicine has two layers: (a) an instant release and (b) a prolonged
release. This medicine has a mixture of hydroxypropyl methylcellulose and alcosperse that
can be used to attain the anticipated modification spread outline [18]. Supervision-based
release setups deliver medication spread up to a specific time. They have medicines dis-
tributed within a polymeric material (matrix). Such preparations via traditional techniques
include wet and dry precipitation, densification and layering approaches. It also involves
manufacturing control and systematic product optimization and operating conditions to
attain the optimum release outline of a given medicine. Though, a high degree of variation
and accompanying expenses result in an impact. Otherwise, 3D printing can be utilized to
manufacture matrix-based medications, specifically for those consuming more than one
medicine such as poly-pill [103].

Pulsatile-secretion-based releasing setups are the pills that have more than one APIs,
exhibiting medicine release after a specified delay. They have essential drugs with the
APIs placed within the tablet which is a time-dependent polymeric material and gives
the anticipated medicine spreading. Pulsatile-secretion-based medicines can be used to
cure ailments controlling the physical and physiological changes. Due to the intricate
preparation steps involved by such types of pills, it is not feasible to manufacture them
via traditional methods. In these medicines, a specific control on the releasing outline
needs crucial control over polymeric material aggregation and modelling suitability. Fused
deposition modelling and stereolithography can assist in preparing such medications.
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Recently, FDM is used to develop Pulsatile-secretion-based releasing pills to attain double-
phase medication releasing outlines for Glucotrol in the case of diabetic patients [111].

Floating medicine transportation setups shaped by 3D printing are also efficient in re-
fining the drug’s bio-availability by elevating the gastro-retentive capability to a prolonged
period. These setups are available in various kinds, including reverence pills filled with a
permeable film to entrap air [104]. Fused deposition modelling or binder jet printing have
been used in the case of gastro-retentive doses printing. Hypromellose, 1-polyacrylic acid,
2-Methylpropenoic acid have proved their 3D printing for gastro applications. Bio-mimetic
medicine transportation setups are applied to enhance the bio-pharmaceutical medicines
functioning for oral applications. These medicines face various difficulties related to alter-
nations in modification absorptivity due to deprived emulsification, rectum penetrability
and quick stomach draining [131]. To resolve these issues, medications are usually man-
ufactured by solid dispersal with hydrophilic filling materials, including polyethylene
glycol, ethanol, Hydroxypropyl methylcellulose acetate succinate, macrocyclic oligosaccha-
rides, polyvinylpyrrolidone, hydroxypropyl methylcellulose, N-N-Dimethylacetamide and
Soluplus-1. These filling materials behave as bio-availability boosters to resolve the difficul-
ties mentioned above and increase the medicine Pharmacokinetics absorption coefficient.
It is much easier to customize and print a mixture of various filling materials using fused
deposition modelling. Scientists have recently initiated to adopt the 3D printing method in
the development of lipid-based medicines transport setups commonly applied to enhance
the bio-availability of oral-based medicines [125].

3.5. Polymeric Drugs

Poly (vinyl alcohol), designated as PVAL, is a biocompatible polymeric material that
has decent solubility in water but poor ethanol solubility and is inexplicable in various
organic diluents. PVAL is generally obtained by the hydrolysis of poly (vinyl acetate).
PVAL has no odor and is a thermoplastic material [132,133]. It is also utilized to produce
polymeric multiple-layered material for 3D printing via IP technique. The ink utilized
for this purpose contained liquid PVAL solutions with propanetriol to prevent nozzle
obstruction. Because of its viscidness, the ink’s molecular weight had an impact on its
printing. High and low molecular weights of PVAL were employed to generate a precise
viscidness series in combination with 3D models. PVAL inks with elevated molecular
weights can last up to six months duration without losing their shade. At declined shearing
rates, all inks gave pseudoplastic and thixotropic behaviors, while at elevated shearing
rates, all inks yielded Newtonian behavior [134].

Polycaprolactone (PCL) polymer is an important hydrophobic semi-crystalline poly-
mer with low molecular weight and high crystallinity. PCL also behaves as bio-degradable
framing material [135]. Beck et al. 3D printed the pills with PCL and eudragit stuffed with
nano-polymers and printed via fused deposition modelling. The purpose of this study
was to identify the filling effect on the medicines. The printer’s scanning speed was set at
90 mm/s, while 50% and 100% fillings were carried out. It was found that the medicines
with 50% filling yielded a faster releasing rate [136].

Gelatin methacrylamide (GM) is a naturally achieved cost-effective bio-material [137],
photo-cross-linkable substantial that uses photo-patterning methods to separate a specific
morphology or three-dimensional designs. Photo-patterning is a process that uses optical
rays to prepare outlines for any provided material [138]. To make 3D microgels using GM,
Fan et al. developed a dual-steps photo-patterning approach [139]. It was carried out to
extract a single neuron from micro constructions. GM hydrogels were produced via a
photo mask and relocated to a crystal slide covered with 3-propyl methacrylate (3-PM).
Following on, the micro-patterned hydrogels were submerged into GM solution-loaded
cells. Photo-polymerization was used in the second stage, allowing each cell to be trapped
in the gap with reasonable efficiency. After growing within the altered GM hydrogels,
it was discovered that a single neuron may expand, giving a useful tool for studying
axonal growth.
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Nano-celluloses (NCs) are usually prepared via biochemical techniques [140]. NCs
have distinct features such as elevated strength to deposition height ratio and surface
interaction, thus yielding steady and viable products [141,142]. NCs are significantly an
extremely interesting bio-degradable material that can simply be used to make hydrogels.
The fibril entanglement suppleness and tendency are sufficiently high in these materi-
als [143]. An elevated shearing viscosity with robust thinning characteristics makes them
appropriate for 3D printing [144]. Nano-crystal (NCYs), a category of NCs, provide ele-
vated toughness and outstanding viability that can strengthen the matrix with the least
loading capability. NCYs have a very high crystallinity [145,146]. Wang et al. determined
that Bis-acyl phosphine oxides (BAO) + NCYs can yield a specific monomer without uti-
lizing any sort of extra chemical bonding. Furthermore, it was utilized in the 3D printing
process to form 3D objects without any support [147,148].

4. 3D Printing and Tissue Engineering

The goal of customized medicine delivery is to offer an effective product with fewer
adverse side effects and better appropriateness. The antiepileptic medication “levetirac-
etam” was the primary FDA-approved 3D-printed medication. The pharmacologic activity
was parallel to the traditional pills, although the solubilization period was shorter. After
implementing the “Zip-dose” method, “Aprecia Pharmaceuticals” promoted a medication
named “Spritam”. These pills were synthesized by selective laser melting. Its primary
deposit contained APIs, filling materials, and a binder. The medication, having a dose
amount of 1000 mg, was able to dissolve quickly within a few seconds [149]. Khaled
et al. prepared a poly-pill with a self-sufficient and controlled releasing outline [76]. This
technique was able to manufacture medicine for the human beings who are compelled to
consume discrete pills in case of various diseases. Poly-pill was used for heat treatment us-
ing an instant releasing outline comprising two sections for acetylsalicylate and apo-hydro,
and three separate sections for slektine, tenormin and altace. Anti-cancer medications
encounter problems while arriving at the action site, and also get stuck in other organs,
thus causing poisonousness. Similar to the vein injection and oral medicines, the traditional
setups also flop, owing to the medication’s lower solubility, causing an increase in cancer
patient problems. Therefore, modern tools can resolve the traditional medication limitation.
Recently, a blotch was manufactured by combining efudex, 2-oxepanone homopolymer
and polyglactin-910, which was effectively fixed on the pancreatic cancer area [150-152].

During organ transplantation, 3D printing of body tissues and key organs is crucial
for patients. Given the scarcity of organ donors, 3D printing completed organs can bring
a big influence on transplant waiting lists [153]. Organ printing has the potential to use
the 3D printing method to develop tissues and organs utilizing a layer-wise accumulation
method. Biomaterials, including collagen, hydrogels and various other synthetic materials
are usually adopted in bio-printing to produce 3D tissues. In addition, stem cells are
cultivated on hydrogel (supporting base) and used as a bio-link in the printing process [154].
The quality of the printed organ is usually identified by a variety of functional features,
including material toughness, permeability and structure. Various pros of 3D bio-printing
over conventional manufacturing processes include inexpensive printing, excellent shape
accuracy and organ size, higher productivity, and visualization [154]. Inkjet printing
and extrusion-based printing processes are commonly used techniques. These methods
rely on bio-ink deposition over a base plate, guided by a 3D model of organs or tissues
generated by computer-aided design software. The recent manufacturing of a full human
heart and valves is an example of 3D-printed organs [155]. Bio-ink, a mixture of hydrogel
derived from fatty acids and human tissues, was employed to manufacture organs via
inkjet printing [156]. The printing of a heart with blood veins took 3—4 h, which was
placed in a nutrient solution and oxygen was provided for a few days. As a result, the
cells began to beat and behave like a functioning human heart [157]. Intriguingly, live 3D
printing is also possible. According to the experts at the University of Sao Paulo Human
Genome and Stem Cell Research Center, 3D printing of the liver organoids is achievable,
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and these organoids with mini-liver presented similar features to complete human liver
cells [158]. Moreover, doctors at the University of Michigan, USA, used 3D printers and x-
ray computed tomography scans to produce lungs airways [159]. Furthermore, 3D printing
is also used to manufacture bladders [160]. At Boston Children Hospital, USA, researchers
developed 3D printed bladders for patients with urine problems due to bladder disease.
For dental surgeries, 3D printing is appropriate to manufacture teeth to substitute decayed
teeth [161].

5. Conclusions and Future Outlook

As a result of new lifestyles, people are relying more on an improved form of medi-
cation rather than concentrating on a healthy diet. For particular cases, one usually takes
various doses depending on the number of diseases. As a result, customized medicine
can have a lot of potential in terms of medicine designing and preparation based on the
needs of particular patients. The rapid expansion of 3D-printed formulations using diverse
processes, including inkjet printing, fused deposition modelling, material extrusion and
stereolithography, have gained the healthcare industry’s attention. An inkjet printing tech-
nology can produce the more regulated formulation, while fused deposition modeling can
reach dosage precision owing to the high resolution. Within the last few years, researchers
have employed 3D printing to produce numerous doses with little material waste. Low-cost
medication devices and poly-pills can be fabricated rapidly and safely. The extrusion-based
bio-printing can be used to generate a variety of biological tissues with accurate structures
that are safe for human usage. Patients with chronic diseases can receive therapy at an
affordable price. The pharmaceutical company can also benefit since individualized 3D
printing reduces market competition, resulting in more income. The potential for spatially
tailored devices and formulations to treat diseases, ranging from infection to cancer, could
open up new avenues for medical and pharmacological research. As a result, 3D printing
can play a key role in the development of tailored medications and medical transport
systems, resulting in significant advancements in medicine and healthcare.

Whilst technological improvements are constantly being made insofar as this notion
is concerned, preliminary results appear promising. In particular, it is foreseen that 3D
printing is well suited to be used within digital health domains, changing the face of
pharmaceutical manufacture. A favorable aspect would include its adoption by the phar-
maceutical industry as a feasible alternative to current fabrication methods. However,
many would argue that this technology is still primitive and its goal is not to replace mass
production but to complement it, for instance, in the production of complex dosage regimes
of drugs with narrow therapeutic indices, where accurate dosing is needed to maintain
treatment efficacy and patient safety, or biological products, which are often unstable under
storage conditions. Alternatively, 3D printing could be leveraged for the production of
on-demand dosage forms tailored to the needs of challenging patient subgroups, such
as young children and the elderly, where dosing requirements can be markedly different
when compared with adults.

By integrating a fourth dimension such as time, it is possible to achieve dynamic
structures with programmable shapes, properties, or functionality. The use of novel
strategies such as 4D printing is advantageous within the pharmaceutical sector, especially
for the advancement of controlled drug delivery. By evaluating smart materials currently
applied in pharmaceutical formulation, the initial applications and beneficial attributes of
4D printing can be unveiled. For instance, by applying 4D printing to produce structures
of high resolution and complexity, not only would the process improvement in terms of
time and cost efficiency but also the opportunity for bespoke treatments emerge. Within
pharmaceutics, the most valuable purpose of this process is the fabrication of engineered
drug delivery devices for targeted therapies. This could be achieved by utilizing pH as a
stimulus, permitting the affixation of formulations to specific regions in the gastrointestinal
tract. In turn, the use of such smart systems provides superior drug absorption within the
site of action, improving the efficacy of treatment.
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The integration of 3D printing into clinical practice could pave the way for a digital
health revolution, changing the way medicines are designed and prescribed for patients.
However, the healthcare sector is known for being notoriously resilient to change, owing to
the presence of regulatory guidelines and clinical standards, both of which pose technical
and quality control challenges. Though such regulations promote patient safety, they are
often a stumbling block in the route of modern technological advancements. Indeed, as
the evidence-base for 3D printing continues to grow, it is becoming obvious that action
is required to translate the theoretical benefits of 3D printing into real-world benefits
for patients.

To date, a limited number of in-vivo studies have been carried out albeit with highly
promising results. In 2017, the first in vivo acceptability study was performed, whereby
3D printed dosage forms were designed to have a variety of different shapes and sizes,
which were evaluated for ease of swallowing and handling in human volunteers [162].
Novel diamond shape structures were designed to be structurally raised enabling ease
of handling in patients with dexterity challenges. In terms of swallowing, patients were
found to prefer the torus, cylinder, and oblong shapes, demonstrating how different 3D
printing geometries could be used to improve medication acceptability. Following on from
this work, Liang, et al. undertook a first-in-human study of a 3D printed wearable oral-
drug delivery device in the form of a mouthguard, designed to have tunable drug release
rates [163]. University College London (UCL) in partnership with FabRx, a company
focusing on using 3D printing for personalized medicines and devices, has also recently
performed a world-first clinical study, whereby a 3D printer was integrated into a hospital
pharmacy for personalized treatment of children with a rare metabolic disease [164]. Such
advancements demonstrate the revolutionary potential of 3D printing, however further
studies are required to progress this technology away from an academic concept toward
real-world benefits for patients.

Currently, commercial 3D printers do not abide by Good Manufacturing Practice
(GMP) requirements. As such, regulating their use to produce solid oral dosage forms in
a clinical setting, e.g., local pharmacy or hospital, remains an unmet need. In addition,
all aspects of the printing process would require a thorough evaluation to confirm that
the final dosage forms are uniform. The use of multiple production sites adds further
technical and logistic challenges, wherein it is difficult to ensure that the end-products
are of consistent quality, due to the multiple variables affecting the process including
different settings, hardware, raw material suppliers and operator training [165]. Thus,
this instigates the need for quality control (QC) measurements, such as the use of non-
destructive characterization methods, including process analytical technologies (PAT),
such as near-infrared (NIR) spectroscopy [166-168], Raman spectroscopy [169-171] or
colorimetry [172,173], to monitor drug performance and ensure requirements imposed by
regulatory bodies are being fulfilled.
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